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Abstract

Predictions are important not only in motor control, but are also increasingly recognized as a necessity for optimal interaction with others and the environment. When observing and listening to others, we tend to predict the upcoming content of actions and speech. In the present study, we addressed the question whether predictions in action observation and language comprehension both rely on a similar (neuro)cognitive mechanism. Participants’ eye-movements were recorded while they observed videos of action sequences or listened to sentences describing the same action sequences. Similar patterns of anticipatory eye-movements to upcoming action targets were found in both settings. Moreover, in accordance with a computational model of action observation, we found more anticipation towards the final goal of the action relative to preceding action steps in the action sequence. Altogether the present results suggest a possible role for simulation underlying predictions both during observation of actions and comprehension of linguistically described actions.
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Similar anticipatory eye-movements elicited by visually and linguistically presented action sequences


In a rapidly changing environment, it is essential for an agent to utilize information derived from predicted internal and external states in order to optimize its behavior (Butz, Sigaud & Pezzulo, 2007; Imamizu & Kawato, 2009). Following Butz, Sigaud and Gerard (2003), we make a distinction between the output produced by a predictive model and the behavior resulting from it; the former is termed prediction and the latter we call anticipation. Furthermore, what we term prediction here are processes with a general orientation towards the near future (cf. Bubic, von Cramon & Schubotz, 2010). Organisms possessing predictive models will be endowed with both the ability to amplify expected sensory stimuli and to react in advance to environmental demands (cf. Wilson & Knoblich, 2005). From an evolutionary perspective, both of these abilities are clearly highly adaptive (Sjölander, 1995). Therefore, the ubiquity of predictive processing and anticipatory behavior in nature should come as no surprise; it is present in single-celled organisms (Mitchell et al., 2009), and insects (Webb, 2004) and seems to be a fundamental mode of operation in complex nervous systems, such as the human brain (Bar, 2009; Bubic et al., 2010). More specifically, appropriate human social interaction requires constant prediction of intentions and actions of others. Accordingly, it is clear that gaining more insight into the role of predictive mechanisms and anticipatory behavior will be crucial to further our broader understanding of the normal and abnormal workings of cognition and the brain.


In sensorimotor control, it is thought that prediction of sensory consequences of self-generated actions, enabled by internal forward models, is necessary for fluent motor control (Kawato, 1999; Miall & Wolpert, 1996). Existing evidence suggests that we elicit proactive eye-movements when observing sequential actions performed by others in a similar way as when we perform the actions ourselves (Flanagan & Johansson, 2003). For such proactive gazes to occur we need to predict the observed movements. For this purpose, the previously mentioned forward models are thought to be the mechanism underlying these predictions as well as supporting predictions during social interactions (Blakemore & Decety, 2001; Wolpert, Doya & Kawato, 2003). 

Evidence for prediction has also been found in the domain of language comprehension at a variety of levels (see e.g. Altmann & Mirkovic, 2009; Pickering and Garrod 2007 for short reviews). For instance, evidence has been found for predictions regarding the general semantic content of utterances (Campion, 2004), the thematic argument of verbs (Altmann & Kamide, 1999; Kamide, Altmann & Haywood, 2003), and even specific words (Otten, Nieuwland & Van Berkum, 2007). ;An interesting question is then how similar predictive processing during language comprehension is to predictive processing during action observation.
In this study we address the question whether predictions in language comprehension and action observation are similar in nature by means of measuring anticipatory eye-movements. The reason for using eye-tracking is that we get a direct as possible view into the cognitive process of interest, as eye fixations are thought to be a reflection of what is currently being processed (Just & Carpenter, 1976). Eye-tracking has been applied in action observation paradigms, where participants’ eye-movements are recorded while they watch movies of one or more actors performing an action, either from the first- or third-person perspective. For example, Falck-Ytter et al. (2006) repeatedly presented participants with the same movie of an actor moving a ball into a container and found that they fixated the container in an anticipatory fashion. Comparable patterns of anticipatory eye-movements have also been found using the visual-world paradigm, where participants hear spoken sentences, and are presented with visual elements while their eye-movements are simultaneously recorded (Cooper, 1974, Tanenhaus, Spivey-Knowlton, Eberhard & Sedivy, 1995). This paradigm has been used to investigate prediction in language comprehension by measuring anticipatory eye-movements. For example, participants were presented with clipart scenes and through information provided by verbs in the sentences, they proactively directed their gaze towards the depicted objects of the verbs (Altmann & Kamide, 1999; Kamide, Altmann & Heywood, 2003; Knoferle et al., 2005). 

