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Applying categorization rules narrows attention toward the relevant features of a target and helps participants to ignore the irrelevant features of the target. This is called the shielding function of categorization rules. Here we explored the limitation of the shielding function in two task-switching experiments. In Experiment 1, we assigned each target a single digital numeral as an additional feature in addition to conventional bivalent features as in the previous task-switching experiments with bivalent tasks. In the first two stages of Experiment 1, half of the participants learned the numeral-response associations and the other half used an alternative numeral-categorization rule to infer the response. Without participants applying conventional task-switching rules, the switching costs disappeared. Moreover, when participants performed tasks by numeral-response associations the bivalent features interfered with response retrieval and caused response-congruency effects, whereas when participants applied the numeral-categorization rule, the bivalent features were shielded away and thereby the response-congruency effects disappeared. In the third stage, in which all participants applied task-switching rules by discriminating between bivalent features (i.e., filling and orientations), we found task-switching costs and response-congruency effects. In Experiment 2, new bivalent features produced stronger interference compared to Experiment 1. As a consequence, participants in both the association group and the numeral-categorization rule group showed significant response-congruency effects in the first two stages, where task-switching rules were not introduced. It follows that the shielding function of categorization rules has limits—strong interference from bivalent features can break down the shielding function. In addition, participants in the association group showed task-switching costs without being informed about the task-switching rules. We propose that strong proactive interference can produce task-switching costs even without the use of task-switching rules.
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INTRODUCTION

One of the major functions of human cognitive control is to guide our focus of attention to relevant information and, ideally, ignore any irrelevant information or interference. In a series of studies, Dreisbach and colleagues successfully demonstrated that applying categorization rules can modulate the information selection process and help people ignore the interference (Dreisbach and Haider, 2008, 2009; Dreisbach and Wenke, 2011; Dreisbach, 2012; Reisenauer and Dreisbach, 2013, 2014; Bogon et al., 2017).

Dreisbach and Haider (2008) for the first time demonstrated the shielding function of the categorization rules in a task-switching paradigm with univalent targets. In their experiment, eight targets were German words in green or red. When applying conventional task-switching rules, participants needed either to decide whether a German word started with a consonant or vowel (phoneme task), or decide whether the word was an animal or not (animal task). The color of the words functioned as task cues. Importantly, the arrangement of the targets allowed participants to use two other alternative strategies apart from applying the task-switching rules. Participants were instructed either to remember all eight target-response associations directly or to apply a simple categorization rule. The categorization rule instructed participants to press the left key if the target referred to something that can move (e.g., a bug) and to press the right button if the target referred to something that cannot move (e.g., Ulm). If participants applied one of the alternative strategies, the color of the words was completely irrelevant to the response. However, Dreisbach and Haider (2008) reported that participants who applied the target-response associations still processed the irrelevant color feature of the words, as was indicated by a significant interaction between Response repetition effect (response-repeat, response-switch) and Color switching effect (repeat, switch): When the response was repeated (trial n–1 and trial n had the same response), color switching delayed the responses, but when the response was switched, color switching facilitated the responses. In contrast, for participants who applied the move/non-move categorization rule, this interaction was completely absent.

These findings demonstrated the shielding function of categorization rules—that is, when participants apply a categorization rule, the attention is narrowed toward the relevant feature of the target (i.e., mobility), and this helps participants to ignore the irrelevant information (in this instance, and the colors). In contrast, when participants apply the strategy of target-response associations, any target features might be taken as relevant in order to guide a response and thus they cannot ignore the interference from irrelevant distractions.

Although the shielding function of categorization rules is well established, a related question has not been well discussed in previous studies: the limitation of the shielding function. In a study by Dreisbach and Haider (2009), the categorization rules cannot shield participants against interferences that were semantically related to the categorization rules. Nevertheless, the results of their study seem to suggest that as long as the categorization rule was semantically unrelated to the interference, it can always successfully shield interference away, no matter how strong this interference is. We believe that a more practical model of the shielding function of categorization rules should put the limitation of such shielding function into consideration. In other words, if the irrelevant information or the interference were too strong, the shielding function might no longer keep them away from the focus of attention. We aimed to explore the limitation of the shielding function of the categorization rules in the present study. In Experiment 1, we replicated the shielding effect of categorization rules with a filling/orientation task-cueing paradigm. In Experiment 2, we demonstrated the limitation of the shielding function of the categorization rules.

EXPERIMENT 1

In Experiment 1, we sought to replicate the shielding effect of categorization rules (Dreisbach and Haider, 2008, 2009; Dreisbach and Wenke, 2011; Dreisbach, 2012; Reisenauer and Dreisbach, 2013, 2014; Bogon et al., 2017), using a filling/orientation task-cueing paradigm adapted from Li et al. (2019a, Experiment 2). Task-cueing experiments usually consist of only two tasks and each task has an explicit task cue (Meiran, 2014). In each trial of Experiment 1, for example, an explicit frame cue was presented to indicate which task the participants should perform. In the following, tasks that stipulated the task cues and the task-switching rules were called bivalent tasks. Participants can apply the task-switching rules in order to switch between a filling and an orientation task. The target features that need to be categorized during performing the bivalent tasks were called bivalent features.

In the task-switching experiments with bivalent targets, researchers typically distinguished the difference between trials with congruent and incongruent target stimuli (e.g., Meiran and Kessler, 2008; Wendt and Kiesel, 2008; Schneider and Logan, 2009, 2014; Schneider, 2015, 2018; Li et al., 2019a). For example, in the present experiment, two bivalent tasks were the filling task and the orientation task. In the filling task, participants were required to press the left key if a rectangular bar was filled with black and the right key if the bar was unfilled. In the orientation task, participants were required to press the left key if the rectangular bar was vertical and the right key if the bar was horizontal. In this example, a filled vertical bar and an unfilled horizontal bar were congruent targets that lead to the same response in the filling and orientation task. In contrast, incongruent targets, filled horizontal targets and unfilled vertical targets, lead to different responses in each task. Participants typically have increased response times (RTs) and error rates (ERs) in trials with incongruent targets compared to congruent targets. These differences in RT and ER are known as response-congruency effects (Sudevan and Taylor, 1987). The response-congruency effects can emerge as a consequence of task rule-based feature categorization and the conflicting feature-response associations in incongruent trials, compared to the unique response in congruent trials (Schneider, 2015, 2018).

