
Investigating prospective action control: when and how actions supporting 

cognition are generated  

 

Sanjay Chandrasekharan, Dilip Athreya, and Narayanan Srinivasan 

 

 

Centre of Behavioral and Cognitive Sciences 

University of Allahabad, Allahabad 211002, India 

 

 

 

 

Corresponding Author: 

Dr. Narayanan Srinivasan 

Centre of Behavioral and Cognitive Sciences 

University of Allahabad 

Allahabad 211002 

India 

Phone: +915322460738 

Fax: +915322460738 

Email: nsrini@cbcs.ac.in 

 

Running head: Prospective action control and complementary Actions 



Prospective control and complementary actions 

Abstract 

Mechanisms underlying prospective action control (such as involved in generating 

actions that take up resources in the short run, but provide benefit in the long run) are 

less well-understood than mechanisms underlying monitoring and allocation of 

control (Miller & Cohen, 2001). One possible case of prospective action control is 

compatible actions generated in parallel with tasks (such as hand movements in the 

same direction as mental rotation), which have been shown to improve cognitive 

performance. Such actions are triggered spontaneously, but unlike reflex actions, they 

can be brought under cognitive control. We report two mental rotation experiments 

that investigated when such actions are generated, and the cognitive benefits of such 

actions. Our results show that such actions are generated during high cognitive load 

situations, but they do not provide any cognitive benefit in our task. To explain these 

results, as well as previous results reporting cognitive benefits, we develop a 

theoretical model of the control mechanism underlying the generation of such actions. 

We conclude with a discussion of how our experimental paradigm and model could 

contribute to the understanding of prospective action control as well as disorders of 

volition. 

 

Keywords: Prospective Control; Common Coding; Mental Rotation; Cognitive Load; 

Volition 
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 Introduction 

Monitoring and allocation of control is a core function of the central executive system. 

Examining the mechanisms underlying these aspects of control, Miller and Cohen (2001) 

suggest that the anterior cingulate cortex (ACC) and prefrontal cortex (PFC) work in a 

coupled fashion to provide adaptive monitoring and allocation of control (say, pausing 

conversation while driving in a dark stretch of road). Such adaptive control, usually 

leading to stopping or slowing a task or switching to another, is needed because of the 

capacity limits in the control of actions (difficult to do both talk and attend to road at the 

same time). A recent review (Aron, 2008) breaks down the mechanisms underlying 

allocation of control further, and localizes it to a more fine-tuned coupling, involving the 

inferior frontal cortex (IFC), subthalamic nucleus (STN) and pre-supplementary motor 

area (SMA). Much of this work is based on “task-stopping” (go-nogo) or task switching 

paradigms, where participants know when to stop a movement or switch to another task.  

There is another aspect of control – prospective action control – that is related to 

planning and less well-understood, from both behavioral and mechanism standpoints 

(Miller & Cohen, 2001). An interesting case of prospective action control is the 

generation of actions that can provide positive effects in the long term, but have negative 

effects in the short-term (such as generation of pheromone trails; see Chandrasekharan & 

Stewart, 2007). In contrast to the monitoring and allocation situations such as 

stopping/slowing or switching cognitive tasks, such prospective action control involves 

computing the costs of possible actions during a cognitive task, and then generating one 

of these possible actions in parallel to the task, if such actions could be beneficial. An 

interesting instance of such actions generated in parallel to tasks is the case of 
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‘complementary actions’ (Kirsh, 1995), which are actions that arise spontaneously during 

some cognitive tasks, such as hand movements during mental rotation, pointing while 

counting coins on a screen, and gestures during learning. Some of these complementary 

actions have been shown to contribute beneficially to task performance (Kirsh & Maglio, 

1994; Kirsh, 1995; Wexler, Kosslyn, & Berthoz., 1998; Goldin-Meadow & Wagner, 

2005; also see Kosslyn, 1994; Thomas & Lleras, 2007; Wilson & Gibbs, 2007). 

Complementary actions are usually compatible with the cognitive task. For instance, the 

hand movements during mental rotation are usually in the same direction as the mental 

rotation. Incompatible actions, such as hand movements made in the direction opposite to 

mental rotation, lower performance in the mental rotation task (Wexler et al., 1998).  