Clearly, experiments such as these have added to our understanding of both the importance of anticipatory eye-movements in the action domain and the role prediction plays in language comprehension. This strengthens the importance of answering the theoretical question of how similar these predictive processes might be in both domains. For proper investigation of this question, it is necessary to improve some possible methodological problems regarding ecological validity of the currently used paradigms. Firstly, in the case of action observation, a possible problem lies in the repeated presentation of the same stimulus over a short period of time, something which rarely occurs in a natural setting. Secondly, few studies make use of meaningful actions (cf. Lozano, Hard, & Tversky, 2008), and those that do so, use actions involving only single steps, such as grasping a cup and bringing it to the mouth to drink, whereas common everyday actions are usually more complex and are composed of multiple steps and sometimes multiple objects. Thirdly, in experiments employing the visual world paradigm, the use of cartoon-like stimuli might also introduce issues, as these scenes are far removed from anything encountered in the real world. Finally, sentences used in the visual world are normally simple in structure, consisting of one subject, one verb, and one object.

To investigate the theoretical question of whether predictions in language comprehension and action observation are similar in nature as well as address the methodological issues previously discussed, we make a number of modifications to the visual world and action observation paradigms: 1) we use 17 action scenarios, removing the need for excessive repetition of stimuli; 2) all scenarios contain common, everyday actions; 3) actions involve multiple steps and objects; 4) scenes in the visual world are images taken from the movies used in the action observation  paradigm; 5) as sentences used in the visual world describe the action scenarios, they involve more than one verbal phrase, in contrast to previous studies.

In the present study, we investigate anticipatory eye-movements in our modified versions of the visual world and action observation paradigms. To this end, 17 different everyday multi-step action sequences were filmed from which movies and still images were created to be used in the action observation and visual world paradigms, respectively (see an example in Figure 1). Additionally, as there are multiple ways of operationalizing anticipatory eye-movements, we performed three different analyses on the acquired data. The goal of multiple analyses is two-fold: we wanted to see how well the analyses capture different aspects of the data and also investigate possible convergences.

Furthermore, we wanted to investigate if there is any relation between anticipatory capabilities and possible social-cognitive factors. In autism, a neurodevelopmental disorder, characterized by social impairments and stereotyped and inflexible behaviors (APA, 2000), indications of impaired anticipatory capacity has been found (Cattaneo et al. 2007). To see if this relation between social cognitive factors and anticipation generalizes to the broader autism phenotype, we correlated measures of participants’ anticipatory eye-movements with their possible autistic traits, as reflected in their autism spectrum quotient (AQ) (Hoekstra, Bartels, Cath & Boomsma, 2008).

Our main hypotheses are as follows. Similarly to previous investigations, we expect participants to exhibit anticipatory eye-movements during action observation (cf. Falck-Ytter, Gredebäck, von Hofsten, 2006; Flanagan & Johansson, 2003; Hunnius & Bekkering, 2010). Likewise, if humans anticipate the behavior of agents during language comprehension, we should find anticipatory eye-movements in the visual-world paradigm. Moreover, if similar neurocognitive mechanisms underlie anticipatory behavior during action observation and visual world, we expect overlap in anticipatory eye-movements patterns between the paradigms. Finally, we also expect that, as the action sequences unfold, behavioral and contextual cues will allow observers to additively accumulate evidence for the most likely goal(s) of the action, leading to an increase in speed and precision of predictions over time specifically for the final goal of the action (Cuijpers, van Schie, Koppen, Erlhagen, & Bekkering, 2006).

Methods

Participants 


A total of 34 Participants, all native Dutch speakers, were recruited from the Radboud University participant pool. Seven were excluded from further analyses due to loss of eye-tracking data (> 60%). Out of the remaining 27 participants, 19 were female and 8 were male (mean age 23.2, SD 7.0). Participants received course credits or monetary compensation in exchange for their involvement. 