However, Li et al. (2019a) assigned each target an additional feature which was not related to bivalent tasks and bivalent features. For example, participants in their Experiment 2 were able to use these additional features to retrieve a response directly without knowing the color/orientation task-switching rules. Li et al. (2019a) found that participants still exhibit a reliable response-congruency effect, even without applying the task-switching rules. They proposed that although the task-switching rules were not introduced and the bivalent features were not necessary to the response selection process, participants could have formed bivalent feature-response associations automatically (Hommel, 1998, 2004, 2005) which resulted in the interference during response selection and the response-congruency effects.

According to the shielding function of categorization rules (Dreisbach and Haider, 2008, 2009; Dreisbach and Wenke, 2011; Dreisbach, 2012; Reisenauer and Dreisbach, 2013, 2014), we hypothesized that if participants could apply a simple categorization rule on the additional features, the participants may be able to focus on the relevant feature of the target and ignore the interference from the irrelevant bivalent features. Therefore, the response-congruency effect could be eliminated in trials in which the task-switching rules were not informed. To test this hypothesis, Experiment 1 assigned a single digital numeral feature to each target stimulus. We instructed participants to utilize the single digital numeral feature in Stage 1 and 2. Specifically, half of the participants were required to perform by numeral-response associations (association group). The other half of the participants were asked to apply a numeral categorization rule: if the numeral was odd, then they should press the left key; if the numeral was even, then they should press the right key (numeral-categorization group). In Stage 3, we displayed task cues and introduced the filling/orientation task-switching rules as in a typical task-cueing paradigm (Meiran, 2014).

We predicted that participants in the association group should show a significant response-congruency effect in all stages. In contrast, participants in the numeral-categorization group should only show significant response-congruency effects in Stage 3 when participants were informed about the task-switching rules. In Stage 1 and 2, the shielding function of the numeral-categorization rules should help participants ignore the interference from the bivalent features as those in Dreisbach and colleagues (Dreisbach et al., 2006, 2007; Dreisbach and Haider, 2008) and eliminate response-congruency effects. In terms of task-switching costs, according to previous results (Dreisbach et al., 2006, 2007; Dreisbach and Haider, 2008; Li et al., 2019a), all participants should show significant task-switching costs in Stage 3 where each participant was informed about the task cues and related task rules that required bivalent feature categorization. In Stage 1 and 2, participants should show no task-switching costs because they did not know the task rules yet.

Methods

Participants

Forty-eight (34 females) university students from Fudan University voluntarily participated in this experiment (M = 24 years, SD = 3.94).

Research Ethics

Experiment 1 and 2 were reviewed and approved by the Fudan University, Department of Psychology Ethics Committee. Prior to the study, all participants were informed about the procedure of Experiment 1 and 2. All participants provided written, informed consent before taking part in Experiment 1 and 2.

Apparatus and Stimuli

Experiment 1 was programmed using PsyToolkit (Stoet, 2010, 2017). All stimuli were presented centrally on a 20-inch Lenovo computer monitor with a dark-green background (RGB: 128, 150, 0). A QWERTY keyboard was used to record participants’ responses with ±1 ms precision. Participants gave left and right responses by pressing “A” key and “L” key on the keyboard with their left and right index finger, respectively.

The target stimuli in the experiment consisted of four types of rectangle bars sharing feature fillings and orientations (i.e., unfilled horizontal bar, filled horizontal bar, unfilled vertical bar, and filled vertical bar). Each target stimulus had a single digital numeral (1, 2, 3, 4, 5, 6, 7, and 8) that was presented centrally and that was counterbalanced between bivalent tasks and conditions. Specifically,

(1) Each participant was given a total of 16 different target stimuli, with eight targets appearing only in the filling task and the other eight appearing only in the orientation task. Since each target stimulus was associated with only one possible response, participants could deduce the correct response without applying the filling/orientation task-switching rules.

(2) In order to avoid potential confounds between numeral-specific effects and the response congruency effects, every numeral appeared in both congruent and incongruent conditions. The digital numerals and their use in congruent/incongruent target stimuli were counterbalanced between the two target sets and two tasks.

(3) Because the numeral-categorization rule (i.e., odd-even categorization) can be easily deduced by participants, we gave each group of participants a different target-stimuli set. For the association group, rectangle bars and single digital numerals were arranged in such a way that participants could only perform by numeral-response associations (Figure 1B). For the numeral-categorization group, rectangle bars and single digital numerals were arranged in such a way that participants could apply the simple odd-even rule on the numerals to deduce the correct responses (Figure 1C).
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FIGURE 1. Illustration of cues, target stimuli, and response rules in Experiment 1. (A) Task cues and examples of bivalent features that participants needed to attend to in the filling task and orientation task. (B) Target stimuli and the response for the association group. Each target stimulus consisted of a single digital numeral presented centrally and a vertically or horizontally oriented rectangle bar either with or without filling. The digits for the congruent/incongruent target stimuli were counterbalanced between Target Set One and Target Set Two, giving a total of sixteen target stimuli for each participant. Digits 2, 5, 7, and 8 were always associated with the left key and digits 1, 3, 4, and 6 were always associated with the right key regardless of the bivalent features. (C) Target stimuli and the response for the numeral-categorization group. Participants should press the left key to respond to an odd number and the right key to respond to an even number, regardless of the bivalent features.



Procedure

Participants were randomly assigned to one of the two groups: association group or numeral-categorization group (Figure 1). Participants were seated in front of a computer screen at a viewing distance of approximately 80 cm. On-screen instructions were displayed before each stage.