These actions are mostly reported in the cognition literature, and have not been 

studied from the point of view of prospective action control. If these actions contribute to 

the cognitive task, and are generated for this benefit, how does the control system 

generate such compatible actions in parallel to cognitive tasks? This is the question we 

explore in this paper. For example, hand movements are generated when people perform 

a mental rotation task (Kosslyn, 1994). Such action generation is of theoretical interest 

for two reasons. One, little is known about the control mechanisms that support the 

generation of actions in parallel to tasks, particularly how they are generated to lower 

cognitive load. Two, in many instances of such parallel actions during cognitive tasks, 

including the experimental paradigm we present in this paper, the activation of the 

parallel action appears un-intentional. Such actions are neither voluntary nor reflex 

actions, but share characteristics of both. Like reflex actions, they “break out” 

spontaneously under different conditions (usually high cognitive or emotional load), but 
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like voluntary actions, they can be controlled if needed. The mechanisms underlying the 

generation and control of these non-voluntary actions are mostly unknown, as these in-

between actions are difficult to generate and study in the laboratory. Complementary 

actions provide a window into how such involuntary actions could be generated by the 

control system during high cognitive and emotional loads. 

 

Actions supporting cognition 

 

Many studies examining the link between action and cognition report that actions 

compatible with cognitive tasks play a beneficial role in cognitive tasks. An influential 

study is Kirsh and Maglio (1994), which showed that people playing the Tetris video 

game use actions to lower computational load. Tetris involves maneuvering falling 

shapes (zoids) into specific arrangements on the screen. The primary computations 

involved in Tetris are mental rotation of the zoids and matching of zoids to available 

slots. The authors showed that, in addition to the actions to move the zoids to a desired 

slot, players also execute exploratory rotation and translation actions on the falling zoids 

– to expose information early, to prime themselves to recognize zoids faster, and to 

perform external checks and verifications to reduce the uncertainty of judgments. The 

authors term such actions ‘epistemic actions’, which are defined as “physical actions 

whose primary function is to improve cognition by: 1) reducing the memory involved in 

mental computation (mental rotation in this case); 2) reducing the number of steps 

involved in mental computation; 3) reducing the probability of error in mental 

computation” (Kirsh & Maglio, 1994).  
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The epistemic actions in Tetris are generated based on an ongoing visual 

comparison between slots and the physical rotation. However, a visual comparison is not 

required for actions to aid in mental rotation – actions could contribute to cognition via 

proprioception. Wexler et al. (1998) show that unseen motor rotation in the Cooper-

Shepard mental rotation task (Cooper & Shepard, 1973) leads to faster reaction times and 

fewer errors when the motor rotation is compatible with the mental rotation than when 

they are incompatible. They also report that in some cases motor rotation made complex 

mental rotations easier. Also, speeding (slowing) the motor rotation speeded (slowed) the 

mental rotation. Similar effects have been shown to exist in children (Frick, et al. 2005). 

Manipulating virtual objects have also been reported to improve subsequent mental 

rotation and recognition of such objects (Wexler & van Boxtel, 2005).  

On a different vein from mental rotations, Kirsh (1995) reports higher accuracy in 

a coin-counting task when participants pointed at the stimulus, compared to a no-pointing 

condition. Supporting this, hand movements during saccades have been shown to lower 

variability in moving the eyes to a target (Rolheiser et al, 2006). Gestures during 

cognitive tasks have also been shown to lower cognitive load and promote learning 

(Goldin-Meadow & Wagner, 2005). Body movements appropriate to metaphorical 

phrases (such as push the argument) facilitate people’s comprehension of such phrases, 

compared to mismatched actions (Wilson & Gibbs, 2007). Moving eyes in patterns 

related to a problem solution improves problem-solving (Thomas & Lleras, 2007). 

Humans and other animals exploit head and eye movements to better perceive depth, 

absolute distance, heading and 3D objects (Wexler & van Boxtel, 2005). In related work, 
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Bergen (2004) reports that processing time for sentences involving actions increases 

when participants perform incompatible actions in parallel.   

Besides the above direct evidence, Kosslyn (1994) reports extensive indirect 

evidence for a role of action in mental rotation, including a study that showed participants 

need more time to perform mental rotations that are physically awkward, and another one 

where incompatible movements disrupted memory. Kosslyn also refers to a brain-

damaged patient who consistently reached up to the screen and pretended to ‘twist’ the 

stimulus in a rotation task (as in Tetris), and participants in the classic Shepard and 

Metzler experiment reporting “kinesthetic imagery” in their hands.  