Stimuli and Materials

Action observation. The stimuli consisted of 17 movies depicting multi-step object-related actions, where each upcoming step of the action was dependent on the previous one. In addition, there were also five filler movies where the outcome of the action was incompatible with the intent of the actor. In all movies the head of the actor was visible, but the eyes were covered by the brim of a hat. All movies started with a two-second freeze-frame, containing no movement cues, and had a set width of 1280 pixels (up-scaled from 720p), with varying height; the duration of the movies ranged from 11 to 24 seconds. Direction of the first action step was counterbalanced (9 right, 8 left). 


Visual world. Seventeen images taken from the initial frames of the videos were paired with 17 auditorily presented sentences. An example image and sentence can be found in Figure 1. The sentences were recorded by a female native Dutch speaker. The actions described in the sentences were made to match the actions performed by the actor in the movies. In each trial the display of the image preceded the auditory stream by two seconds. 

Procedure and Design 


During the experiment the participant was seated approximately 60 cm from a Tobii 1750 eye-tracker (Tobii Technology, Sweden). The presentation of stimuli and the recording of eye-movements were controlled by Presentation 13.1 (Neurobehavioral Systems, USA). Videos and images were displayed on the 17” integrated monitor of the eye-tracker, using a resolution of 1280x1024, and sounds were played through a stereo speaker setup, while eye-movements were sampled at 50Hz. Prior to recording, a nine-point calibration procedure was used. Testing only started after successful calibration. Proper calibration of the upper left and right corner points was not needed for the calibration to be considered successful, as looks to those regions were not of interest. To keep subjects attending to the stimuli they were instructed to indicate, by a button press, when the intended outcome of the actor failed, as in the case of the filler trials. On each trial the participant first saw a centered crosshair for 500 ms, followed by either a video or a picture and sound combination, depending on the paradigm. Each stimulus was followed by a two second pause paired with a blank screen. Stimuli pertaining to each paradigm were presented in a blocked design, with each stimulus appearing once in each block. A total of four blocks were presented, two blocks per paradigm, which were counter-balanced either by ABBA or BAAB, and the order of stimuli was randomized per subject within each block. Between each block there was a pause and the experiment proceeded when the subject reported being ready to continue. The eye-tracking part of the experiment took approximately 25 minutes. After the eye-tracking session, the participants were instructed to fill out the Dutch version of the adult Autism-Spectrum Quotient (AQ) questionnaire (Hoekstra et al., 2008).

Eye-movement Data Analysis 


For both paradigms, square-shaped areas of interest (AOI) were created for objects and, if relevant, the actor’s mouth, for each movie and image individually (see Figure 1 for an example). For each stimulus, multiple time-windows with a start-, a mid-, and an end-point were created, with each time-window representing a phase (individual action) in the action sequence. For the action observation paradigm, the starting points for all time-windows were marked by the onset of movement towards the upcoming target AOI in the action sequence, while mid-points were created where the hand and/or held object entered the upcoming AOI. The end-points were created either 1000 ms after the mid-point, or in the case where the time between the starting-point and mid-point was less than 1000 ms, then the time windows were created symmetrically around the mid-point, i.e. same distance from mid-point to both the end- and start-points. For the example depicted in Figure 1, three time-windows were created. The first starts when the actor’s hand leaves the table (2000 ms), the mid-point occurs when the hand enters the AOI of the paper (2700 ms) and ends at 3400 ms. The second time-window starts at the onset of the paper being moved towards the puncher (6580 ms), the mid-point occurs when the paper and the hands enter the AOI demarcating the hole-puncher (8180 ms) and ends at 9180 ms. The third time-window starts when the paper is moved from the hole-puncher (12500 ms), the mid-point when the paper and the hands enter the AOI of the ring-binder (13900 ms) and ends at 14900 ms.  For the visual world paradigm, similar time-windows were created, with the start- and mid-points determined by the onset of the verb and the noun representing the upcoming target respectively. If the gaze entered an AOI before the mid-point of its corresponding time window, it was considered a predictive look; however, if the gaze arrived after the mid-point, it was considered a reactive look.


Three different ways of analyzing eye-movement data were used for both paradigms. First, a looking-time analysis was conducted. Here, the amount of time participants spent looking at an AOI within either the predictive or reactive portion of its corresponding time window was calculated. Then this amount of time was expressed as a percentage of the total duration of the predictive or reactive part of that time window. The second analysis, the gaze-onset analysis, consisted of taking the first time point during a time window when the gaze entered the corresponding AOI. The third analysis, termed count-data analysis, consisted of counting the number of predictive and reactive looks, and to account for possible differences in other-directed gazes between phases, we used the ratios between predictive and reactive looks, rather than their absolute values. 


