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Abstract Manual responses to lateralized stimuli are faster for spatially congruent stimulus-response associations than for incongruent associations, even if the stimulus location is irrelevant. This eﬀect, however, decreases as reaction time increases. Recent data suggest that such a decrease reﬂects online, within-trial executive control. The present study was aimed at testing this hypothesis by analyzing the electromyographic activity of muscles involved in response execution. We focused on the particular trials in which an activation of the muscle involved to the incorrect response preceded the execution of the correct response. A sequential eﬀect analysis, along with an analysis of the reaction time distributions, revealed that after such dual-activation trials, executive control was reinforced. In addition, a distribution analysis of the reaction times associated with such trials compared to the trials without incorrect activation, revealed online, within-trial changes in executive control. Arguments against a late motor locus of the eﬀect of the irrelevant stimulus location are also provided. These results are discussed in terms of current models of cognitive control.
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Introduction Choice reaction time is shorter when the spatial coordinates of the stimulus correspond to the location of the response than when they do not. Simon and his colleagues have shown that the spatial relationship between the stimulus and the response aﬀects the subject’s performance, even when it is irrelevant to the task (see Kornblum, 1994; Simon, 1990 for reviews). For instance, when the subjects have to choose between a left- and right-hand keypress according to the color of a stimulus light presented either on the left or on the right of a ﬁxation point, reaction time is shorter for ipsilateral (congruent) than for contralateral (incongruent) stimulus-response associations (e.g. Craft & Simon, 1970). This congruity eﬀect is often termed the ‘‘Simon eﬀect’’ (Hedge & Marsh, 1975) and is often interpreted in terms of a dual route hypothesis (see, e.g. Kornblum, Hasbroucq & Osman, 1990). Accordingly, the relevant and irrelevant stimulus attributes are processed in parallel along diﬀerent routes. In case of the Simon task, one route processes the irrelevant position of the stimulus, whereas another one processes the relevant color of the stimulus. The processing of the position is faster and automatically activates the ipsilateral response (direct route). The processing along the second route leads to the activation of the response assigned to the stimulus color by the task instructions (controlled route). When the stimulus-response association is congruent, both routes activate the ipsilateral (correct) response. In contrast, when the stimulus-response association is incongruent, the direct route activates the ipsilateral (incorrect) response, whereas the controlled route activates the contralateral (correct) response. The coactivation of the two possible responses in incongruent trials is assumed to result in a conﬂict that accounts for the Simon eﬀect. Reaction time distributions and the Simon eﬀect Analyses of reaction time (RT) distributions have proven to be powerful tools to investigate information
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processing (Hohle, 1965; Luce, 1986; Ratcliﬀ, 1979). De Jong, Liang & Lauber (1994) resorted to delta plot analyses so as to study the details of the RT distributions in the Simon task. Delta plots represent the diﬀerences between the distribution curves of two experimental conditions (see Materials and methods for more details). These analyses revealed that the size of the Simon eﬀect decreases as RT increases, that is the later the response, the less the stimulus location aﬀects RT. In the delta plot, such a decrease is reﬂected in negative slopes for the higher response speed quantiles. This ﬁnding was interpreted by De Jong et al. (1994) as reﬂecting a spontaneous decay of the position eﬀect with time, in agreement with previous data (Hommel, 1994; Simon, Acosta, Mewaldt & Speidel, 1976). This interpretation was recently modiﬁed by Ridderinkhof (2002a), who proposed an alternative explanation for the negative delta plots slopes: the activation-suppression hypothesis. The main idea of the activation-suppression hypothesis is that there is an active suppression of the response directly activated by the irrelevant dimension of the stimulus. This active suppression takes some time to build. Therefore, when the RT happens to be short, such a mechanism does not have time to take place, and the correct response is ‘‘fully’’ delayed by the incorrect response activation, whereas when the RT happens to be long, the incorrect response activation is more strongly suppressed, and therefore the Simon eﬀect is reduced (see also Eimer, 1999 for similar propositions). Now if one varies the strength of this active suppression, one should predict correlative changes in the slopes of the delta plots: the stronger the inhibition, the more negative the delta plots slopes. By manipulating experimental factors