All the actions discussed above do not meet the epistemic action criteria (Kirsh & 

Maglio, 1994). Hence, we will use the more general term ‘complementary actions’ (Kirsh 

1995) to refer to actions generated in parallel to cognitive tasks. However, note that since 

epistemic actions are a special case of complementary actions, the mechanism generating 

the latter would also underlie the former to a significant extent.  

From a control perspective, complementary actions raise the following questions: 

Under what conditions are such actions generated? How does the control system ‘decide’ 

whether it should generate such actions, and the points at which to generate them? 

Further, how does the control system ensure that mostly compatible actions are generated 

during cognitive tasks? In other words, since incompatible actions have been shown to 

lower performance, how does the control system ‘know’ how to generate ‘compatible’ 

actions in a task?  

To explore these questions, two experiments were conducted using a mental 

rotation task with two levels of cognitive load. Briefly, the experiments consisted of 
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showing participants a rotation operation, which they had to remember. They were then 

presented a target pattern along with four rotated versions of the same pattern (answers). 

The participants were then asked to mentally execute the remembered rotation operation 

on the target pattern, and choose from the four options the right answer, i.e. the result of 

the rotation. The rotation operation had two levels of complexity, low and high. Pilot 

studies showed that participants tended to significantly generate hand or head rotations 

during the task.  

 We hypothesized that actions would be generated mostly during the high 

complexity conditions, and, in general, the actions would provide an improvement in 

accuracy. We also expected the generated actions to be compatible with the rotation, i.e. 

in the same direction as the observed rotations.  

 
Experiment 1 

 

In the first experiment, we presented participants with the stimuli, keeping track of the 

trials where participants rotated their hands (and heads), and the accuracy for the action 

and no-action cases. This experiment had two objectives: one, to examine how often 

actions were generated and when; two, to examine how the actions affected accuracy in 

the rotation task.  

Method 

Participants 

Twenty three student volunteers from University of Allahabad, with normal or corrected-

to-normal vision participated in the experiment. None had laboratory experience with 

mental imagery. Written consent was provided by all the participants. 
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Apparatus 

A computer screen, microphone and keyboard, placed on a table in front of the subjects 

was used in the experiment. The screen was parallel to participants’ frontal plane, at eye 

level and approximately 75 cm from the participant.  

 

Stimuli 

A set of four small 2D patterns within a white square (frame) were prepared on a 3x3 

matrix with only five cells being filled, as illustrated in Figure 1. The visual angle was 

1.5° x 1.5°. With each of these patterns, three more patterns were generated by rotating 

the original four patterns by 90°, 180° or 270°. Any one of the four orientations of a 

particular stimulus pattern was randomly used as a stimulus in a particular trial.  

__________________ 

Insert Figure 1 about here 

__________________ 

There were eight rotational operations (see Figure 2) with two levels of 

complexity (low or high). Each level of complexity had four operations. Low complexity 

operations were rotations of 90° (right and left) and 180° (right and left). High 

complexity operations were vertical and horizontal flips followed by a rotation of 90° 

(left or right).  

__________________ 

Insert Figure 2 about here 

__________________ 
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The rotational task was given a reference by providing an empty-blank white 

square (frame).  To demonstrate the operations, video clips were created using Flash 

(sample Flash files at: http://www.sce.carleton.ca/~schandra/CAflash). Each rotation in 

the low complexity condition took twenty seconds of display time. In the high complexity 

condition, each flip operation took twenty seconds in addition to each rotation operation, 

which also took twenty seconds to complete. There was a two second gap between flip 

and rotation. The end position (frame), after the rotational operation completed, stayed 

for five seconds.  

 

Procedure 

The experiment consisted of thirty two trials (8 operations x 4 patterns), presented 

randomly. Each trial had two phases. In the first phase, a rotation was demonstrated using 

a video clip. Participants were asked to remember the rotation they saw, apply the same 

operation on the pattern coming up in the second phase and select the answer that best 

fitted the mentally rotated pattern.  

 The second phase started after four seconds, during which the screen was blank. 

This phase presented a pattern to be mentally rotated, along with four possible answers 

(as shown in Figure 3), which remained on screen until participants produced a voice 

response. Participants first said their choice (1, 2, 3 or 4) aloud into the microphone, and 

then typed their choice in the textbox that appeared a few moments after the voice 

response. They then pressed the Enter key to initiate the next trial, which started after two 

seconds. The microphone option freed participants’ hands while doing the rotation task, 

and avoided any interaction with preparing for a keystroke, a possibility in a keyboard-
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only option.  Commercially available software (DirectRT, running on a PC with a SVGA 

monitor) was used for stimuli presentation and data collection. 