For all analyses, in each phase in each trial, a data point reflects either a predictive or a reactive look. This means that if a participant is really predicting the upcoming steps, then the aggregate difference score (predictive minus reactive) from looking time, gaze onset time, or count of looks should be significantly larger than 0. Contrarily if participants do not predict the upcoming steps but rather react as a function of the actor’s movements or the nouns in the sentences, then the opposite should be the case. The rationale for using this form of subtraction in all of the analyses is that this allows for an inherent form of control. In the case of the balance of predictive looks significantly deviating from zero, we can be sure that we are not measuring something which is biased by, for example, object salience, but rather that it reflects experimentally induced variance. 


To test whether participants were predicting upcoming steps, two-tailed one-sample t-tests (µ = 0) were used. To investigate possible differences in predictions between phases within each paradigm, one-way ANOVAs were conducted on data from all three analyses. Arcsine transformation was performed on proportional data (looking-time), and square root transformation was performed on count data. 


The reason for choosing three types of analyses is as follows. Although the paradigms have been used before, this is the first study that uses real world images in the visual world paradigm and multi-step action sequences in action observation. Due to the exploratory nature of this study, it is important to be able to get insight into the different dimensions of the data. Since there is no consensus as how to analyze eye-tracking data, we chose to apply these different methods as they are likely to capture different aspects of the data.


Split analysis. To investigate possible changes in anticipatory eye-movements throughout the course of the experiment, we split the data of each participant into four equal quarters of trials, for each paradigm, based on the temporal order of stimuli presentation. The purpose of this analysis was to assess whether anticipatory eye-movements slowly develop during the course of the experiment. Such a pattern would be indicative of associative learning, something which would weaken the applicability of the data for our purposes and limit drawing conclusions regarding possible predictive processing taking place. The first quarter represents the first half of the first presented block, the second quarter represents the second half of the first block. The third and fourth quarters represent the first and second half of the second presentation block respectively. This analysis was conducted on the gaze-onset data.


Data inclusion criteria. For the gaze onset and count analyses, a linger correction was performed to ensure that the data was not derived from fleeting looks or random saccades. In order for a data point to be included in the analysis, gaze had to stay within the AOI for at least 100 ms after first entering it. Only data points that fulfilled this criterion were included in subsequent gaze onset and count analyses. Furthermore, for the action observation paradigm, in order to include only gazes which resulted from participants observing the actor’s actions, only looks originating from either the previous AOI or from the head region were included in subsequent analyses. Differently, in the visual world paradigm, the image is static. Therefore, there is nothing to guide participants’ gaze apart from the sentences in the auditory stream, and using offset criteria is hence not necessary. For all analyses, only those trials in which gaze entered a given AOI during the time window defined by the action directed towards that AOI were included in subsequent analyses. The excluded data points are referred to as other-directed gazes henceforth.

Results

Correlations with AQ scores


AQ scores ranged from 6 to 40 (mean score 14.9, SD 7.2) on the AQ scale. For both paradigms in all analyses, no significant correlations were found between performance in any of the three phases and AQ scores. 

Looking-time Analysis


 Figure 2 shows the total looking times for each phase in each paradigm. In action observation, difference scores in phase 1 did not significantly differ from 0, t(26) = -1.09, p = .287, whereas difference scores in phases 2 and 3 were both significantly larger than 0, t(26) = 3.36, p = .002;  t(26) = 3.34, p = .003 respectively. In the visual world, difference scores for all phases were significantly larger than 0, phase 1, t(26) = 4.34, p < .001; phase 2, t(26) = 5.72, p < .001; phase 3, t(26) = 12.20, p < .001. A one-way ANOVA revealed a main effect of phase for both action observation, F(2,52) = 8.07, p < .001, and the visual world, F(2,52) = 18.77, p < .001. For action observation, planned contrasts showed a difference between phases 1 and 2, F (1,26) = 12.56, p = .002, between phases 1 and 3, F(1,26) = 14.04, p < .001, whereas no difference was found between phases 2 and 3, F(1,26) < 1. For the visual world, planned contrasts showed that phase 1 and 2 did not differ, F(1,26) = 2.71, p = .110, whereas phase 1 and 3 differed, F(1,26) = 29.04, p < .001, and so did phase 2 and 3, F(1,26) = 20.01, p < .001.

