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Deanne M. Adams1 (adams@psych.ucsb.edu)

Andrew T. Stull1 (stull@psych.ucsb.edu)

Imme Roewer2 (Imme.Roewer@stud.uke.uni-hamburg.de)

Mary Hegarty1 (hegarty@psych.ucbs.edu)

1Department of Psychology, University of California Santa Barbara, Santa Barbara, CA 93106-966
2Universitätsklinikum Hamburg-Eppendorf, Martinistraße 52, 20246 Hamburg

Abstract

The goal of this project was to examine how training either mental or manual (virtual) rotation, affects performance gains on either a mental or a manual rotation task. In Experiment 1, we examined improvement on a manual rotation task following practice in mental rotation, manual rotation and a control condition. Practice in manual but not mental rotation lead to improved performance on manual rotation, compared to the control condition. In Experiment 2, we examined improvement on a mental rotation task as a function of the same three training conditions. In this experiment, both mental and manual rotation practice lead to more efficient posttest performance relative to the control condition. These results suggest that mental rotation may not always share a common process with manual rotation. 
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Training Mental Rotation

The ability to mentally rotate representations of 3D objects (Shepard & Metzler, 1971) is a basic process in spatial thinking. Research on this process has shown that as the angular disparity between two objects increases, the amount of time required to make same/different or parity judgments increases linearly. Mental rotation has received extensive research interest in part due to the large variance in task performance between individuals. This variance has also prompted researchers to ask whether mental rotation performance can be improved and the nature of that improvement. 


There is now considerable evidence that mental rotation can become more accurate and efficient with practice (e.g., Heil, Rösler, Link & Bajric, 1998; Kail & Park, 1990; Tarr & Pinker, 1989). There are two primary accounts of this improvement. The first account, instance-based improvement, proposes that the improvement is due to increased familiarity with the stimuli being rotated. According to an alternative account, process-based improvement, participants become more facile with the actual process of mental rotation as a function of practice. In the latter case, but not the former, practice should generalize to mental rotation of new (untrained) objects. 


Heil et al. (1998) found no improvements in a mental rotation task apart from performance on practiced objects in practiced orientations, showing only instance-based improvements. They concluded that participants  stored multiple representations of the objects in new orientations and solved problems by matching those representations to solve the problems rather than mental rotation (see also Tarr & Pinker, 1989). Kail and Park (1990) also found that performance improvements from the practice of rotating letters did not transfer to a rotation task with unfamiliar letter-like characters. They suggested that performance differences between pretest and posttest were due to participants switching from using process based algorithms to retrieving built up responses from memory (an instance-based account).  

In contrast to these studies, Wright, Thompson, Ganis, Newcombe, and Kosslyn (2008) found that extended practice on mental rotation transferred to novel stimuli and to a mental paper-folding task. Because the practice effects reduced the intercept but not the slope of the response times, they postulated the improvement was in the encoding of the stimulus, rather than the rotation itself. Wright et al. (2008) also suggested that Heil et al. (1998) did not find transfer effects because there were fewer practice trials in the Heil et al. study and the control participants in that study were retested multiple times on the transfer items, which allowed for improvement.  

Finally, training with video games, such as Tetris and  first-person shooter games, has resulted in improvement on mental rotation tasks, beyond those that result from retesting (Terlicki, Newcombe & Little, 2008; Feng, Spence, & Pratt, 2007), suggesting that something other than storing multiple representations can cause improvement in mental rotation tasks.
Mental and Manual Rotation

Mental rotation has also received a substantial amount of interest because of its isomorphic relationship to physical rotation processes (Peronnet & Farah, 1989), and the possibility that mental rotation may be related to motor planning of physical (manual) rotations. Wexler, Kosslyn, and Berthoz (1998) found that a concurrent motor task could either facilitate or hinder mental rotation performance. Participants were asked to determine whether rotated block shapes were the same or mirror images, while rotating a joystick either clockwise or counterclockwise. When the joystick rotation was congruent with the required mental rotation, response times were faster with fewer errors. When the joystick rotation was incongruent, response times were slower with more errors. When the rotation directions were compatible, the angle through which the participants rotated their mental images correlated with the angle of the joystick rotation. Finally, the speed of the motor rotation affected the speed of mental rotation so that when motor rotation was faster, so was mental rotation. These results were echoed in a study by Wohlschläger and Wohlschläger (1998). These studies suggest that mental and manual rotation share processes, possibly related to motor planning of actions.

