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Abstract

Theories of task switching have emphasized a number of control mechanisms that may support the 

ability to flexibly switch between tasks. The present study examined the extent to which individual 

differences in working memory (WM) capacity and two measures of interference resolution, 

response-distractor inhibition and resistance to proactive interference (PI), account for variability 

in task switching, including global costs, local costs, and N-2 repetition costs. 102 young and 60 

older adults were tested on a battery of tasks. Composite scores were created for WM capacity, 

response-distractor inhibition, and resistance to PI; shifting was indexed by rate residual scores 

which combine response time and accuracy and account for individual differences in processing 

speed. Composite scores served as predictors of task switching. WM was significantly related to 

global switch costs. While resistance to PI and WM explained some variance in local costs, these 

effects did not reach significance. In contrast, none of the control measures explained variance in 

N-2 repetition costs. Furthermore, age effects were only evident for N-2 repetition costs, with 

older adults demonstrating larger costs than young adults. Results are discussed within the context 

of theoretical models of task switching.
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In everyday life, we often shift our attention between tasks, putting previous goals 

temporarily aside to focus on the current task. Despite being a seemingly effortless process, 

task switching incurs costs in both time and accuracy relative to continuing with the same 

task. Accordingly, accounts of task switching have sought to specify the cognitive control 

processes involved in minimizing switch costs, including, for example, the ability to update 

the contents of working memory with the current task set (i.e., the current task goal and 

response to be made) and the ability to resolve interference from conflicting information 

required by a prior task but not the current one (see Kiesel et al., 2010, for a review). While 

aspects of task switching are hypothesized to depend on other cognitive processes, to our 

knowledge prior studies have not tested these accounts using an individual differences 

approach in which variation in working memory and interference resolution have been 
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related to multiple aspects of task switching. The goal of the present study was to take such 

an approach.

The measures of working memory and interference resolution presented here were reported 

in a previous study (Pettigrew & Martin, 2014) in which we examined whether these 

constructs differed as a function of age. In the present study, using data from the same 

participants, we created composite scores for working memory (WM) capacity, response-

distractor inhibition, and proactive interference (PI) resolution in order to relate these 

constructs to different aspects of task switching. Some prior evidence suggests that response-

distractor inhibition and PI resolution are distinct aspects of interference resolution 

(Friedman & Miyake, 2004; though see Pettigrew & Martin, 2014), with the former referring 

to resolution of interference elicited from information in the external environment and the 

latter referring to resolution of interference from no longer relevant information in memory; 

these constructs, therefore, might play different roles in task switching.1

Task Switching

In the present study, we examined three measures of task switching: global switch costs, 

local switch costs, and N-2 repetition costs. Global switch costs refer to worse performance 

observed during mixed blocks relative to pure (or single task) blocks. In contrast, local 

switch costs refer to worse performance observed for switch relative to repeat trials within a 

mixed block. Though global and local costs would seemingly reflect similar demands of 

switching, they formed separate factors in latent variable analysis (Kray & Lindenberger, 

2000) and are thought to draw on different cognitive processes, as discussed below. Another 

type of cost, termed the N-2 repetition cost or backward inhibition (Mayr & Keele, 2000), 

has been documented in paradigms involving three different tasks, where worse performance 

is found when switching back to a more recently abandoned task (ABA) relative to 

switching to a less recently performed third task (CBA). Below, we discuss the control 

mechanisms hypothesized to be associated with each of these costs.

Global switch costs (e.g., Jersild, 1927; Rogers & Monsell, 1995; Spector & Biederman, 

1976) were the earliest reported measure of task switching (e.g., plus-minus task; Jersild, 

1927). However, some have argued that this measure does not reflect switching per se, but 

rather the working memory demands of keeping multiple task in an active, accessible state in 

mixed blocks (in comparison to a pure block where only one task is relevant) (Rogers & 

Monsell, 1995). Global costs have been hypothesized to measure the ability to update, 

manipulate, and maintain multiple tasks in WM (e.g., Mayr, 2001; Rogers & Monsell, 

1995). In line with the WM account for global switch costs, Baddeley, Chincotta, and Adlam 

(2001; see also Emerson & Miyake, 2003; Spector & Biederman, 1976) found that global 

switch costs were larger in uncued than cued shifting conditions, in which participants must 

use their own resources (presumably WM) to keep track of the relevant task across trials. 

1We selected the term ‘response-distractor inhibition’ to be consistent with previous literature and distinguish this type of interference 
resolution from ‘resistance to PI’. This term is not intended to imply that response-distractor inhibition tasks (i.e., Stroop-like tasks) 
require inhibition, as they could instead reflect the ability to select task-relevant information in the face of competition. In an attempt 
to remain neutral to these accounts, we refer to ‘interference resolution’ and ‘interference effects,’ rather than ‘inhibition’ throughout 
the manuscript.
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Furthermore, concurrent articulatory suppression, thought to disrupt rehearsal processes, has 

been found to have detrimental effects on measures of global task switching when self-

cueing demands are high (e.g. Baddeley et al., 2001; Bryck & Mayr, 2005; Emerson & 

Miyake, 2003). These findings support the idea that global switch costs involve working 

memory resources for keeping multiple tasks sets in mind as well as keeping the current task 

active and suggest that individual differences in working memory capacity should relate to 

the size of global switch costs.