__________________ 

Insert Figure 3 about here 

__________________ 

The actions (presence or absence in a given trial) was tracked by an  experimenter 

who sat a little away from the participant, facing her hands, and noted on a chart the trials 

in which the participant generated actions. The chart had trials numbers 1-32, and the 

experimenter primarily focused on the participant’s hands, noting a yes/no for each trial. 

These notes were later mapped to the randomized sequence to link complexity and hand 

movement. In general, there were three kinds of actions – finger, wrist and elbow 

movements. Only major movements with an arc of roughly more than 30 degrees were 

considered as actions, as movements smaller than this cannot be considered rotations. 

There were head movements as well, but except in one participant, they were always 

associated with hand movements. All movements were basically unseen, i.e. participants 

did not look at their moving hands. The experimental procedure was approved by the 

University of Allahabad review board. 

 

Results and Discussion 

All participants generated actions in at least one trial, and these actions were compatible 

with the rotation movement (same direction). Head movements were ignored in this 

analysis, as only one participant used them in isolation (i.e. without parallel hand 

 11



Prospective control and complementary actions 

movements), and those head movements were minute. We examined the rate of action 

generation and its relationship to performance in the mental rotation task.  

 The effect of complexity on action generation was examined using a one variable 

(complexity: low, high) repeated measures ANOVA on the rate of action generation. 

Actions were generated more in the high complexity condition compared to the low 

complexity condition, F(1,22) = 24.859, p < .0001. Actions were generated in only 55% 

of the trials in the low complexity condition, but were generated in 75% of the trials in 

the high complexity condition.  

The effect of complexity on performance in the mental rotation task was 

examined using a one variable (complexity: low, high) repeated measures ANOVA on 

accuracy. Accuracy was better in the low complexity condition compared to the high 

complexity condition F(1,22) = 44.414, p < .0001. The effect of complexity is different 

for action generation and mental rotation. While increase in complexity resulted in 

increase in action generation, increase in complexity decreased performance in the mental 

rotation task. 

 What is the relationship between the generation of actions and performance in the 

mental rotation task? Figure 4 shows a plot of all the participants in terms of the accuracy 

and action generation averaged across the complexity conditions. We performed 

correlation analysis with the action generation and mental rotation accuracy and there 

was a close to significant negative correlation (R = -0.3914, p = 0.0648) between them. 

The result indicates that the increase in action generation is associated with decrease in 

mental rotation performance. As can be seen in Figure 4, there is a large cluster of points 

corresponding to participants who used hands in a large percentage of trials, but their 
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performance in the mental rotation task show a fair amount of variability. In addition, 

there are a small number of participants who used hands in a smaller percentage of trials 

and whose accuracy is fairly high.  

__________________ 

Insert Figure 4 about here 

__________________ 

 To quantify the potential individual differences across participants, we performed 

a cluster analysis using k-means (two means in our case) clustering. The clustering 

analysis was performed using MATLAB. The results showed two clusters, with one 

cluster containing six participants who used hands 16.1% of the time and whose 

performance was 79.2%. These six participants used their hands very little but performed 

very well in the mental rotation task. The other cluster contained the remaining seventeen 

participants who used their hands in a high percentage of trials (82.7%) but their accuracy 

was not as high as the other group (63.1%). We also computed the variability in accuracy 

for the participants in the two clusters separately. The cluster containing those 

participants who used hands less had less variability in terms of accuracy (SD = 10%, 

range = 69%-94%) compared to the other cluster containing participants whose hands 

usage was high (SD = 17.5%, range = 31%-94%).  

 To further understand the relationship between mental rotation, action generation 

and complexity, we divided the participants into groups based on the clustering analysis 

into a high-action generation group (N=17) and a low-action generation group (N=6). The 

hands usage results as a function of task complexity for the low- and high-action groups 

are shown in Figure 5.  
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__________________ 

Insert Figure 5 about here 

__________________ 

A 2 between (action: high-action-group, low-action-group) x 2 within 

(complexity: low, high) ANOVA was performed on the percentage of trials in which 

hands were used by the participants. As expected, there was a significant main effect of 

action, F(1,21) = 112.096, p < .001 and complexity, F(1,21) = 13.54, p < .05. Actions 

(hands) were used in only 55% of the trials in the low complexity condition, but were 

used 75% of the trials in the high complexity condition. More importantly, there was a 

significant interaction effect of action with complexity, F(1,21) = 5.958, p < .05. The 

effect of complexity was much larger for the high-action group, which used hands in 96% 

of trials in the high complexity condition, compared to only 70% in the low complexity 

condition. The effect of complexity on use of hands was much smaller for the low-action-

group, with 18.8% of trials in the high complexity condition and 13.5% of trials in the 

low complexity condition. 