In addition to behavioral results, there is evidence for the recruitment of motor areas of the brain in mental rotation tasks. In a study using transcranial magnetic stimulation (TMS) Eisenegger, Herwig, and Jäncke (2007) found increased excitement in the left (dominant) primary motor cortex as indicated by motor-evoked potentials (MEPs) measured on muscles of the right hand when rotating Shepard and Metzler figures. This increase in MEPs was not present when participants were shown un-rotated versions of the figures or during a reading task, indicating that the left primary motor cortex was only activated when rotation was involved. Furthermore, using positron emission topography (PET), Kosslyn, Thompson, Wraga, and Alpert (2001) found that areas of the motor cortex (M1) showed clear activation when participants were told to imagine rotating an object themselves (endogenous). In contrast, no such activation was found when participants were told to imagine that the object was being rotated by an external force (exogenous). Motor strategies for mental rotation have also been found to transfer implicitly from one task to another (Wraga, Thompson, Alpert, & Kosslyn, 2003). Using PET, Wraga et al. (2003) found that when asked to perform a hand rotation task before a Shepard-Metzler object rotation task, participants showed activation in M1 and the motor planning region A6. No such activation was found in participants who performed two sets of the object rotation trials.

There is also evidence that the development of motor rotation skills can lead to improvements in mental rotation skills. Jansen and Heil (2010) found that motor development in 5-to-6-year-old children predicted performance on mental rotation tasks. The children completed a motor development task, an intelligence task that focused on perceptual relationships, and a picture mental rotation task. A significant amount of variance in mental rotation performance was explained by motor development, after controlling for non-verbal intelligence. This was predominantly true for motor skills that involve coordination.


Considering the evidence that mental rotation is a trainable skill and the connection between mental and manual rotation, can training with one affect performance on the other? Wiedenbauer, Schmid, and Jansen-Osmann (2007) examined whether mental rotation could be trained by practice with manual rotation. Their experiment used three-dimensional perspective renderings of block figures presented monoscopically. In their experiment, participants were trained by using a joystick to rotate a comparison figure into the standard position of another figure, with all rotations in the picture plane. On a mental rotation posttest, participants in the training group showed faster response times than a control group, but this improvement did not transfer to new block figures suggesting an instance-based account of improvement.

If manual rotation can improve mental rotation as Wiedenbauer et al. (2007) suggests, an obvious question is whether training using mental rotation can affect manual rotation performance. We examined this question in the present research, using a task that involves rotating a virtual object. Our research extends research on training effects of mental and manual rotation in two ways. First, we examine effects of mental and manual rotation practice on manual (virtual) rotation (in Experiment 1) in addition to their effects on mental rotation (in Experiment 2). Second we examine practice rotating objects in depth as well as in the picture plane in both experiments. As in previous experiments we also examine effects of transfer to rotations of new objects in both experiments. 

Experiment 1
Experiment 1 addressed three questions: First: is it more effective to train manual rotation with manual rotation training or mental rotation, and how do these compare to a control condition? Second, do the effects of training depend on the axis of rotation, where the axis was either in the picture plane (roll axis) or a depth axis that was not perpendicular to any of the axes of the object (i.e. a non-canonical or general axis, cf. Parsons, 1995). Third, does practice with manual and/or mental rotation transfer to new objects, not seen during practice.  
Participants. Seventy participants were recruited from the University of California, Santa Barbara subject pool and were compensated with class credit or 10 dollars. Participants were randomly assigned to one of three conditions (mental training, manual training, and control). To create matched samples for the three experimental conditions, participants were excluded from the analysis if their average response time on the pretest was less than 5 seconds or greater than 15.5 seconds. Five participants were excluded, leaving 65 participants (20 control, 20 manual training, and 25 mental training).  
Stimuli. For the rotation tasks, five variations of the original Shepard and Metzler (1971) block figures were used. Stimuli were presented side by side with the standard shape presented on the left. On the right the test figure was presented, rotated over 6 angles (30, 60, 90, 120, 150, or 180 degrees) either in the picture plane or in depth around a non-canonical axis of rotation. During the pretest and training, participants saw only two of the block figures. Two additional figures were presented during the posttest to examine transfer. The fifth block figure was used for practice trials.

For the manual pretest, posttest, and training condition the 3D block figures were displayed with the Vizard 3.0 (WorldViz, Santa Barbara) virtual reality program. On each trial, the block on the right of the screen could be rotated in real time using an InertiaCube2 3 degree-of-freedom interface, which was inside a 2” diameter rubber ball. The participant’s task was to manually align the orientation of the object on the right hand side of the screen with the standard object orientation presented on the left.
Procedure. During the pretest, all participants completed 44 manual rotation trials. Once the participants believed that the object on the right was aligned with the left object, they pushed a button to indicate that they were satisfied with their response. For each trial, we recorded response time, directness of the rotation path, and the accuracy of the participant’s match to the orientation of the standard object.  