thought to aﬀect the inhibitory demand, Ridderinkhof (2002a) provided arguments in favor of this view. However, while the data reported by this author provide strong arguments for the idea that more negative delta plots index more active suppression, they may reﬂect a priori (during the foreperiod) changes in the control system, rather than within-trial changes (during the reaction time) tied to the activation of the incorrect response. Recent ﬁndings suggest that electromyographic data could provide more direct arguments for a within-trial control (Burle & Bonnet, 1999; Hasbroucq, Possamaı¨ , Bonnet, & Vidal, 1999). Electromyographic investigations of the Simon eﬀect Hasbroucq et al. (1999) recorded the EMG activity of the response agonists during the performance of a Simon task requiring a between-hand choice and examined the trials in which, although the correct response was given, an activity of the muscles involved in the incorrect response was detectable. They observed that the number of dual-activation trials increased from the congruent to the neutral condition, and from the neutral to the incongruent condition. The RTs for dual-activation trials



were signiﬁcantly longer than for other (pure correct) trials. These results compare with those obtained with Eriksen’s ﬂanker compatibility paradigm (Eriksen, Coles, Morris and O’Hara, 1985). In other respects, however, the data reported by Hasbroucq et al. diﬀer from those obtained with the Eriksen paradigm by Eriksen et al. (1985) and Coles, Gratton, Bashore, Eriksen & Donchin (1985). Like the latter authors, Hasbroucq et al. fractionated the RT into pre-motor time (PMT), which is the time between the stimulus and the onset of the electromyographic activity of the muscles involved in the correct response, and the motor time (MT), which is the time between the EMG onset and the mechanical response. In contrast to the results obtained by Coles et al. (1985), there was no detectable eﬀect of congruity on the motor time, indicating that the execution of the correct response was unaﬀected by the competition between alternative responses. Furthermore, in this study there was an ‘‘inverse’’ Simon eﬀect on incorrect EMG activation latencies, that is incorrect EMG activations were faster for incongruent trials than for congruent ones while Coles et al. reported a direct eﬀect of Flanker compatibility on the incorrect activation latencies. Note, however, that in the context of the Simon task, an incorrect activation on a congruent trial occurs on the hand contralateral to the stimulus, whereas an incorrect activation on an incongruent trial is ipsilateral to the stimulus. In other words, the position of the stimulus and of the incorrect response is ‘‘incongruent’’ for congruent trials, and ‘‘congruent’’ for incongruent trials. This ﬁnding suggests that the processes underlying the incorrect activations are sensitive to the position of the stimulus and that the activation latencies exhibit a direct Simon eﬀect. This analysis contradicts the proposal of Eriksen et al. (1985) according to which in congruent trials, the incorrect activations reﬂect non stimulusdriven fast-guesses, whereas in incongruent trials these activations reﬂect a compound of fast guesses and incorrect activations triggered by the irrelevant attribute of the stimulus. In a similar experiment, Burle and Bonnet (1999) studied another index: The correction time, i.e. the time between the incorrect and the correct EMG activation (see Smid, Mulder & Mulder, 1990). They observed that the correction time was also aﬀected by congruity, that is it was longer for incongruent than for congruent trials. This sensitivity of the correction time to an experimental manipulation was interpreted by the authors in the context of the ‘‘partial recomputation hypothesis’’ proposed by Rabbitt (1967) and Rabbit and Vyas (1981). Rabbitt and Vyas showed that the subjects are able to detect and correct an error when it actually occurs. They further showed that after an error detection, some additional processing is performed by the subject before he or she gives the correct response. Within this context, incorrect EMG activations can be considered as subliminal errors that are detected, aborted before they reach the erroneous response threshold, and successfully
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corrected. Note that this implies an online executive control that detects, stops and corrects such partial errors within trial, that is, at a very short time scale. If this is the case, the dual-activation trials reported by Hasbroucq et al. (1999) and Burle and Bonnet (1999) may provide a way to directly test the activation suppression model. Indeed, in these particular trials, one may assume that the degree of inhibition was very high, or at least higher than in Pure-Correct trials as i) the incorrect response was more activated, and ii) the correct response was nonetheless given. Therefore, according to Ridderinkhof’s (2002a) hypothesis, one should expect the delta plot slope to be more negative for dual-activation trials, than for other, single-activation, trials. The test of this prediction was the ﬁrst aim of the present study. In