 The accuracy results are shown in Figure 6, for both the high-action and the low-

action- groups. The accuracy for the high-action-group (only trials with use of hands) and 

the low-action-group (only trials without the use of hands) were taken for further 

statistical analysis. A 2 between (action: high-action-group, low-action-group) x 2 within 

(complexity: low, high) ANOVA was performed on the accuracy values from all the 

participants. There was a significant main effect for action, with performance in the low-

action-group (0.812) significantly better than performance in the high-action-group 

(0.604), F(1,21) = 6.322, p < .05. Similarly there was a significant main effect for 
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complexity, with performance in the low complexity condition (0.781) significantly 

better than performance in the high complexity condition (0.536), F(1,21) = 20.576, p < 

.01. The interaction between action and complexity was not significant. 

__________________ 

Insert Figure 6 about here 

__________________ 

 The results indicate that in spite of the fact that the majority of the participants 

used their hands, their performance was significantly lower than those participants who 

did not use their hands. Even in the high complexity condition, where hands were used on 

almost all the trials (the high-action group), the performance was lower compared to 

those who used hands less. These results show that not all complementary actions 

generated during a task lead to better performance – some may actually interfere with the 

task.  

 

 

 

Experiment 2 

 
Since our results did not show an accuracy effect for the complementary actions (in 

contrast to the literature on such actions), we conducted two more experiments to 

examine the effect of actions on accuracy. Two task conditions were used with two 

groups of participants. In one condition, we curtailed all hand (and head) movements 

(action-curtailed condition). In the other condition (action-enforced condition), 

participants were required to use their hands in some way.  
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If actions do contribute to the task, then the accuracy would be lower for the first 

task, and higher for the second. We also wanted to see how performance in the mental 

rotation task differed as a function of volition, given that actions were generated 

involuntarily in Experiment 1, and voluntarily through instructions in Experiment 2.  

 

Method 

Participants 

Twenty eight student volunteers with normal or corrected-to-normal vision from the 

University of Allahabad. None had laboratory experience with mental imagery. They 

were randomly assigned to one of the groups, action-curtailed or action-required.  

 

Apparatus and Stimuli: Same as in Experiment 1.  

 

Procedure 

The stimulus presentation was same as in Experiment 1. For the action-curtailed 

condition, participants were asked to keep their hands flat on the table, and not move 

once the trial started. After providing a voice response to the four choices, they could 

move, to type their choice into the textbox. For the action-enforced condition, 

participants were asked to use their hands in some way, but the way in which to use 

hands was left open to their choice. 

 

Results and Discussion 
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Figure 7 shows the mean accuracies for both the conditions. A 2 between (action-

enforced, action-curtailed) x 2 within (complexity: low, high) ANOVA was performed 

with the accuracy values. Similar to the first experiment, complexity had a significant 

effect, F(1,26) = 26.46, p < .001 with better performance in the low complexity condition 

(73%) compared  to the high complexity condition (48%). There was no significant 

difference in accuracy between the action-curtailed and action-enforced conditions, 

unlike Experiment 1, where the use of action affected performance. These results provide 

further support to the view that complementary actions are not always advantageous. 

__________________ 

Insert Figure 7 here 

__________________ 

 

General Discussion 

Overall, our first experiment results show that compatible actions are generated during 

high cognitive load conditions, but these actions do not provide a cognitive benefit in our 

task. Table 1 captures the accuracy results for the three conditions (Spontaneous-action, 

Action-enforced, Action-curtailed).  

__________________ 

Insert Table 1 here 

__________________ 

 Note that the spontaneous actions in the table are for the high action-generation 

group in experiment 1. There is very little difference between the three cases. The 

voluntarily generated (enforced) actions have no effect compared to the spontaneous 
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actions generated by the high action-generation group. This suggests volition does not 

interact with the task.  The curtailment of action also has no effect on accuracy when 

compared with the high action-generation group. This provides more evidence that the 

parallel actions do not contribute to the task. However, if we compare the action-curtailed 

condition to the low action-generation group (considering curtailment and low generation 

as similar), then there is a difference in accuracy, as the low action-generation group 

performed much better. This suggests that, when compared with the low generation 

group, there was more cognitive effort for the group involved in curtailing actions.  