Gaze-onset Analysis


Figure 3 shows the gaze onset times for each phase in each paradigm. In action observation, difference scores for all phases were significantly larger than 0, phase 1, t(26) = 8.29, p < .001; phase 2, t(26) = 6.58, p < .001; phase 3, t(26) = 10.94, p < .001. In the visual world, difference scores for all phases were significantly larger than 0, phase 1, t(26) = 5.51, p < .001; phase 2, t(26) = 6.54, p < .001; phase 3, t(26) = 8.13, p < .001. A one-way ANOVA revealed a main effect of phase for both action observation, F(2,52) = 23.56, p < .001, and the visual world, F(2,52) = 14.89, p < .001. For action observation, planned contrasts showed that phase 1 and 2 did not differ, F < 1, whereas phase 1 and 3 differed, F(1,26) = 26.3, p < .001, and so did phase 2 and 3, F(1,26) = 46.01, p < .001. For the visual world, planned contrasts showed that phase 1 and 2 did not differ, F < 1, whereas phase 1 and 3 differed, F(1,26) = 15.47, p < .001, and so did phase 2 and 3, F(1,26) = 18.53, p < .001.


Split analysis. Figure 4 shows the anticipatory eye-movements for the four different quarters of trials, averaged over the three phases, for each of the paradigms. As can be seen, anticipatory eye-movements are present from the start of the experiment and remain throughout. 

Count Analysis


Figure 5 shows the ratio between predictive and reactive looks for each phase in both paradigms. For action observation, difference scores were significantly larger than 0 for all phases, phase 1, t(26) = 6.84, p < .001; phase 2, t(26) = 7.06, p < .001; and phase 3, t(26) = 6.33, p < .001. For the visual world, difference scores were significantly larger than 0 for all phases, phase 1, t(26) = 4.58, p < .001; phase 2, t(26) = 6.43, p < .001; and phase 3, t(26) = 7.48, p < .001. A one-way ANOVA revealed a main effect of phase for both action observation, F(2,52) = 18.76, p < .001, and visual world, F(2,52) = 5.82, p = .005. For action observation, planned contrasts showed that phase 1 and 2 did not differ, F(1,26) = 1.27, p = 0.27, whereas phase 1 and 3 differed, F(1,26) = 17.16, p < .001, and so did phase 2 and 3, F(1,26) = 23.20, p < .001. For the visual world, planned contrasts showed that phase 1 and 2 did not differ, F < 1, whereas phase 1 and 3 differed, F(1,26) = 4.48, p = .044, and so did phase 2 and 3, F(1,26) = 11.44, p = .002.

Discussion
In this study, we investigated anticipatory eye-movements elicited by two newly developed paradigms. The implementation of these two paradigms was successful in eliciting anticipatory eye-movements to upcoming action targets, similarly to previous studies using the original paradigms. For both paradigms, we found anticipatory eye-movements in all three phases of the test-scenario, with the exception of phase 1 in action observation using the looking-time analysis. Furthermore, the gaze onset and count analyses also revealed a similar pattern of anticipatory eye-movements across paradigms. For the last step of the action sequences, i.e., phase 3, participants looked at the final goal target-object in an anticipatory fashion more often and earlier than for the preceding steps, i.e., phases 1 and 2, in which anticipatory looks were found to be similar in magnitude and onset. For the looking-time analysis, the same differences between phases were found for the visual world, whereas in action observation, participants had longer predictive looking times in phases 2 and 3 than in phase 1. While not showing complete convergence, all three analyses showed an increase in predictions as action sequences unfolded. More specifically, the final goal of the action sequences, i.e., phase 3, always elicited more predictions than the initial part of the action sequence. This is in line with the model of Cuijpers et al. (2006), which suggests that humans focus primarily on identifying goals when observing actions and that this process is aided by behavioural and contextual cues. Finally, we found that the anticipatory eye-movements are present from the beginning of the experiment, indicating that the present findings are not due to associative learning during the course of the experiment. In sum, we found indications of similar anticipatory eye-movement patterns when participants comprehended linguistic input and when they observed actions. We now turn to possible neurocognitive mechanisms underlying this similarity.