addition, we also examined the sequential eﬀects, that is single-activation trials that follow either a dualactivation or a single-activation trial. It is indeed well known that RTs that follow an error are slower than RTs that follow a correct response (see, e.g. Laming, 1979a, 1979b). Such changes have been interpreted as revealing an executive control inducing changes in the speed-accuracy strategy of the subject: After an error has been committed, subjects are more cautious and take more time before responding. Recently, Ridderinkhof (2002b) showed that such strategic changes are also detectable in the delta plots, as their slopes were more negative for trials following an error than for trials following a correct response, implying increased inhibitory control after errors. We therefore checked whether such strategic changes hold also for partial errors, that is, dual-activation trials. Eﬀect of response force In the experiments of Burle & Bonnet (1999) and Hasbroucq et al. (1999), the subjects were to develop rather strong forces (20 and 10 N, respectively) to execute their responses. In the study of Eriksen et al. (1985), the force to be produced was even higher as it was set at 25% of the maximum voluntary force of the subjects. Such relatively high forces may have played a role in the reported results. Indeed, large response forces leave a rather large time interval between the incorrect activation and the force threshold crossing which might facilitate the correction process. Now, when slight muscle activations are suﬃcient to execute the responses, incorrect activations are more error prone and executive control could be diﬀerently conﬁgured. Adaptive adjustments may express themselves in several ways: A ﬁrst possibility is that subjects try to reduce the impact of the direct route, so as to diminish the risk that erroneous activations trigger overt errors: In this case, one should observe less incorrect activation with lower response force. A second possibility is that the active suppression of this direct route is reinforced: One may observe more negative delta plot slopes. In the present study, this issue was addressed by contrasting two response forces.



Materials and methods Subjects Sixteen right-handed subjects (eight males, eight females), aged 18– 54 years (mean: 29) were run in this experiment. Fourteen were students in the laboratory, and were paid for their participation at a ﬂat rate of 40 FF per hour. The other ones were from the staﬀ of the laboratory. All reported normal or corrected-to-normal vision. Apparatus and stimuli The experiment took place in a dimly lit, sound-shielded room. The experiment was controlled by an IBM-compatible microcomputer (Hewlett-Packard, Model QS16). The subject sat at a table facing a black cardboard screen (50·40 cm) on which the stimuli were presented. A chin-rest was used to keep the distance between the screen and the subject’s eyes at 1 m. At the center of the screen, a yellow light emitting diode served as a ﬁxation. The imperative stimuli were delivered by three bicolor (red/green) light emitting diodes positioned at the vertices of an equilateral triangle centered on ﬁxation. Relative to this point, the upper vertex was directly above it and the two lower vertices were arranged along a horizontal line slightly below it. The distance between the centers of the diodes was 4.6 cm. A loudspeaker located behind the screen delivered auditory feedbacks (see below). Two plastic cylinders (3 cm in diameter, 7.5 cm in height) ﬁxed vertically on the table, 20 cm apart, served as handgrip. The subjects continuously kept the distal phalanx of the left thumb on the left sensor and the distal phalanx of the right thumb on the right sensor. The arms and the hypothenar eminences rested on the table as comfortably as possible. The response was an isometric press on one of the two force sensors according to the color of the imperative signal. Therefore, when the upper imperative signal was presented the trial was a neutral one. When one of the lower imperative signals was presented, the trial was either congruent or incongruent depending on whether the called response was on the same side as the signal or on the opposite side. When a given pressure was exerted (either 50 g or 1000 g depending on the force condition, see below), auditory feedback was delivered. It was a 3 ms, 1000 Hz sound (perceived as a weak ‘‘click’’) if the response was correct, or a 200 ms, 400 Hz sound (perceived as a buzz) if the response was erroneous. The thumb press was measured as a force signal and digitized on line (A/D rate 2 kHz). The electromyographic activity of the ﬂexor pollicis brevis of both hands was recorded with two electrodes glued 2 cm apart on the thenar eminences. This activity was ampliﬁed, ﬁltered (low/high frequencies cut-oﬀ at 10 Hz/1 kHz), fullwave rectiﬁed, and digitized on-line (A/D rate 2 kHz). The EMG signal was continuously monitored by the experimenter in order to avoid as much as possible any background activity that could hinder small activations during the reaction period. If the signal became noisy, the experimenter immediately asked the subject to relax his/her muscles.