 Since the parallel actions in experiment 1 did not improve accuracy, it is unlikely 

that these actions are generated in a top-down fashion, triggered by the control system to 

specifically lower cognitive load. Such a conclusion is further strengthened by 

experiment 2 results, where accuracy did not improve whether actions were enforced or 

curtailed. This suggests a bottom-up mechanism is responsible for the generation of 

actions parallel to a cognitive task. We develop below a model of the bottom-up 

mechanism underlying these actions. Even though this model is based on the results from 

our current experiment, it also accounts for cases where a cognitive benefit has been 

reported, such as the case of epistemic actions in Tetris (Kirsh & Maglio, 1994), and the 

coin-counting task (Kirsh, 1995). Because the model can accommodate these cases, 

where actions generated in parallel to a task do provide cognitive benefit, the model 

proposes an account of the mechanism underlying prospective action control, where the 

short-term cost of generating actions is offset by a longer-term benefit. 

Our model is based on the common coding framework, which proposes that 

perception, execution, and imagination of movements share a common coding in the 
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brain (Prinz, 1992; 2005; Decety, 2002; Hommel, Müsseler, Aschersleben, & Prinz, 

2001). To illustrate, going round and round can make you dizzy, but equally, watching 

something go round and round can also make you dizzy. Note that watching a rotating 

disc could also generate such dizziness, so the effect is not limited to the observation of 

biological motion. This effect is explained by a common coding in the brain that connects 

an organism’s movement (motor activation), observation of movements (perceptual 

activation), and imagination of movements (simulation). First clearly articulated by Prinz 

(1992), this common coding allows any one of these movements to automatically 

generate the other two movements (Prinz, 2005; Sebanz, Knoblich, & Prinz, 2005; also 

see Decety, 2002; Hommel et al., 2001). One central implication of common coding is a 

body-based ‘resonance’ – the body instantly replicates all movements it detects, 

generating an internal representation that is dynamic and based on body coordinates. The 

model postulates that all the replicated movements are not overtly executed or responded 

to. Most stays covert, as the overt movement is inhibited.  

The basic argument for common coding is an adaptive one, where organisms are 

considered to be fundamentally action systems. In this view, sensory and cognitive 

systems evolved to support action, and they are therefore dynamically coupled to action 

systems in ways that help organisms act quickly and appropriately. Common coding, and 

the resultant replication of external movements in body coordinates, provides one form of 

highly efficient coupling.  Since both biological and non-biological movements are 

equally important to the organism, and the two movements interact in unpredictable 

ways, it is beneficial to replicate both types of movements in body-coordinates, so that 

efficient responses can be generated. 
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In operational terms, common coding implies that there are interactions between 

execution, perception and imagination of movement. A large body of experiments 

support different types of such interactions (Brass, Bekkering, & Prinz, 2002; Welsh & 

Elliott, 2004; Casile & Giese, 2006; Wohlschlager, 2001; See Chandrasekharan & 

Osbeck, In Press, for a review). Most of the behavioral evidence for common coding is 

based on interference effects, where actions in one modality (say imagination) leads to a 

difference in reaction time or accuracy in another modality (say execution). This 

behavioral evidence is supported by neurophysiological experiments, including imaging 

(Vingerhoets, de Lange, Vandemaele, Deblaere, & Achten, 2002; Wraga, Thompson, 

Alpert & Kosslyn, 2003; Brass & Heyes, 2005 provides a good review), TMS (Fadiga, 

Fogassi, Pavesi, & Rizzolatti, 1995) and patient studies (Fiorio, Tinazzi & Agiloti , 2006; 

Bosbach, Cole, Prinz, & Knoblich, 2005; Farne, Iriki & Làdavas, 2005). The most 

influential evidence for common coding comes from the discovery of mirror neurons 

(Fadiga, Fogassi, Gallese & Rizzolatti, 2000; Rizzolatti & Craighero, 2004), which 

showed that a set of neurons in area F5 of monkeys are activated by both execution and 

perception of biological movement. Recent work shows that processing, particularly 

prediction, of non-biological movement is based on a subset of the biological movement 

system (see Schubotz, 2007; Scubotz & van Cramon, 2004). 