In Stage 1, the instructions stated that participants need to utilize the single digital numeral to deduce the correct response. Participants in the association group were instructed to memorize all target-response associations: the target with a digit 2, 5, 7, or 8 ⇒ left key; the target with a digit 1, 3, 4, or 6 ⇒ right key. Participants in the numeral-categorization rule group were instructed to apply a simple odd-even categorization rule: odd number ⇒ left key; even number ⇒ right key. In each trial, no task cues were presented. Since each target stimulus was associated with only one possible response, the participants should be able to deduce the correct response with the digital numerals alone. Here, we can classify task-repeat and task-switch trials without introducing task cues and bivalent tasks (i.e., filling and orientation tasks) because each bivalent task had a different set of target stimuli. If the targets in trial n–1 and trial n belonged to the same task, trial n was a task-repeat trial, and otherwise trial n was a task-switch trial. Participants first carried out a training block of 32 trials followed by two experimental blocks with 128 trials each.

In each trial of Stage 2 and 3, the target stimulus and the task cue were presented simultaneously, with the target displaying inside a surround that served as a cue. In Stage 2, participants were instructed that the surrounding frames were meaningless and should be ignored when responding to or classifying the single-digit numerals. The reason for displaying the task cues in each trial of Stage 2 was to introduce cue-related distraction. This should make performance in Stage 2 and 3 more comparable. Participants completed two experimental blocks with 128 trials each.

In Stage 3, we introduced task cues and related bivalent tasks. Here, bivalent tasks were filling task and orientation task. In the filling task, the target stimulus that was filled with black was associated with a left-key press and the target stimulus that was unfilled was associated with a right-key press. In the orientation task, a vertical target stimulus was associated with a left-key press and a horizontal target stimulus was associated with a right-key press (Figure 1). Participants could either apply the task-switching rules or follow the strategies learned in the first two stages. Participants first carried out a training block with 32 trials followed by two experimental blocks with 128 trials each.

We controlled the target appearance, so that in all stages, the same target did not occur in consecutive trials. In each trial, if a correct response was made, the next trial would commence after a 300 ms inter-trial interval. If no response was made within 2.5 s, the text message “Timeout” was displayed. Incorrect responses were followed by the on-screen text message “Mistake.” Both feedbacks were visible for 3 s before the next trial started.

Data Analyses

In the following, we excluded error trials from RT analyses. The first trial of each block and trials immediately following an incorrect response were excluded from all analyses. If participants made an error in a previous trial, the subsequent trial could not be classified as a switch or repeat trial. We excluded all training trials from the analyses. In total, 4.76, 5.14, and 7.73% of the data were removed from the experimental blocks in Stage 1, Stage 2 and Stage 3, respectively. We used statistical software package R, version 3.4.2 (R Core Team, 2017) to analyze all data. Raw data are included in supplementary materials.

Results

Two four-way ANOVAs with mixed effects were conducted on mean RTs and ERs to compare different conditions. The three within-subjects factors were Trial transition (repeat, switch), Congruency (congruent, incongruent), and Stage (Stage 1, Stage 2, and Stage 3). The between-subject factor was Numeral group (association group, numeral-categorization group). The results of both analyses are summarized in Table 1 and illustrated in Figure 2. Mean values from each condition are listed in the Appendix.

TABLE 1. Experiment 1.
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FIGURE 2. Results of Experiment 1. (A) The violin plots illustrate RT distributions for all 48 participants (24 participants from the association group and 24 participants from the numeral-categorization group) in repeat and switch trials and each stage (Stage 1, Stage 2, and Stage 3). Jittered dots represent individual average RTs. The black horizontal bar and the box represent the mean and 50% CI of the mean in each condition. (B) Violin plots illustrate RT distributions of congruent and incongruent trials for each stage in the association group. (C) Violin plots illustrate RT distributions of congruent and incongruent trials for each stage in the numeral-categorization group. ∗∗∗p < 0.001; ∗∗p < 0.05; and ns = non-significant.



Response times were longer and ERs higher in the incongruent trials (786 ms, 6.03%) compared to the congruent trials (764 ms, 3.60%). The RTs were longer in switch trials (805 ms) compared to repeat trials (744 ms). Participants in the association group responded slower (814 ms) compared to participants in the numeral-categorization group (730 ms). In the following, post hoc pairwise comparisons were always adjusted for multiple comparisons after Holm (1979). When comparing RT differences between stages, the RT difference between Stage 1 (648 ms) and Stage 2 (640 ms) was not significant, t(47) = 0.58, p = 0.577. The difference between Stage 1 and Stage 3 (1029 ms) was significant, t(47) = -13.61, p < 0.001; as was the difference between Stage 2 and 3, t(47) = -12.92, p < 0.001.

There was a significant interaction between Trial transition and Stage (T × S) in the RT analysis. A post hoc comparison indicated that RT switching costs were not significant in Stage 1 (switch – repeat = +3 ms), t(47) = 1.10, p = 0.275; and Stage 2 (switch – repeat = +6 ms), t(47) = 1.76, p = 0.168; but statistically significant in Stage 3 (switch – repeat = +174 ms), t(47) = 9.99, p < 0.001.

For RT, the interaction between Congruency and Stage was significant. The interaction between Congruency and Numeral group was also significant. The three-way interaction (Numeral group × Congruency × Stage) was approaching significance. In order to better interpret these interactions, we analyzed the RT congruency effect for each stage and each numeral group. The results show that in the association group, response-congruency effects were significant in all stages: Stage 1 (incongruent – congruent = +21 ms), t(23) = 3.20, p = 0.012; Stage 2 (incongruent – congruent = +29 ms), t(23) = 4.41, p < 0.001; and Stage 3 (incongruent – congruent = +40 ms), t(23) = 4.08, p = 0.002. In contrast, in the numeral-categorization group, response-congruency effects were significant in Stage 3 (incongruent – congruent = +39 ms), t(23) = 3.41, p = 0.008, but not in Stage 1 (incongruent – congruent = +3 ms), t(23) = 0.65, p = 0.524 or Stage 2 (incongruent – congruent = 0 ms), t(23) < 0.001, p > 0.999 (Figure 2). No other effect reached statistical significance.

Congruency Effects and Task Type

In two additional three-way ANOVAs we investigated whether there were differences in RT and ER congruency effects for participants in the association group between filling and orientation tasks and in Stage 1 and 2. The three within-subject factors were Congruency (congruent, incongruent), Stage (Stage 1, Stage 2) and Task (filling, orientation).