During the training portion of the experiment, participants in the manual rotation condition completed 176 additional manual rotation trials. Participants in the mental rotation condition completed 176 mental rotation trials with the same figures and were asked to make same/mirror-image judgments (cf., Shepard & Metzler, 1971) and the control participants performed an unrelated task (counterfactual reasoning problems). During the posttest, participants completed 88 trials, 44 with the old objects seen during the pretest and practice, and 44 with unfamiliar/new objects. Pretest, training, and posttest all took place during single session.
Results 
Effects of Training: Accuracy. There were no significant differences in accuracy between training groups in general, for rotations in the picture plane or depth, or for old or new objects during the posttest. 
Table 1: Mean Response Times (MS) for Study 1

	 
	Pretest

M (SD)
	Posttest

M (SD)

	Condition
	Old
	New

	Control
	9144 (2283)
	6247 (1575)
	6925 (1737)

	Manual
	9371 (2047)
	5008 (1276)
	5472 (1256)

	Mental
	10020 (2709)
	6818 (2109)
	7130 (2005)


Therefore the focus of the analysis will be on response time and directness of rotation.

Effects of Training: Response time. No significant differences were found between the three groups on the pretest for response time (RT), F(2,62)= .811, MSE = 4.2, p = .45. To address the major research question about the effectiveness of mental versus manual training, we conducted an ANCOVA on posttest RT using pretest RT as a covariate. Training condition had a significant effect on response time, F(2,61)= 12.6, MSE = 15.7, p < .01 (see Table 1). Focused analyses revealed that there was no significant difference in posttest RT between the control and mental training groups, F(1,37)= .131, MSE = .18, p = .72, however there were significant differences between the control and manual training group, F(1,42)= 21.27, MSE = 23.4, p < .01, and the mental and manual training groups, F(1,42)= 16.68, MSE = 20.9, p < .01, with manual rotation training producing significantly faster response times than the other two conditions.  
Effects of Training: Directness of Rotations. Examining whether training condition affected how directly the participants rotated the test object with the standard orientation object, an ANCOVA on posttest directness with pretest directness as a covariate, revealed similar results as response time. There was a significant difference between the training conditions, F(2,61)= 12.72, MSE = 48046, p <.001. Once again the manual rotation group rotated more directly (M = 303.55, SD = 74.82) than the mental rotation group, F(1,42)= 9.28, MSE = 31812.83, p = .004, and the control group, F(1,42)= 25.19, MSE = 93974, p < .001. Although, there was a trend for the mental rotation (M = 364.25, SD = 78.86) group to be more direct than the control group (M = 396.95, SD = 91.46), this was not significant, F(1,37)= 3.56, MSE = 15314, p = .067.
Axis of Rotation.: Response Times. Significant differences in response times were found for both rotations in depth, F(2,62)= 5.59, MSE = 3069, p = .006, and in the picture plane, F(2,62)= 7.832, MSE = 2184, p = .001, once again showing a pattern that manual rotation outperformed the control condition for both depth, t(43) = 3.04, p < .01, and picture plane rotations, t(43) = 2.91, p < .01, and outperformed the mental rotation training condition for both depth, t(43) = 2.94, p < .01, and picture plane rotations, t(43) = 3.91, p < .01.  No significant differences were found between the mental rotation group and the control group for response time on either the picture plane, t(38) = 1.08, p = .29, or depth rotations, t(38) = .30, p = .77.

Axis of Rotation: Directness. These results were mirrored by the full directness measure with no significant differences between the control and the mental rotation group on posttest performance on in depth rotations, t(38) = 1.3, p = .20, or picture plane rotations, t(38) = .4, p = .69. The manual rotation group were not significantly more direct than the mental rotation group for depth rotations, t(43) = 1.64, p = .108, but were more direct for rotations in the picture plane, t(43) = 3.135, p < .01. This group also outperformed the control group on rotations both in both depth, t(43) = 3.02, p < .01, and in the picture plane, t(43) = 3.47, p < .01.