For our purposes, the important component of the common coding model is the 

automatic activation of motor representations when observing or imagining a movement. 

This means the motor system is activated in an ongoing fashion by perceived and 

imagined movements. But the control system inhibits this automatic activation of the 

motor system, preventing the activation from proceeding to overt action. The automatic 
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activations move to overt actions only when the inhibition by the control system is 

overridden, either by intention or by other factors, such as emotional involvement.  

Applying this automatic activation view to our experiment, there would be activation of 

the motor system during both the perception and imagination stages of the rotation 

stimuli in our task, as experiments supporting common coding clearly show that action 

components are automatically activated while viewing/imagining moving stimuli, 

particularly mental rotation stimuli (Wohlschlager, 2001).  

As soon as the action system is activated covertly by the rotation movement, the 

inhibition process kicks in, preventing the covert activation from moving to overt action. 

Now, this inhibition process could be considered as acting like a ‘caretaker’ to the 

automatic activation, constantly blocking the covert motor process from becoming an 

overt action. However, such a caretaker mechanism would take up processing resources. 

During high-processing-load tasks (as in high complexity cases in experiment 1), this 

‘caretaker’ process would lose resources, leaving the automatically activated motor 

component ‘orphaned’. Such a dynamic reallocation of processing resources would lead 

to the covert actions sliding from inhibition to overt activation during high-processing-

load tasks. This would explain the generation of actions, mostly in the high complexity 

condition in Experiment 1. In the low complexity condition, the processing load was not 

high enough to overcome the caretaker mechanism. A graphic illustration of how this 

model explains our results is shown in Figure 8.  

 

__________________ 

Insert Fig. 8 about here 
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__________________ 

 

This ‘orphaning’ mechanism based on cognitive load extends the common coding 

model beyond automatic activation and inhibition, to cognitive-load-modulated activation 

and inhibition. This view explains the two major questions we raised: how does the 

control system ‘know’ when to generate parallel actions, and, how does it ‘know’ how to 

generate compatible actions? Complementary actions are generated significantly in high 

cognitive load conditions because only in those conditions are processing resources taken 

away from the caretaker mechanism (which usually inhibits the automatic activation from 

going overt). Compatible actions are generated because automatic activation is based on 

the common coding between action perception and imagination, so the action pattern 

would follow the perceived/imagined movement pattern. In this view, there is no need for 

the control system to ‘know’ how to generate the compatible movement (say, which 

muscles to activate). Such a cognitive-load-modulated mechanism would also explain 

other common complementary actions, such as why people tend to make more gestures 

while explaining difficult concepts, and while speaking in a second language. 

The orphaning model does not fully explain all our results, however. For instance, 

why were actions rarely activated in six participants in the first experiment (low action 

generation group)? Individual differences in mental rotation abilities could explain this, 

but this needs further investigation. In this proposal, cognitive load would be higher for 

individuals with low mental rotation abilities, and this would lead to more automatic 

action generation. This would mean that complementary action generation could be 

considered an indicator of when processing load is high for different individuals. 
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Experiment 1 shows that all complementary actions do not provide a cognitive 

advantage. However, reported results and everyday experience suggest that actions do 

have the potential for providing cognitive advantages during complex tasks and learning. 

In the case of the epistemic action study (Kirsh & Maglio, 1994), the exploratory actions 

allow participants playing Tetris to ‘move’ some task processing (mental rotation) to the 

world, by creating external task states (physical rotation of zoids) which are accessible by 

perception. Based on our model, how could the control system generate such epistemic 

actions, which do provide a cognitive benefit? In Tetris, one possibility is that imagining 

the rotation of zoids leads to high cognitive load, and this initiates an “orphaned” 

activation of rotational hand movements, similar to the high complexity case in our 

experimental situation. But since the hand is already executing keyboard movements to 

move the zoids on screen, this rotational movement is also executed on the keyboard, 

leading to a circular movement on the arrow keys. This results in an (initially) inadvertent 

rotational movement of the zoids, and a lowering of cognitive load (as the mental rotation 

is ‘moved’ outside). This lowering of cognitive load leads to the keyboard movement 

pattern being reinforced (see Chandrasekharan & Stewart, 2007 for more on how 

variations in cognitive load could drive such real-time reinforcement learning, and 

prospective action control; also see Braver & Cohen, 2000 on the neural mechanisms 

underlying such rapid associative learning involving the PFC). Over time, this movement 

pattern rises up to the level of consciousness, and becomes an ‘intended’ prospective 

action control strategy. Interestingly, this process presents a case of an intention getting 

attached to an automatic action. This model of action generation is very different from 
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the common assumption that intention precedes action, and voluntary movement is 

always driven by intention. 