For RT, the main effect of Congruency was significant, F(1, 23) = 18.88, p < 0.001, [image: image] = 0.451. The interaction between Congruency and Task was significant, F(1, 23) = 7.47, p = 0.012, [image: image] = 0.243. A post hoc pairwise comparison showed that in Stage 1, the congruency effects were only significant in the orientation task (incongruent – congruent = +42 ms), t(23) = 4.46, p < 0.001; but not in the filling task (incongruent – congruent = +2 ms), t(23) = 0.16, p = 0.872. However, in Stage 2, the congruency effects were significant in both the orientation task (incongruent – congruent = +39 ms), t(23) = 4.48, p < 0.001 and filling task (incongruent – congruent = +20 ms), t(23) = 2.13, p = 0.043. The magnitude of RT congruency effects were not significantly different between the two tasks, t(23) = 1.55, p = 0.13.

For ER, the main effect of Congruency was significant (incongruent – congruent = +0.94%), F(1, 23) = 10.75, p = 0.003, [image: image] = 0.319. The interaction between Task and Stage was significant, F(1, 23) = 10.15, p = 0.004, [image: image] = 0.306. In Stage 1, the ER difference between the filling (2.51%) and orientation task (3.89%) was significant, t(23) = 2.88, p = 0.017. In Stage 2, the difference between filling (2.88%) and orientation task (3.96%) was not significant, t(23) = 0.36, p = 0.719. No other results reached statistical significance.

Verbal Report

All participants reported that they performed filling and orientation tasks in Stage 3. In Stage 1 and 2, participants in the association group reported that they applied numeral-response associations (for example, “2” ⇒ left key) and participants in the alternative rule group reported that they applied the numeral-categorization rule as instructed (i.e., odd numeral ⇒ left key; even numeral ⇒ right key).

Discussion

In Stage 1 and 2, we found no task-switching costs when participants were instructed to utilize either the numeral-response associations or numeral-categorization rules to deduce correct responses. In Stage 3, we introduced task cues and bivalent tasks (i.e., filling and orientation task), and participants began to show task-switching costs. These results replicated the previous findings that task-switching costs only appear when participants applied task-switching rules (Dreisbach et al., 2006, 2007; Dreisbach and Haider, 2008; Li et al., 2019a,b):

Participants in both the association group and numeral-categorization group indicated reliable response-congruency effects in Stage 3 where task cues and bivalent tasks were introduced. The response-congruency effects can be due to rule-based feature categorization and conflicting feature-response selection in incongruent trials (Schneider, 2015, 2018). However, we found that, in Stage 1 and 2, participants in the association group had a reliable response-congruency effect, even though the bivalent tasks were not informed, whereas participants in the numeral-categorization group showed no response-congruency effects.

In Stage 1 and 2, all participants reported that they utilized the numeral features to infer a correct response. Nevertheless, participants in the association group may still have perceived the bivalent features and formed bivalent feature-response associations automatically (Hommel, 1998, 2004, 2005) and therefore produced response-congruency effects (Li et al., 2019a).

In contrast, participants who applied the numeral-categorization rules indicated no response-congruency effects in Stage 1 and 2. The numeral-categorization rule helped participants to allocate attention toward the numeral features of the target (i.e., parity), and helped participants to bypass the currently irrelevant information such as fillings and orientations. The absence of the response-congruency effects in Stage 1 and 2 of the numeral-categorization group was consistent with the shielding function of the categorization rules in previous studies (Dreisbach and Haider, 2008, 2009; Reisenauer and Dreisbach, 2013, 2014; Bogon et al., 2017).

Response-Congruency Effects in Different Tasks

An alternative interpretation of the response-congruency effects in Stage 1 and 2 is that participants in the association group may utilize one of the bivalent features (filling or orientation) to predict a response. For example, participants could associate the left key with filled bars and the right key with unfilled bars. This approach would predict the correct response in 75% of all trials (Figure 1), but was invalid and might delay the response in the remaining 25% of the trials with incongruent target stimuli. In this example, because the remaining 25% were incongruent trials in the orientation tasks, this may explain the response-congruency effects in Stage 1 and 2 but only in the orientation task trials. Similarly, if participants learned to associate the left key with vertical bars and the right key with horizontal bars, the response-congruency effects should only be significant in the filling task but not in the orientation task.

The results in Stage 1 support the interpretation that participants might have learned to associate the left key with filled bars and right key with unfilled bars because they only showed response-congruency effects in the orientation task (+42 ms) but not in the filling task (+2 ms). However, there was little evidence that participants applied a similar approach in Stage 2 because the response-congruency effects were significant and equivalent in both tasks.

A “feature difficulty” account may provide a simpler explanation for the response-congruency effects in different tasks. Previous studies showed that response-congruency effects were larger in one task when the other task features were easier to detect (Meiran and Kessler, 2008; Schneider, 2018; Li et al., 2019a). Perhaps the orientation features are harder to detect compared to filling features (Li et al., 2019a). Although there were no RT differences between the filling and orientation tasks, we found that participants had higher ERs in the orientation task compared to the filling task in Stage 1 while the ERs were equal between the two tasks in Stage 2. These findings suggest that participants may perceive the filling task feature as easier in Stage 1 and therefore showed larger response-congruency effects in the orientation task trials. However, after some practice, in Stage 2, both the orientation and filling features appear to have been learned equally well by participants, and the congruency effects were significant in both tasks and equal between the two tasks.

EXPERIMENT 2

In Experiment 2, we sought to explore the limitation of the shielding function of the categorization rules. We suspected that when the distracting features were strong, the shielding function of the categorization rules should not be able to keep the interference away from the focus of attention. We used a similar task-switching paradigm as in Experiment 1. In order to examine the limitation of the shielding function, in Experiment 2 we applied new bivalent features that might cause larger interference during response selections and produce larger response-congruency effects.