It has been found the same brain areas are activated during execution, observation or imagination of one same action (Grèzes & Decety, 2001). These findings are in line with the idea that simulation takes place during action observation (Jeannerod, 2001). In our view, the main function of simulations through forward models is to generate predictions about upcoming states and to allow cognitive processes and behavior to be adjusted accordingly.


The idea of concurrent simulation has also been used to account for anticipatory behavior during spoken language comprehension (e.g., Pickering & Garrod, 2007). Pickering and Garrod argue that the language production system is used during spoken language comprehension and that this allows for the real-time prediction of upcoming words. Recently, it was found that perception and imagery of speech implement forward models with similar neural patterns (Tian & Poeppel, 2010), providing evidence in favor of Pickering and Garrod’s (2007) hypothesis. Furthermore, these findings are in line with suggestions that forward models generate predictions not only in sensorimotor control, but also in other cognitive domains and even generate predictions of states external to the organism itself (Bubic, Cramon & Schubotz, 2010; Wolpert & Flanagan, 2009). 


The similarity in anticipatory eye-movement patterns between action observation and the visual world is the first line of evidence in favor of the hypothesis that prediction in language comprehension is supported by simulation. Moreover, not only are the eye-movement patterns similar, but they also showed a similar increase in predictions as action sequences unfolded. More specifically, anticipatory eye-movements were more frequent, longer lasting and of quicker onset for the final goal of the action, for both paradigms. Another piece of evidence comes from the fact that in the present study, for the visual world, the task instructions were constructed such that participants could perform the task without even paying attention to the visual scene. Yet, we found that participants still looked at upcoming action targets and they did so in an anticipatory fashion. So participants looked ahead while trying to comprehend the spoken sentences even if they did not have to, and they did so in a similar way as when visually observing actions. These results can be accounted for from a perspective under which the processing of linguistic information involves the use of information provided by the modal systems of the brain. Thus, participants trying to understand what is happening and what is going to happen in linguistically described action sequences will draw on all possible resources to do this as well as possible. This implies also making use of the same mechanisms which supports the understanding of visually presented actions. This idea of re-enactement of perceptual-motor experiences associated with a linguistically described event is termed “grounded cognition” (cf. Barsalou, 2008). More and more evidence is accumulating for the interplay between language and the modal systems of the brain (see Fischer & Zwaan, 2008 for a review). The strength of this idea is evident in its inclusion in a recent influential account of incrementality and prediction in language comprehension (Altmann & Mirković, 2009). Interestingly, it has been found that for a listener to optimally understand a speaker, the listener’s eye-movements have to mirror the speaker’s eye-movements (Griffin & Bock, 2000; Richardson & Dale, 2005). This finding of eye-movemen symmetry during language comprehension and production could be seen as analogous to the well-known fact that eye-movements during observation and execution of one same action are highly similar (Flanagan & Johansson, 2003). Although the parallel between the two domains is striking, it does not provide any direct evidence, but it would be surprising if such similarities between action and language were coincidence. 


It is important to clarify what we mean by ‘similar patterns of eye-movements’ in the two paradigms in the context of this experiment. There are a number of different factors to take into consideration when interpreting the similarity of results in the two paradigms. Firstly, auditory information and visually presented biological motion are initially processed by separate neural systems, which could possibly induce differences in eye-movement latencies. Secondly, speed implied by verbs and adverbs might influence the speed of simulations taking place during the visual world (Springer & Prinz, 2010), whereas simulation during action observation is more likely to be time-locked to the speed of the actor in the movies (Gangitano, Mottaghy & Pascual-Leone, 2001; Graf et al., 2007). This means that if simulation is time-locked to the actor’s movements in action observation whereas in the visual world the participants simulate the movements based on their own speed in performing the very same actions, then a discrepancy between the actor’s performance in the movies and a participant’s intrinsic action performance speed will introduce a further discrepancy in eye-movement latencies. 