However, Rubin and Meiran (2005) have proposed that interference resolution – described 

as the ability to manage competition between activated tasks due to the presence of 

ambiguous stimuli that are associated with multiple tasks – plays a strong role in the task 

decision process within mixed blocks and is common to both switch and repeat trials (see 

also Allport et al., 1994). This suggests a contribution of interference resolution to mixed 

block performance, and predicts a relationship between global costs and measures of 

interference resolution.

Local switch costs are thought to more directly reflect the switching process itself as the 

subject changes between tasks (Rogers & Monsell, 1995). The two main theoretical 

accounts of local switch costs are interference resolution and task set reconfiguration, which 

make different predictions regarding the association between local costs and the control 

mechanisms examined here.

Allport and colleagues (Allport, Styles, & Hsieh, 1994; Allport & Wylie, 2000; Wylie & 

Allport, 2000; see also Altmann & Gray, 2008; Badre & Wagner, 2006) have proposed a 

critical role for interference resolution in local switch costs. Their account assumes 

continued priming from previously activated task features (i.e., task set inertia); when a task 

repeats, this activation is beneficial but when a task switches, this activation results in 

interference. Because this interference is hypothesized to derive from previously formed 

stimulus-response-task set bindings that persist in memory (e.g., Allport et al., 1994; 

Waszak, Hommel, & Allport, 2003), it may be considered a type of proactive interference. 

Support for this interference account comes from various sources. For example, Allport and 

colleagues (Allport & Wylie, 2000; Waszak, Hommel, & Allport, 2003; Wylie & Allport, 

2000) found larger switch costs for stimuli that were previously associated with a competing 

task. Evidence of interference from previously relevant task features also comes from 

findings of asymmetrical switch costs: when one task is more dominant than another (e.g., as 

with word reading vs. color naming in the Stroop task), larger switch costs are obtained 

when switching to the dominant, easier task (word reading) than when switching to the less 

dominant task (color naming) (Allport et al., 1994; see Meuter & Allport, 1999, for similar 

results in bilingual language switching). Asymmetrical switch costs result because more 

inhibition is required to overcome interference from the dominant task, causing greater 

difficulty when having to switch back to that task (Allport et al., 1994; Allport & Wylie, 

2000; Meuter & Allport, 1999; but see Yeung & Monsell, 2003, for a different account of 

asymmetrical switch costs, and Koch et al., 2010 for discussion). A complete review of the 

role for interference resolution in local switch costs is beyond the scope of this paper, but 

can be found elsewhere (Vandierendonck, Liefooghe, & Verbruggen, 2010). For the 
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purposes of the present study, this account of local switch costs predicts a relationship 

between the ability to resist PI and the size of local switch costs.

The other prominent account of local costs focuses instead on control mechanisms involved 

in changing task-set and stimulus-response mappings, often termed “task set 

reconfiguration” (Rogers & Monsell, 1995). Under this account, local costs are hypothesized 

to reflect an active process that involves the retrieval and updating of task sets at the point of 

a task switch (Kray & Lindenberger, 2000; Mayr, 2001; Meiran, 2000; Rogers & Monsell, 

1995; Rubinstein, Meyer, & Evans, 2001). Though there are multiple proposals regarding 

task set reconfiguration (e.g., Rogers & Monsell’s (1995) endogenous control; Rubinstein et 

al.’s (2001) goal shifting; Meiran’s (2000) stimulus set biasing; Mayr & Kliegl’s (2000) 

retrieval of task information from long-term memory), they all assume a function that clears 

the focus of attention of the previously relevant task and replaces it with newly relevant task 

features and stimulus-response mappings. According to this view of local switch costs, there 

is no explicit connection to interference resolution, but we might expect a relation between 

local costs and working memory capacity to the extent that task set retrieval and 

implementation utilize WM resources.

Lastly, N-2 repetition costs (Mayr & Keele, 2000; for a review, see Koch et al., 2010) are 

thought to reflect the application of inhibition as a mechanism for disengaging from no-

longer-relevant tasks at the point of a task switch. The measurement of N-2 repetition costs 

requires mixed blocks containing three tasks (e.g., tasks A, B, and C), in order to compare 

triad task sequences (e.g., ABA vs. CBA) that differ in how recently task A was performed. 