Response-congruency effects are larger when “categorization” of the irrelevant task dimensions is easier (Schneider, 2018), or when the irrelevant task feature is easier to detect (Li et al., 2019a). In order to make task features easier to detect and trigger larger response-congruency effects, each target in Experiment 2 contained a large filled arrow and a small unfilled arrow as bivalent features (Figure 3). Arrows have been used in various cognitive experiments to create interference, such as an arrow version of the Eriksen flanker task (Fan et al., 2002), and global/local interference task (Weinbach and Henik, 2014). In these studies, arrows that pointed in the same direction (both pointing toward left or right) produced no interference during response selections whereas arrows that pointed to the opposite directions led to the reduced efficiency of interference control and produced large response-congruency effects.


[image: image]

FIGURE 3. Illustration of cues, target stimuli, and the corresponding responses in Experiment 2. (A) Task cues and examples of the arrow features of target stimuli. (B) Target stimuli for the association group. Each target stimulus consisted of two arrows. Digits 2, 5, 7, and 8 were always associated with the left key and digits 1, 3, 4, and 6 were always associated with the right key. (C) Target stimuli for the numeral-categorization group. Participants should press the left key to respond to an odd number and the right key to respond to an even number. (D) An example of cue-target combination. A single digital numeral was always presented in the center.



As in Experiment 1, we assigned a single digital numeral to each target stimulus. In Stage 1 and Stage 2, participants were required to utilize the numerals to infer correct responses so that the bivalent features (two arrows) were irrelevant to response selections. Again the combination of arrows and numerals were different between two group of participants, so that one group of participants could only perform by numeral-response associations and the other group could only apply the numeral-categorization rules. In Stage 3, we informed participants as to task cues and bivalent tasks to respond in the direction indicated by an arrow.

In Experiment 2, we predicted that the arrow feature of the target stimuli would be easily detected by participants. That is, that the arrow feature would produce strong interference exceeding the limitation of the shielding function of task rules. Hence, we predicted that participants in both the association group and numeral-categorization group should show significant response-congruency effects in all stages.

In line with Experiment 1 and previous results (Dreisbach and Haider, 2008; Li et al., 2019a), we further predicted that all participants should show significant task-switching costs in Stage 3 when the bivalent tasks were introduced. By contrast, in Stage 1 and 2, participants should show no task-switching costs because they do not know the bivalent tasks yet.

Methods

Participants

A new sample of fifty-two university students (38 females) from Fudan University voluntarily participated in this experiment (M = 26 years, SD = 4.24).

Apparatus and Stimuli

Apparatus was identical to Experiment 1, but new target stimuli were applied. In Experiment 2, each target stimulus included a large and a small arrow, and the arrows pointed in the left and right directions, leading to four types of arrow combinations: (1) large left arrow + small left arrow; (2) large right arrow + small right arrow; (3) large left arrow + small right arrow; (4) large right arrow + small left arrow. A single digital numeral was assigned to each target stimulus in a way that was identical to Experiment 1 (Figures 3B,C). The size of each target stimulus was 53 × 100 mm. In Stage 2 and 3, task cues were displayed, while participants were informed of the meaning of the task cues only in Stage 3. The two task cues were different surrounds with a diameter of 170 mm. Cues and target stimuli were presented on a dark-green background (RGB: 128, 150, 0).

Procedure

Instructions for Stage 1 and Stage 2 were identical to Experiment 1. However, in Stage 3, we introduced task cues, bivalent tasks and relevant task rules. Here, bivalent tasks were large-arrow task and small-arrow task. A circle cue signaled to determine whether the large arrow pointed to either the left or the right (left ⇒ press the left key; right ⇒ press the right key). A circle with inscribed square signaled to determine whether the small arrow pointed to either the left or right side (left ⇒ press the left key; right ⇒ press the right key; Figure 3). In Stage 1, participants first carried out a training block of 32 trials followed by two experimental blocks with 128 trials each. There was no training block in Stage 2: participants carried out two experimental blocks of 128 trials each. In Stage 3, participants first carried out a training block of 32 trials followed by two experimental blocks with 128 trials each.

Data Analyses

We used the same trial exclusion criteria as in Experiment 1. As a result, 5.34, 5.56, and 5.89% of the data had to be removed from the experimental blocks in Stage 1, Stage 2, and Stage 3, respectively.

Results

Two four-way ANOVAs with mixed effects were conducted on mean RTs and ERs to compare different conditions. Trial transition (repeat, switch), Congruency (congruent, incongruent) and Stage (Stage 1, Stage 2, and Stage 3) were within-subject factors and Numeral group (association group, numeral-categorization group) was a between-subject factor. The results of both analyses are summarized in Table 2 and illustrated in Figure 4. Mean values of each condition are listed in the Appendix.

TABLE 2. Experiment 2.
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FIGURE 4. Results of Experiment 2. (A) The violin plots illustrate RT distributions for participants in the numeral-response association group for repeat and switch trials across stages (Stage 1, Stage 2, and Stage 3). Jittered dots represent individual average RTs. The black horizontal bar and the box represent the mean and 50% CI of the mean in each condition. (B) The violin plots illustrate RT distributions for participants in the numeral-categorization group for repeat and switch trials across stage. (C) The violin plots illustrate RT distributions for participants in the association group for the congruent and incongruent trials and each stage. (D) The violin plots illustrate RT distributions for participants in the numeral-categorization group for the congruent and incongruent trials across stages. ∗∗∗p < 0.001; ∗∗p < 0.05; and ns = non-significant.



Response times were longer and ERs higher in the incongruent trials task (797 ms, 5.47%) compared to the congruent trial (705 ms, 1.76%). RTs were longer in switch trials (767 ms) compared to repeat trials (731 ms). Participants in the association group responded more slowly (814 ms) compared to participants in the numeral-categorization group (730 ms). In the following, post hoc pairwise comparisons were always adjusted for multiple comparisons after Holm (1979). For the factor of Stage in the RT analysis, we found that participants had shorter RTs in Stage 2 (667 ms) than in Stage 1 (694 ms); t(51) = -2.52, p = 0.014. Participants had longer RT in Stage 3 (881 ms) than in Stage 1, t(51) = 7.41, p < 0.001 and Stage 2, t(51) = 10.16, p < 0.001.