Finally, there is a discrepancy in the amount of information made available to the observer by the two paradigms. During action observation, a participant can make use of both kinematic information of the movements and contextual information from the visual scene, whereas in the visual world, there is contextual information and information from the descriptions of the action sequences. Although the descriptions are made to match the actions performed in the movies, the ability to make predictions in the two paradigms will differ. During action observation, a participant can do online adjustments to predictions of upcoming targets based on the direction of the movements, whereas in the visual world paradigm, predictions have to be based solely on information from a static visual scene and the action descriptions. This means that as soon as an action verb is presented, there has to be an “all-or-nothing” prediction, to which online changes cannot be made. This discrepancy in available information is also likely to influence anticipatory eye-movements. These three points taken together suggest that one should be careful to directly compare performance in the two paradigms, no matter which eye-movement analysis one implements. This is the reason why we chose to test only for differences between the phases within paradigms, as a between paradigm comparison would be hard to interpret. Hence the similarity between the paradigms lies in the intra-paradigm patterns of anticipatory eye-movements for the three phases. It is also important to take note of the fact that these three factors could impact phases within and across paradigms in different manners. So in case one finds similar pattern of eye-movements between the two paradigms, this is a good indication of a strong underlying common factor contributing to the anticipatory eye-movements found for both of the paradigms. 

An alternative explanation for the similarity in eye-movement patterns between the two paradigms is that participants rely on verbalization (inner speech) to anticipate actions in both paradigms, a suggestion based on the fact that purportedly language-specific areas of the brain, such as Broca’s area, are activated during the observation of actions. Although verbalization has been successful in partially accounting for performance in task-switching paradigms, for certain age groups (see Kiesel et al., 2010, for a review), it is however unlikely to account for the present findings or other findings of anticipatory eye-movements during action observation. Firstly, if verbalization takes place during action observation, it would be expected that all of the brain regions necessary for verbalization of action would be activated when an action is observed. Although partial overlap in brain activations during observation and verbalization of actions has been found, action observation does not recruit all of the areas involved in verbalization (Grèzes & Decety, 2001). Secondly, a study which eliminated the possible confound of inner speech still found activation of Broca’s area for action observation, suggesting that this activity is not related to verbalization (Fadiga et. al., 2006). 

Thirdly, infants devoid of any language skills exhibit predictive eye-movements during action observation (e.g. Falck-Ytter et al., 2006, Hunnius & Bekkering, 2010), alongside also showing anticipatory motor cortex activation to upcoming actions during action observation (Southgate, Johnson, Osborne & Csibra, 2009), corresponding to the activation also found in adults (Kilner, Vargas, Duval, Blakemore & Sirigu, 2004). Moreover, action observation has been found to activate brain areas in a somatotopical manner (Buccino et al., 2001), an outcome which is not necessarily incompatible with a verbalization account since action verbs implying different effectors also activate the motor cortex in a somatotopical fashion (Hauk, O., Johnsrude, I., & Pulvermüller, 2004). Note, however, that whereas the somatotopy follows necessarily from a simulation account, it is not a direct prediction from a verbalization account. While none of these facts can definitely rule out the role of verbalization during action observation, the more parsimonious explanation for the anticipatory eye-movements found in both of our paradigms involves concurrent mental simulation of the perceived action sequences for deriving predictions.


One important point should be made regarding possible ways of operationalizing predictive eye-movements. In the present study, we conducted a looking time analysis, a gaze onset analysis and a count data analysis. We observed that, depending on the method used, slightly different patterns of results emerged. Considering the looking time analysis, for the first phase in the action observation paradigm, more time was spent looking at the target region during the reactive than during the predictive time-window. From this one might conclude that participants’ did not fixate upcoming targets in an anticipatory manner. However, looking at the two other analyses, a different picture emerges. The gaze onset analysis reveals that participants on average fixated the upcoming target region over 100 ms in advance. The results from the count analysis are also in line with this, showing that anticipatory looks to an upcoming target occurred twice as often as reactive looks. That the analyses provide slightly different results can be explained by how likely they are to capture factors not directly related to anticipation. It is likely that processing speed, attention and engagement in the task are also reflected in the looking time analysis. One reason is that the earlier a participant can fixate an upcoming target, the larger the total possible looking time is. In addition, that a participant’s gaze lingers on a target for a long amount of time is more likely a reflection of interest in the target object, rather than being directly related to anticipatory capacity. In contrast, in the gaze onset analysis, where the total time of fixating a target is not taken into consideration, only the overall processing speed of participants are likely to have an influence on the results, in addition to the anticipatory processing we are interested in measuring. For the count analysis the influence of processing speed will still have an influence on the results, but less so than in the gaze onset analysis. For the purposes of this study, the gaze onset and count analyses are hence the most appropriate ways of operationalizing anticipatory eye-movements, since they best eliminate possible confounding factors.