Transfer of Training: Response Times and Directness We conducted an ANOVA to address whether training transferred to performance on new objects and whether this transfer differed by condition. Significant differences were found for response times on old objects, F(2,62)= 7.08, MSE = 19.5, p < .01, and new objects, F(2,62)= 18.82, MSE = 6.8, p < .01, and directness for old objects, F(2,62)= 6.00, MSE = 37385, p < .01, and new objects F(2,62)= 7.58, MSE = 68287, p < .01. Further, t-tests revealed no significant differences between the control and mental rotation groups on new objects for either response time, t(38) = -.35, p =.73, or directness, t(38) = 1.51, p = .14, or for old objects for either response time, t(38) = -.97, p = .34, or directness, t(38) = .58, p = .56. Significant differences were found between control and manual rotation groups on new objects for response time, t(43) = 3.25, p <.01, directness, t(43) = 3.74, p < .01, and on old objects for both response time, t(43) = 3.21, p < .01, and directness, t(43) = 2.92, p < .01, with manual rotation outperforming the control group on all 4 variables. The manual rotation group also significantly outperformed the mental rotation group on response time for new objects, t(43) = 3.39 , p < .01, directness with new objects, t(43) = 2.5, p = .02, response time for old objects, t(43) = 3.56, p = .02, and directness with old objects, t(43) = 2.54, p < .01.
Discussion
In summary, Experiment 1 showed that manual rotation training was superior to mental rotation for training a manual rotation task with virtual objects. Manual rotation was effective at training participants to perform rotations both in depth and in the picture plane. Furthermore participants in the manual rotation group displayed significant improvement on new objects as well as old/familiar objects, providing evidence for transfer. In contrast, participants who practiced mental rotation did not significantly outperform control participants on any of the measures (response time, directness, or accuracy). 
Experiment 2

Experiment 2 addressed the question of how mental rotation training compares to manual rotation training when the criterion task is mental rather than manual rotation. Previous research by Wiedenbauer et al. (2007) found that practice in manual rotation in the picture plane was somewhat effective in improving mental rotation, but the effects were specific to the stimuli used in the practice trials. Experiment 2 extends this research by examining rotations of 3-D objects in depth as well as in the picture plane. 
Participants. Eighty-three participants were recruited from the University of California, Santa Barbara subject pool and were compensated with class credit. They were randomly assigned to either the mental rotation training, manual rotation training, or control conditions. To create matched samples for the three experimental conditions, participants were excluded from the analysis if their average response time on the pretest was less than 2.5 seconds or greater than 9 seconds. Eight participants fell outside of the response time range leaving 75 participants for analysis (25 controls, 25 mental training, and 25 manual training).
Stimuli. The stimuli were the same as those used in the first experiment. In this experiment, participants performed mental rotation trials (cf. Shepard & Metzler, 1971) during the pretest and posttest proportion of the experiment. Response times were based on correct trials only. Due to a large number of errors on the 180 degree rotation angles for the depth axis, those trials were removed from the response time and accuracy analysis.

Procedure. Prior to training, all participants completed 88 mental rotation pretest trials with two of the block figures. During training, participants in the mental training condition completed 176 mental rotation trials with the same block figures. The manual rotation condition completed 176 manual rotation trials with 
these same figures. Participants in the control condition completed the same counterfactual reasoning problems as the control participants in Experiment 1. After the training period, participants completed 176 posttest mental rotation trials, 88 trials with the block figures used in the pretest and training, and 88 trials with new (unfamiliar) block figures. As in Experiment 1, pretest, training, and
posttest all took place during a single session.

Table 2: Mean Response Times (MS) for Study 2

	 
	Pretest
M (SD)
	Posttest
M (SD)

	Condition
	Old
	New

	Control
	5246 (1312)
	3706 (862)
	3896 (1058)

	Mental
	5117 (1465)
	3132 (885)
	3330 (951)

	Manual
	4815 (1191)
	2866 (621)
	3023 (855)


Results
Accuracy. As in Experiment 1, no significant differences in accuracy were found across the training conditions for either general posttest performance, performance on old or new objects, or rotations in depth or in the picture plane. The analysis therefore focuses on response time data. 
Response Time. There was no significant difference between the three conditions in response time on the pretest, F(2,72)= .69, MSE = 1761974, p = .50. To examine whether training condition affected response time performance on the posttest, an ANCOVA with pretest response time as a covariate was conducted. Results showed a significant difference, F(2,71)= 5.05, MSE = 3068252, p = .009, with further ANCOVAs revealing that there were significant response time differences between the control and mental rotation group, F(1,47)= 4.1, MSE = 2853030, p = .049, and the control and manual rotation group, F(1,47)= 10.62, MSE = 4986040, p = .002. Both the mental rotation and manual rotation training groups had significantly faster response times compared to the control group (See Table 2). However, the difference between the two training groups was not significant, F(1, 47)= 1.1, MSE = 701394.11, p = .30.