Design and procedure A trial started with the ﬁxation point coming on. One second later one of the three bicolor diodes displaying the stimuli was illuminated in green or red. The subject had to press the right or the left force sensor depending on the color of the stimulus. Subjects were told to respond as fast and accurately as possible. As soon as the force exerted by the subject reached a predetermined value (see below), whether on the correct or on the incorrect side, the RT was recorded, and feedback on the correctness of the response was given. If the response was not given within 1500 ms after the stimulus, the error feedback was delivered. The response extinguished the ﬁxation point and the response signal. The next trial started 500 ms after the feedback.



327 There were six types of trials deﬁned by the factorial combination of the three stimulus positions (upper, lower left and lower right vertices) and the two stimulus colors (red or green). The trials were presented in blocks of 216. Within a block, the ﬁrst-order sequential eﬀect for the trial-to-trial transition were balanced according to the principles of exhaustive series (see Possamaı¨ & Reynard, 1974), i.e. each pair of consecutive trials appeared exactly 6 times per block. A new exhaustive series was used for each block of trial. The 216 experimental trials were preceded by six warm-up trials that were not recorded. A block lasted about 15–20 min. Between each block, the subject was provided with a few minutes rest. Two force thresholds for the response to be recorded were used. In the weak force condition, the response was recorded as soon as the force exceeded 50 g, whereas in the strong force condition the response threshold was set at 1000 g. The subjects were ﬁrst trained during an initial training session, and were thereafter tested on two experimental sessions. In the training session, the subjects had two blocks in one of the two-force condition, followed by two other blocks in the remaining force condition. During the training session, the EMG was not recorded. The two experimental sessions also comprised four blocks of trials, but the same force was used throughout the whole session. Eight subjects began the training session with the weak force whereas the other eight began with the strong force. In each subgroup, four subjects responded with the weak force during the ﬁrst experimental session, and with the strong one during the second experimental session. This assignment was reversed for the other four subjects. Finally, in each four-subject subgroup, two subjects were instructed to press the left sensor when the stimulus was red, and the right sensor when it was green, whereas the other two subjects received the opposite stimulus-response mapping instruction. Classiﬁcation of trials In this study it was important to detect the smallest incorrect muscular activations. In order to achieve this goal, the EMG traces were inspected visually and the electromyographic onsets were hand-scored (see Burle & Bonnet, 1999; Hasbroucq et al., 1999; Hasbroucq, Burle, Akamatsu, Vidal & Possamaı¨ , 2001). This is because human pattern recognition processes are thought to be superior to automated algorithms. As a matter of fact, although Hodges & Bui (1996) and van Boxtel, Geraats, Berg-Lenssen & Brunia (1993) have shown that automated algorithms can be useful, the ultimate standard, against which the accuracy of the different algorithms is rated, remains visual inspection. The algorithm proposed by Smid et al. (1990) was nevertheless implemented, but if there was a discrepancy between the algorithm and the experimenter, the latter could change the electromyographic onset position. In the present study, it was done by displaying the traces corresponding to the electromyographic activity and to the force signal for the two responses on the computer screen. The correct electromyographic onset, the force onset and, if any, the incorrect electromyographic activation were ﬁrst detected by the algorithm. When the algorithm failed to detect correctly the onset, the experimenter corrected them by means of the computer mouse. It should be emphasized that at this stage, the experimenter was unaware of the type of trial (congruent, neutral or incongruent) he was looking at. Correct trials were sorted into three categories depending on whether or not electromyographic activity occurred in the wrong response limb and, when such an activity occurred, whether it preceded or followed the correct activity. These categories were labeled ‘‘Pure-correct’’ (single electromyographic activity), ‘‘Incorrect-Correct’’ (dual-activation trials, with the incorrect activation preceding the correct one) and ‘‘Other’’ trials. In the study of Hasbroucq et al. (1999), only the ﬁrst electromyographic activation was taken into account to classify a correct trial as Pure-Correct or Incorrect-Correct with the consequence that Other trials were mixed with Pure-Correct trials. Therefore the Pure-Correct category also contained dual-activation trials, if the incorrect activation