Our experimental paradigm shows actions “breaking-out” of the participant’s 

control as cognitive load increases in a task. This ‘breaking-out’ parallels many real-life 

situations where actions are generated spontaneously, and the control system allows the 

actions to continue even if the actions are in conflict with the wider goals of the 

individual. Examples include body movements that are at odds with what is being said; 

actions driven by intense emotional states such as anger; environment-driven actions by 

people with executive function disorders (such as getting into a bus just because one 

comes by); and compulsive manipulation of tools by people with “alien-hand syndrome” 

(Assal et al, 2007).  

Most neuropsychological work on allocation of control using stopping/switching 

paradigms explain such ‘break-out’ behavior as a problem in stopping or switching. This 

explanation works only if a full-scale detection of the non-voluntary action is assumed. 

For instance, patients with executive function disorders detect that an action is 

unintended, and that it is in conflict with their goals; they then seek to stop it, but their 

intention to stop does not work (such as in alien-hand syndrome), and this problem with 

stopping is also detected. The stopping/switching paradigms can address only situations 

where the detection assumption holds across monitoring, conflict and intention.  

However, in cases of ‘disorders of volition’ (Sebanz & Prinz, 2006) such as 

paranoid schizophrenia, the problem maybe that the unintended actions are detected, but 

there is no sense of conflict and therefore no desire to stop / switch these actions. Instead, 

these actions are executed, and when asked why they executed the actions, patients 
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explain that the actions were generated by others who are controlling the patient’s 

system. This indicates that monitoring works well, but no conflict or intention is detected. 

This is similar to the complementary action situation. Further exploration of 

complementary actions would help in understanding how such unintended actions arise, 

and why schizophrenics consider these as generated by other people. Particularly, the 

way intentions get attached to such actions (as in epistemic actions) could throw light on 

what mechanisms allow normal populations to consider such actions as their own, and 

how disruptions to this mechanism leads to schizophrenics considering these actions as 

executed by others controlling them. More broadly, the study of complementary actions 

would help in isolating how breaks in the monitoring-conflict-intention link could lead to 

disorders of volition in general. 
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Figure Legends 

 

Figure 1: The four patterns used in Experiment 1 

Figure 2: Snap shots of the rotation operations 

Figure 3: The screen during the second phase 

Figure 4: Scatter plot of participants in terms of their action generation and accuracy 

(data corresponding to low-action generation participants are indicated by the circle signs 

and high-action generation participants are indicated by the plus signs) 

Figure 5: Use of hands within the high- and low-action- groups  

Figure 6: Accuracy with High-action and Low-action-groups. Circles represent the low-

action group, crosses the high-action group. 

Figure 7: Accuracy with action-restricted and action-required conditions 

Figure 8: Graphic illustrating the way the orphan model explains action generation in the 

high complexity condition. 
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Table Legend 

 

Table 1:  Accuracy results for the three major conditions 
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Table 1 

 

Level Spontaneous 
action 

Action-
enforced

Action-
curtailed

Low 
complexity 73.6% 72.5% 73.5% 

High 
complexity 47.2% 43.7% 52.4% 
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	However, in cases of ‘disorders of volition’ (Sebanz & Prinz, 2006) such as paranoid schizophrenia, the problem maybe that the unintended actions are detected, but there is no sense of conflict and therefore no desire to stop / switch these actions. Instead, these actions are executed, and when asked why they executed the actions, patients explain that the actions were generated by others who are controlling the patient’s system. This indicates that monitoring works well, but no conflict or intention is detected. This is similar to the complementary action situation. Further exploration of complementary actions would help in understanding how such unintended actions arise, and why schizophrenics consider these as generated by other people. Particularly, the way intentions get attached to such actions (as in epistemic actions) could throw light on what mechanisms allow normal populations to consider such actions as their own, and how disruptions to this mechanism leads to schizophrenics considering these actions as executed by others controlling them. More broadly, the study of complementary actions would help in isolating how breaks in the monitoring-conflict-intention link could lead to disorders of volition in general.

	 