Congruency Effects

Congruency significantly interacted with Stage in RT. A post hoc comparison indicated that the congruency effects were significant in all stages: Stage 1 (incongruent – congruent = +49 ms), t(51) = 7.27, p < 0.001; Stage2 (incongruent – congruent = +31 ms), t(51) = 6.12, p < 0.001; and Stage 3 (incongruent – congruent = +194 ms), t(51) = 10.90, p < 0.001. However, the magnitude of the congruency effects varied across stages. Congruency effects were larger in Stage 1 than in Stage 2, t(51) = 2.40, p = 0.020. Congruency effects were larger in Stage 3 than in Stage 1, t(51) = 7.71, p < 0.001. Congruency effects were larger in Stage3 than in Stage 1, t(51) = 9.04, p < 0.001.

In order to examine whether the congruency effects were significant in both groups and all stages, we compared individual mean RTs and ERs in congruent trials with incongruent trials in each stage and for each group of participants. For RT analysis, the corresponding paired t-tests showed that in the association group, the congruency effects were significant in all stages: Stage 1 (incongruent – congruent = +61 ms), t(25) = 5.13, p < 0.001; Stage 2 (incongruent – congruent = +39 ms), t(25) = 6.07, p < 0.001; and Stage 3 (incongruent – congruent = +175 ms), t(25) = 7.31, p < 0.001. In the numeral-categorization group, congruency effects were also significant in all stages: Stage 1 (incongruent – congruent = +37 ms), t(25) = 6.46, p < 0.001; Stage 2 (incongruent – congruent = +23 ms), t(25) = 3.03, p = 0.006; and Stage 3 (incongruent – congruent = +212 ms), t(25) = 8.06, p < 0.001. There was no difference between the RT congruency effects in the association group and numeral-categorization group in any stages (all p > 0.05).

For ER, the corresponding paired t tests showed that participants in the association group had significant congruency effects in all stages: Stage 1 (incongruent – congruent = +3.37%), t(25) = 6.32, p < 0.001; Stage 2 (incongruent – congruent = +2.22%), t(25) = 4.94, p < 0.001; and Stage 3 (incongruent – congruent = +4.84%), t(25) = 6.52, p < 0.001. Participants in the numeral-categorization rule group had also significant congruency effects in all stages: Stage 1 (incongruent – congruent = +2.79%), t(25) = 4.94, p < 0.001. Stage 2 (incongruent – congruent = +3.43%), t(25) = 5.53, p < 0.001. Stage 3 (incongruent – congruent = +5.65%), t(25) = 4.79, p < 0.001. There was no difference between the ER congruency effects in association group and numeral-categorization group in any stages (all p > 0.05).

Trial Transition

For the RT analysis, Trial transition significantly interacted with Numeral group. Trial transition significantly interacted with Stage, and Numeral group significantly interacted with Stage. In order to better interpret these two-way interactions, we analyzed the RT switching costs for each stage and each numeral groups. The corresponding paired t-tests showed that, in the association group, switching costs were significant in all stages: Stage 1 (switch – repeat = +23 ms), t(25) = 2.89, p = 0.008; Stage 2 (switch – repeat = +26 ms), t(25) = 3.69, p = 0.002; and Stage 3 (switch – repeat = +82 ms), t(25) = 7.01, p < 0.001. In contrast, in the numeral-categorization group, switching costs were significant only in Stage 3 (switch – repeat = +81 ms), t(25) = 7.48, p < 0.001, but not in Stage 1 (switch – repeat = -4 ms), t(25) = 0.52, p = 0.606, and Stage 2 (switch – repeat = +8 ms), t(25) = 1.45, p = 0.316 (Figure 4).

For the ER analysis, Trial transition significantly interacted with Stages. A post hoc comparison indicated that switching costs were significant in Stage 1 (switch – repeat = +0.86%), t(51) = 2.78, p = 0.015 and Stage 3 (switch – repeat = +2.3%), t(51) = 4.71, p < 0.001. In Stage 2, switching costs were not significant, t(51) = 0.80, p = 0.430.

Congruency Effects and Task Type

In two additional three-way ANOVAs, we investigated whether there were differences in RT and ER congruency effects for all participants between small-arrow and large-arrow tasks and in Stage 1 and 2. The three within-subject factors were Congruency (congruent, incongruent), Stage (Stage 1, Stage 2), and Task (large arrow, small arrow).

For RT, all three main effects were significant: Task, F(1, 51) = 4.74, p = 0.034, [image: image] = 0.085; Congruency, F(1, 51) = 72.98, p < 0.001, [image: image] = 0.589; and Stage, F(1, 51) = 6.92, p = 0.011, [image: image] = 0.119. The interaction between Task and Stage was significant, F(1, 51) = 4.07, p = 0.049, [image: image] = 0.074. A post hoc pairwise comparison showed that in Stage 1, the RT difference between the small-arrow task (710 ms) and the large-arrow task (693 ms) was significant, t(51) = 2.89, p = 0.011. However, in Stage 2, the RT difference between the small-arrow task (675 ms) and the large-arrow task (671 ms) was not significant, t(51) = 0.63, p = 0.533. The interaction between Congruency and Stage was significant, F(1, 51) = 5.31, p = 0.025, [image: image] = 0.094. Post hoc comparison suggests that the congruency effects were larger in Stage 1 (incongruent – congruent = +48 ms) than in Stage 2 (incongruent – congruent = +32 ms), t(51) = 2.26, p = 0.028.

The interaction between Task and Congruency was not significant, F(1, 51) = 0.78, p = 0.379. The interaction between Task, Congruency, and Stage was also not significant, F(1, 51) = 1.02, p = 0.315. Planned comparisons suggest that congruency effects were significant in both tasks in Stage 1 and 2. In Stage 1, congruency effects were +58 ms in the small-arrow task, t(51) = 5.74, p < 0.001; and +40 ms in the large-arrow task, t(51) = 4.10, p < 0.001. In Stage 2, congruency effects were +35 ms in the small-arrow task, t(51) = 4.31, p < 0.001; and +35 ms in the large-arrow task, t(51) = 3.31, p = 0.002. The magnitude of Congruency effects was equivalent in both tasks in Stage 1 and 2 (all p > 0.05).