was after the correct one. In the present study, Pure-Correct trials that were more strictly deﬁned as Other were discarded from analysis. Recall that, in an Eriksen task, Smid et al. (1990) have suggested that Other trials did not contribute to the ﬂanker compatibility eﬀect. The conclusion of the authors was that ‘‘[Other trials] responses resulted in peripheral response competition contributing, independent of ﬂanker type to overt reaction time’’ and to the contrary that ‘‘[Incorrect-Correct] responses may be related to central competition mechanism and contribute to overt reaction time depending on the amount of incompatibility of the ﬂankers’’ (Smid et al., 1990, p. 193). Thus, the latter type of response, but not the former one, appears to be closely related to the conﬂict. In some trials, Correct and Incorrect electromyographic activations occurred almost simultaneously. Trials that were neither Pure-Correct nor Incorrect-Correct were also classiﬁed as Other. In fact, a trial was classiﬁed as such whenever the incorrect activation occurred later than 10 ms before correct activation. This was done to lower the risk of spurious classiﬁcation, although we admit that 10 ms is an arbitrary choice. By the same logic, we also deﬁned Pure-Incorrect, Correct-Incorrect and Other error trials. However, in this particular experiment, the error rate was low and such ﬁne classiﬁcation was meaningless. Therefore, errors will be reported as a single class. Data analysis The chronometric indices analyzed in the present study are depicted in Fig. 1. Reaction time was measured from the response signal onset to the reaching of the force criterion. It was broken down into three components: Premotor time (PMT, from signal onset to the beginning of the voluntary electromyographic activation), motor time (MT, from the voluntary electromyographic onset to the force onset) and displacement time (DT, from the force onset to the force criterion). The term ‘‘displacement time’’ is used here as an analogy with works where a movement is indeed performed. However, in the present study, the response was an isometric press, and the displacement time refers to the dynamic of the force development. In Incorrect-Correct trials there were two additional indices: The incorrect activation time (IAT, time between signal onset and incorrect activation onset), and the correction time (CT, time between incorrect and correct activations onsets). In addition to the usual analyses of the mean values, distribution analyses have been performed. To this aim, the ‘‘Vincent averaging’’ or ‘‘vincentization’’ technique was used (Ratcliﬀ, 1979; Vincent, 1912). Basically, the RT distributions were binned in classes of equal size (same number of trials), and the mean of each bin was computed. This was done for each subject separately. From the individual vincentized distributions, the delta plots were estimated. This was done by plotting the diﬀerence between the values of the same bins of two experimental conditions against the average of the same two values. The data presented in the ﬁgures are the mean values of each bin averaged across subjects. Although the activation suppression model predicts changes in the slope of the delta plots, the statistical analyses have been performed on the delta values and not on the slope. This was done because the delta values already represent a ﬁrst-order interaction between trial type and quantile, and the slopes correspond to a second-order interaction. However, the predictions of the activation suppression model can be formulated in terms of delta values eﬀect: one should expect a main eﬀect of trial type and an interaction between trial type and quantile. Furthermore, in case of a pure ‘‘slope eﬀect’’, the diﬀerence between the two trial types should be consistent for the last decile but not for the ﬁrst decile.