Our modified paradigms contained a number of changes to previous implementations: 1) we did not use excessive repetitions of action sequences in either domain; 2) we used every-day multi-step actions involving multiple objects and performance of both object-actor and object-object interactions; and 3) for the visual world, our visual stimuli consisted of depicted real-world scenes. The fact that we obtained results generally similar to previous findings of anticipatory eye-movements in action observation and the visual world shows that these findings also replicate under more ecologically valid conditions.

Compared to action observation, in the visual world, we observed a large amount of other-directed gazes for phases 2 and 3, a fact that can be explained by three different factors. The first is that it is simply hard to keep participants paying attention to the scene in the visual world paradigm for a long amount of time. In previous studies (e.g., Altmann & Kamide, 1999; Kamide, Altmann & Heywood, 2003), the sentences used were almost exclusively short and contained only one verbal phrase. In contrast, our sentences all contained at least three verbal phrases and the average duration was almost eight seconds. Secondly, in previous studies participants were explicitly instructed to pay attention to the visual scene (e.g., Kamide, Altmann & Heywood, 2003), whereas in our study, no such instructions were given. Finally, and related to the second factor, participants in our study were able to perform the task by only paying attention to the auditory stream, while ignoring the visual scene. However, despite the difference in the amount of other-directed gazes, the patterns of anticipatory eye-movements found in the two paradigms are similar, as indicated by the within paradigm differences between the phases in two different analyses.


In the present study, there was no indication that social-cognitive factors influence anticipatory capabilities, as we did not find significant correlations between the AQ and any of the measures of anticipatory eye-movements. This is in line with two previous studies (Brock, Norbury, Einav, & Nation, 2008; Falck-Ytter, 2009), but in disagreement with findings that children with autism, in contrast to typically developing children, seem to lack the capacity to predict the final goal of an action sequence based on the initial or antecedent motor act (Cattaneo et al., 2007). A possibility for the discrepancy of the findings described above regarding anticipatory mechanisms in autism could be that the tasks employed in those studies differ to a large degree. Impairments only seem to be found when anticipation is measured by tasks requiring more overt behavior, such as postural adjustments and motor control (Martineu et al., 2004). Furthermore, a recent study found that there is a failure in ASD in properly integrating anticipated future states into actions (Fabbri-Destro, Cattaneo, Rizzolatti, & Boria, 2009).  This suggests that the inconsistencies in the literature could also reflect a general failure, not of anticipatory mechanisms in autism, but of problems in properly integrating anticipated future states into certain forms of behavior in autistic individuals. It is also worth noting that none of the studies suggestive of impaired anticipatory capacity in autism employed eye-tracking. Finally, and most importantly, it should be noted that in contrast to other studies we tested participants from a normal population and not individuals diagnosed with autism. 

Summary and Conclusions

Similar patterns of anticipatory eye-movements to upcoming action targets were found for action observation and the visual world paradigm for different steps of action sequences. Moreover, eye-movements were earlier in onset and more frequent for the final goal of the action relative to preceding action steps in the action sequence. These results suggest that simulation enables predictions during comprehension of linguistically described action sequences similarly to that which takes place during observation of actions.
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Figure 1. An example image used in the visual world paradigm. The accompanying sentence for this image was: ‘Het meisje pakt netjes een hele stapel papier en schuift deze in de perforator. Vervolgens maakt ze er gaatjes in en doet ze in de map’ (verbs are marked in bold and targets are underlined) ‘The girl takes carefully a bunch of paper and slides it in the hole puncher. Then she punches holes in it and puts it in the ring binder’. The squares in the image indicate the regions of interests used for the eye-movement analyses.  
Figure 2. Percentage of time fixating the upcoming action target in either the predictive or reactive time-window per paradigm and phase. Error bars indicate 95% confidence intervals.

Figure 3. Time of first fixation to an upcoming action target for each paradigm and phase. Error bars indicate 95% confidence intervals.

Figure 4. Changes in gaze onset latencies at four different time points along the course of the experiment for action observation (dotted line) and visual world (solid line). 

Figure 5. Ratio of predictive relative to reactive fixations to upcoming action targets per paradigm and phase. Error bars indicate 95% confidence intervals.