For ER, the main effect of Congruency was significant (incongruent – congruent = +2.95%), F(1, 51) = 90.76, p < 0.001, [image: image] = 0.640. No other results reached statistical significance.

Verbal Report

All participants reported that they performed tasks of discriminating between the direction of large arrows and small arrows in Stage 3. In Stage 1 and 2, participants in the association group reported that they performed by numeral-response associations (for example, “2” ⇒ left key) and participants in the alternative rule group reported that they applied the numeral-categorization rule as informed (i.e., odd numeral ⇒ left key; even numeral ⇒ right).

Discussion

In Experiment 2, participants from both the association group and numeral-categorization group showed significant response-congruency effects in all stages. In Stage 1 and 2, participants utilized single digital numerals to infer correct responses. This means that two arrows were irrelevant to the response selection and were considered as distractors. According to the results of Experiment 1 and the shielding function of the categorization rules in previous studies (Dreisbach and Haider, 2008, 2009), participants in the numeral-categorization group should have been able to bypass the interference from the two arrows and eliminate the response-congruency effects. However, we found that participants who applied numeral-categorization rules showed significant response-congruency effects similar to the association group. In other words, two arrows produced strong interference that reduced the efficiency of the shielding function of categorization rules.

There were differences between the two groups of participants in terms of RT task-switching costs. Participants in the numeral-categorization group showed significant task-switching costs only in Stage 3 but not in Stage 1 and 2. In contrast, surprisingly, we found that participants in the association group had task-switching costs in all three stages. We introduced task cues and bivalent tasks only in Stage 3, whereas in Stage 1 and Stage 2 participants performed the experiment using numeral-response associations as they reported in the post-experiment verbal report. In previous task-switching studies, researchers suggested that sometimes participants were able to deduce the task rules and use the rules implicitly (Meier et al., 2016; Li et al., 2019b). However, there were no task cues in Stage 1 of Experiment 2; therefore, suggesting that applying arrow rules implicitly might be impractical. We will discuss these unexpected task-switching costs in the General Discussion.

Response-Congruency Effects in Different Tasks

In Stage 1 and 2, if participants always followed the large arrow, this would predict the correct response in 75% of all trials (Figure 3). Since the remaining 25% were incongruent trials in the small-arrow tasks, this may explain the response-congruency effects in Stage 1 and 2 but only in the small-arrow trials. Similarly, if participants learned to only follow the small arrow, the response-congruency effects should only be significant in the small-arrow task but not in the large-arrow task. Nevertheless, in Stage 1 and 2, response-congruency effects were significant in both large-arrow and small-arrow tasks and equivalent between the two tasks. These alternative approaches was not compatible with the results of Experiment 2.

GENERAL DISCUSSION

In Experiment 1, by comparing the response-congruency effects between the numeral-association group and numeral-categorization group, we replicated the shielding function of categorization rules. In Stage 1 and 2, when participants performed by numeral-response associations, they received interference from the irrelevant feature-response associations and showed reliable response-congruency effects. In contrast, participants who learned to apply the numeral-categorization rules eliminated the response-congruency effects because the shielding function of the categorization rules prevented participants from receiving interference from the irrelevant features. However, in Experiment 2, when irrelevant features produced large interference, the shielding function of categorization rules failed and participants showed significant congruency effects in all stages. We suggested that the shielding function of categorization rules had limitations in terms of blocking irrelevant features.

Recent studies proposed that the shielding function of categorization rules might reflect advantages in the processing of relevant features rather than suppressing the irrelevant features (Dreisbach and Wenke, 2011; Reisenauer and Dreisbach, 2013, 2014). This is in line with the relative-speed-of-processing hypothesis proposed by Schneider (2018) that suggested that distracting features can interfere with responses only when participants start processing them before they complete the response selection process. Similarly, it is possible that in the Stage 1 and 2 of Experiment 1 participants who applied the numeral-categorization rules processed numeral features (odd-even) more quickly. Thus, response selection processes related to numeral-categorizations may have already been completed before participants processed other features (e.g., filling and orientation). As a consequence, there were little or no conflicts during response selection, and the response-congruency effects disappeared.

In Stage 1 and 2 of Experiment 2, the bivalent features were two overlapping arrows. Arrows are important distractors that can create strong interference in different types of experiments (Fan et al., 2002; Weinbach and Henik, 2014). Arrow signals have also been widely used in daily life. Therefore, we speculate that processing of arrow signs may be prioritized and fast. As a result, although the numeral categorization rules specifically should have guided participants’ attention to an odd-even feature of the target, participants still processed the arrows quickly and received interference during response selection in the incongruent trials. It has long been demonstrated that participants can prioritize some features better than others by default. For example, in the well-known Stroop task where participants are required to name the ink color of a color word, word processing is faster than ink-color processing because more attention is allocated to recognize the color of the word compared to the meaning of the word (c.f., MacLeod, 1991).

Unexpected Task-Switching Costs

Previous studies showed that task-switching costs only exist when participants were informed about bivalent features and task-switching rules (Dreisbach and Haider, 2008; Li et al., 2019a,b; but see Forrest et al., 2014). However, inconsistent with previous results, participants in the association group of Experiment 2 showed task-switching costs in Stage 1 and 2 even without introducing the bivalent features and related task rules. Task-switching costs indicate an extra cognitive effort on reconfiguring the task set or resolving proactive interference in task-switching trials (e.g., Kiesel et al., 2010; Vandierendonck et al., 2010). Without introducing or knowing bivalent features as well as related task-switching rules, participants should not have shown any task-switching costs in Stage 1 and 2 of Experiment 2.