Results Chronometric indices were ﬁrst analyzed by means of repeated-measures canonical analysis of variance (ANOVA), and then some speciﬁc comparisons were
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Fig. 1 Electromyographic activity in the involved (correct electromyographic activation) and non-involved (incorrect electromyographic activation) agonists, and electrical outputs of the corresponding force sensors as a function of time (in ms) from the onset of the response signal. A response was scored when the output voltage of one force sensor reached the preset response criterion (either 50 g or 1000 g). Abbreviations: RT reaction time (from the response signal to the reaching of the force criterion); PMT premotor time (from the response signal to the correct electromyographic onset); MT motor time (from the correct electromyographic onset to the corresponding change in force); DT displacement time (from the beginning of force changes to the force criterion); IAT incorrect activation time (from the response signal to the onset, if any, of the electromyographic activity in the agonist involved in the incorrect response); CT correction time (from the incorrect activation to the correct one)



performed. Percentage data cannot be normally tested by ANOVA as their means and variances are closely related. However, the arcsine transform is eﬃcient in stabilizing the variances of these data (Winer, 1970). All percentages were therefore transformed accordingly before being submitted to ANOVAs. The error term was always the mean square of the interaction between the eﬀect of the subjects and the factor under analysis. The canonical ANOVA involved two within-subjects factors: Force condition (Weak Force versus Strong Force) and type of trial (congruent, neutral or incongruent). More precisely, this latter factor was analyzed in two steps. First, we have compared the congruent and incongruent trials (C1; vector: 1, 0, –1) as this is the comparison made in most of the studies in which there are no neutral trials. Next, when C1 revealed a signiﬁcant eﬀect of congruity, a second comparison (C2; vector: 1, –2, 1) was performed. Note that with 2 degrees of freedom, only two independent comparisons were possible. When this comparison was signiﬁcant, this suggested that beneﬁts and costs were of unequal size. In some cases, non-parametric statistics were also used.



Because of tonic activity, 245 trials (0.89%) were rejected. In addition, simultaneous events (within the same 10-ms interval) occurred in 681 trials (2.46%) and were rejected. The number of Incorrect-Correct trial varies largely from subject to subject, and therefore, for the analyses involving these trials, the number of subjects that could be included varies depending on the analyses. However, it was systematically checked that the included subjects had results similar the whole sample. The remainder of the results section is organized as follows. We ﬁrst report the accuracy results, followed by the canonical analysis of variance, involving congruity and force for the various components of the RT deﬁned in Fig. 1. Trial type (Pure-Correct versus IncorrectCorrect) was next used as a classiﬁcation factor. Although this is not strictly correct from a statistical point of view – category is a dependent rather than independent variable – this analysis was justiﬁed by previous ﬁndings on the ﬂanker compatibility eﬀect (Coles et al., 1985, Eriksen et al., 1985; Smid et al., 1990). Second, the impact of response force on executive control conﬁguration is evaluated. Third, the decrease of the congruity eﬀect as a function of RT is more deeply analyzed. We ﬁrst compared this decrease in the Pure-Correct and Incorrect-Correct trials, in order to search for online, within trial executive control. Second, we evaluated whether changes in executive control can be detected for Pure-Correct trials following either a Pure-Correct or an Incorrect-Correct trial.



Accuracy There was no eﬀect of congruity on the error rate, but an eﬀect of force was found: The error rate was higher in
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the same reason, the eﬀect of congruity was highly signiﬁcant, with neutral trials being halfway between congruent and incongruent trials [288, 301 and 316 ms; C1: F(1,15)=144.83; P 
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