Axis of Rotation. ANOVAs revealed significant differences in response time between the three conditions for both rotations in depth, F(2,72)= 3.472, MSE = 4820836, p = .036, and rotations in the picture plane, F(2,72)= 5.41, MSE = 4515354, p = .006. Focused contrasts revealed no significant response time differences between the two training conditions on either rotations in the picture plane, t(48) = .87, p = .388, or in depth, t(48) = .74, p = .462. The mental rotation group had significantly shorter response times for the picture plane condition compared to the control, t(48) = 2.23, p = .03, but the difference for the depth rotations was marginal, t(48) = 1.72, p = .09. Lastly, t-test comparisons between the control and manual groups revealed that the manual group had significantly shorter response times for both rotations in the picture plane, t(48) = 3.15, p = .003, and in depth, t(48) = 2.72, p = .009.

Transfer of Training. An ANOVA revealed a significant effect of training condition for both old, F(2,72)= 7.245, MSE = 4614781, p < .01, and new objects, F(2,72)= 5.535, MSE = 4912480, p < .01. For response times, focused analyses revealed significant differences between the control condition and mental rotation for old objects (see Table 2), t(48) = 2.32, p =.02, and a non-significant trend for mental rotation to have lower response times for new objects, t(48) = 1.99= .05. Comparing the control and manual rotation conditions, response times were significantly different for both old objects, t(48) = 3.96, p < .01, and new objects, t(48) = 3.21, p = .02. No significant differences were found between the mental and manual training groups for either old, t(48) = 1.23, p = .22, or new objects, t(48) = 1.20, p = .24. 
Discussion

In summary, Experiment 2 results suggest that practicing either mental rotation or manual rotation can improve performance on a mental rotation task. This improvement in performance transferred to new objects and occurred for rotations both in the picture plane and in depth.  
General Discussion
These experiments argue for both common processes mental and manual rotation and processes distinct to each, and provide promising evidence that these spatial thinking processes can be trained. In Experiment 1, only manual rotation training lead to improvements in manual rotation, whereas in Experiment 2, both mental and manual rotation training improved performance in mental rotation, relative to a control condition. A second important result of these studies is that in both experiments, training transferred to new objects, suggesting that the improvements that we observed were process-based and not just instance-based. This result contrasts with prior research by Wiedenbaur et al. (2007). We suggest that the more challenging rotations in this study (non-canonical rotations in depth as well as in the picture plane) may have been more effective in training the rotation processes. 

What might explain the asymmetry in the results of the two experiments? One possible reason why manual but not mental training was effective in Experiment 1 is that improvement on this task relied more on familiarity with the interface than with planning mental transformations. Through practice, participants in the manual training condition learned to move the virtual object to reach the target orientation more efficiently and more directly than in the other two conditions. Due to the visual feedback from the virtual presentation, the manual group also received continuous feedback from the system, observing the rotation throughout the entire process. In contrast, individuals who received mental rotation training did not receive feedback on their performance.  

Although Experiment 2 showed equivalent improvement on mental rotation for the two training groups, it is possible that different mental rotation strategies were trained. Using PET imaging, Wraga et al. (2003) provided evidence for two mental rotation strategies, a more motor based strategy and a more visual strategy. Participants who first received practice rotating hands later had activation in motor areas M1 and Area 6 when rotating objects, whereas participants who received practice rotating objects showed no activation in these areas. These authors suggest that a motor strategy was covertly transferred between the hands-objects trials. Another PET study by Kosslyn et al (1998) also revealed that mental rotation of hands caused activation in M1, superior and inferior parietal lobes, primary visual cortex, insula, and the left premotor area, whereas mental rotation of Shepard and Metzler objects was associated with activation predominantly in the parietal lobe and area 19 (occipital cortex). Practicing mental rotation may not foster the skills required for motor planning during manual rotation whereas virtual manual rotation may require more of the underlying skills required during mental rotation. Practicing manual rotation also allows participants to observe the results of object rotations.

Another possible difference between the two groups in Experiment 1 is that the participants in the two conditions may have adopted different strategies. Future analysis of the processes used during the manual rotation trials are required to determine if there were any strategy differences between the two groups. 


A limitation of these experiments is that the training phase in both experiments was relatively short. The fact that this short training lead to significant improvements in rotation performance relative to a control group speaks to the promise of this approach for training spatial performance when more extensive practice is given. In addition, the objects used to measure transfer were only subtly different than the trained objects. 
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