One possible explanation for the unexpected task-switching costs in Experiment 2 could be that, even without knowing bivalent tasks, participants in the association group might still have received proactive interference from the preceding bivalent feature-response associations which produced task-switching costs. Previous studies have proposed that proactive interference can be produced by bivalent features (Woodward et al., 2003). Here, we further suggest that bivalent features may produce proactive interference automatically without applying corresponding task rules. Taking a small-arrow task as an example: In trials of the small-arrow task, the small arrow always pointed to the correct response but the large arrow sometimes pointed to the wrong response key and need to be inhibited. If the following trial is a trial of a large-arrow task in which the large arrow always points to the correct response, the large arrow needs to be reactivated due to the previous suppression. The reactivation process may delay the response in the task-switching trials and may therefore be the cause of the resultant task-switching costs.

Response-Congruency Effect and Task-Switching Costs

Both response-congruency effects and task-switching costs can be produced by the interference of automatically formed bivalent feature-response associations, but with different timing. The former can be caused by the immediate interference between two concurrent feature-response associations: The interference is elicited from the external environment. The latter can be produced by the proactive interference from the feature-response associations in the preceding trials: The interference is elicited from information in memory. Prior evidence suggests that two types of interference may reflect different cognitive processes (Friedman and Miyake, 2004; but see Pettigrew and Martin, 2014).

We suspect that, normally, without participants knowing bivalent features and related task rules, the proactive interference that is produced by automatically formed bivalent feature-response associations may be too weak to produce task-switching costs. Thus, in Li et al. (2019a), as well as in Experiment 1 of the present study, the task-switching costs were undetectable until bivalent features and task-switching rules were introduced. However, the bivalent features were two arrows in Experiment 2. As participants might prioritize the arrow features over other features, the proactive interference produced by arrow-response associations is strong enough to produce task-switching costs even without knowing the arrow-related bivalent task rules.

Moreover, it appears that, in Experiment 2, proactive interference that produces task-switching costs may be weaker than the immediate interference that produces response-congruency effects. Without knowing rules related to arrow tasks, these cases of automatically formed proactive interference were not strong enough to penetrate the shielding function of categorization rules. As demonstrated in Experiment 2, when participants applied the numeral-categorization rule, there were no task-switching costs but the response-congruency effects remained. Nevertheless, it remains unclear why the proactive interference from working memory is weaker than the immediate interference that is caused by the conflicts during response selection in the present trial. Further investigations may be necessary to clarify the difference.

Strategies in Task-Switching

In line with Li et al. (2019a), we found that even though some participants learned to perform tasks by using the numeral features associatively in Stage 1 and 2, in Stage 3 these participants preferred to use bivalent features to retrieve a response, indicating task-switching costs and on average yielding slower responses. Note that we introduced task cues, bivalent features, and related task rules in Stage 3 without demanding that participants should apply these rules. According to previous studies, participants might prefer strategies that prioritize goal-related information and reduce task uncertainty (Mackie et al., 2013; Cooper et al., 2015; Li et al., 2019a).

However, half of the participants learned simple numeral-categorization rules in the two experiments of the present study (Stage 1 and 2), and yet they still applied task-switching rules and showed task-switching costs as soon as the bivalent features and the rules were introduced (Stage 3). Therefore, a simpler explanation is that participants merely followed the instructions in every stage.

Limitation and Future Direction

In Experiments 1 and 2, in order to make sure participants in the association group could not apply the odd-even categorization rule on numerals, the target stimuli in the association group were different from those in the categorization-rule group. We suggest that future study could use language barrier to control the use of odd-even categorization rules in the experiment with numeral targets (Li et al., 2019b). For example, if the Arabic numerals are replaced with Chinese numeral characters, only participants who can read Chinese numerals are able to apply the odd-even categorizations whereas those who do not know and cannot read Chinese should only utilize those numeral characters associatively (Li et al., 2019b).

Reisenauer and Dreisbach (2013, 2014) showed that when interference from the distractor pictures and the word categorization rules were semantically related to each other—that is, when the interference can also be categorized along the categorization rule—the shielding function of the word categorization rule cannot prevent the interference. Perhaps, in such cases, the focus of attention is narrowed and allocated to both the interference and the relevant features, so that the shielding function failed. To avoid this problem, in the present study, we demonstrated the shielding function by using target stimuli with the irrelevant features and the categorization rule that were semantically unrelated. In both Experiment 1 and 2, the odd-even categorization rule cannot be applied directly to either filling/orientation discrimination tasks (Experiment 1) or the large/small arrow tasks (Experiment 2).

However, previous studies suggest that numeral stimuli might contain spatial information, the so-called spatial-numerical association of response codes (Dehaene et al., 1993; Fischer, 2003). Participants associated digits smaller than five with left and numbers greater than five with right even though they were asked to apply the odd-even categorization rule in which magnitude was irrelevant (Dehaene et al., 1993). Hence it is possible that while the odd-even rule should have narrowed participants’ focus of attention toward the parity feature, the magnitude features may induce participants to also allocate attention to and perceive interference from the spatial feature: the direction of the arrows. This may have neutralized the shielding effect of the categorization rule. To avoid the spatial-numerical associations of response codes that may interfere with the results, future studies should replicate the results of Experiment 2 with different categorization rules.

CONCLUSION

Consistent with the previous study (Li et al., 2019a), we found that bivalent features produced response-congruency effects even when participants do not know the bivalent features and related task rules yet. This suggests that bivalent feature-response associations may be formed passively. Moreover, we found that bivalent features that can easily be detected by the participants (e.g., two arrows) produced proactive interference and caused task-switching costs before we introduced bivalent features. Importantly, we also demonstrated the shielding function of the categorization rule and its potential limitation: Although categorization rules can shield certain interference away, strong interference from irrelevant features can break down the shielding function.

We would also argue that the limitation of the shielding function is a favorable characteristic of human cognitive control. Humans are alert to distractors because some distractors which might be irrelevant to the current task actually carry important information. Similar results have been observed and known as the cocktail party effect (Wood and Cowan, 1995): Listeners can easily attend to a single voice even when many people are talking simultaneously. Moreover, an auditory stimulus that is from an unattended speaker but highly pertinent to the listener, such as his/her name, can immediately capture the listener’s focus of attention.
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APPENDIX

TABLE A1. Experiment 1.
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TABLE A2. Experiment 2.
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