Mayr and Keele (2000) found worse performance in the ABA sequence (the N-2 repetition 

trial) relative to the CBA sequence (N-2 switch trial), suggesting more difficulty in 

switching back to a recently abandoned task (ABA). Mayr and Keele (2000; see also Gade 

& Koch, 2005, 2007; Schuch & Koch, 2003; Schneider & Verbruggen, 2008) interpreted the 

presence of N-2 repetition costs as reflecting backwards inhibition – the aftereffects of 

having previously applied inhibition to a no-longer-relevant task. Of note, backward 

inhibition may be an important component of local switch costs (Mayr & Keele, 2000) as 

discussed above with respect to the explanation for asymmetrical switch costs and clearing 

the focus of attention at the point of a task switch, functioning to overcome residual 

activation (i.e., interference) of no-longer-relevant task features. To the extent that backward 

inhibition is elicited as a consequence of top-down control mechanisms that overcome 

interference from task features in the external environment or representations in memory, it 

might be associated with response-distractor inhibition or resistance to PI, respectively. 

However, it has been proposed that N-2 repetition costs reflect a more automatic process 

such as lateral inhibition, which may be applied during response selection (Gade & Koch, 

2005, 2007; Schuch & Koch, 2003; Schneider & Verbruggen, 2008; cf. Houghton, Pritchard, 

& Grange, 2009) or self-inhibition, applied immediately after task execution (Grange, 

Juvina, & Houghton, 2012; cf. Koch et al., 2010). Such automatic processes may be 

theoretically distinct from both the inhibition of prepotent responses and resolution of PI. 

The present study provides a test of this distinction: if N-2 repetition costs reflect an 

automatic form of inhibition (lateral or self-inhibition), we would not predict an association 

between N-2 repetition costs and either PI resolution or response-distractor inhibition.
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To summarize, theoretical accounts make different predictions regarding the contribution of 

control mechanisms to various measures of task switching. Because the control mechanisms 

discussed here are impaired in healthy aging (i.e., reduced WM capacity and increased 

interference with age) (e.g., May, Hasher, & Kane, 1999; Hasher & Zacks, 1988; Pettigrew 

& Martin, 2014), the inclusion of both young and older the two age groups may provide 

additional variability for detecting relationships between the task switching measures and 

control mechanisms. Given the theoretical accounts discussed above, we hypothesized 

working memory would account for variance in global switch costs, and resistance to PI 

would be related to local switch costs. In contrast, we hypothesized no association between 

N-2 repetition costs and the control mechanisms included, if these costs reflect an automatic 

form of inhibition rather than interference resolution via top-down control.

Method

As noted earlier, the participants, the working memory measures, and the proactive 

interference and response-distracter inhibition measures were previously reported in 

Pettigrew and Martin (2014). Specifics about the participants and these procedures are 

reiterated here to enhance readability, though in the interest of space, only brief task 

descriptions are provided. Participants were also tested on a flanker task (e.g., Eriksen & 

Eriksen, 1974; not described below); however, these data were not included in the present 

study, as Pettigrew and Martin (2014) found that this task did not significantly load with the 

other response-distractor inhibition tasks.

Participants

A total of 167 participants were tested on the tasks detailed below, including 105 young 

adults and 62 older adults. For the young adult sample, 67 were recruited through the Rice 

University subject pool and received credit towards course requirements for research 

participation; the remaining 38 were recruited from the Houston community through Craig’s 

List (houston.craigslist.org). Data from three young adults were excluded: two participants 

failed to complete both testing sessions, and another was not a fluent speaker of English. 

The remaining 102 young adults consisted of individuals between the ages of 17 and 32 (M 
> = 21, SD > = 3). The older adult sample included 62 members of the Houston community 

who had expressed prior interest in participating in Psychology experiments. Data from two 

older adults were excluded: one participant failed to complete both testing sessions and 

another’s testing was discontinued due to possible cognitive impairment as indicated by a 

score of less than 26 on the Mini-Mental State Examination (MMSE; Folstein, Folstein, 

McHugh, & Fanjiang, 2001); all other older adults scored 26 or above (Table 1). The 

remaining 60 older adults consisted of individuals between the ages of 64 and 87 (M > = 71, 

SD > = 5).

Procedure

Prior to starting the experimental tasks, participants completed the informed consent 

process, a demographics form, and background questionnaire to screen for confounding 

disorders such as neurological trauma or other impairment that might affect cognitive 

functioning. Older adults also completed the MMSE (Folstein et al., 2001) to screen for 
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possible mild cognitive impairment or dementia. Study completion involved two separate 

two-hour sessions, with approximately 1–2 weeks between sessions. Breaks were provided 

between blocks within tasks and between tasks, as needed. All tasks were completed in the 

same order, with one exception: a few participants received the automated operation span 

task at a different time during the testing session due to computer availability.

Materials and Task Descriptions

All tasks included practice trials for task familiarization and learning of stimulus-response 

mappings. The experimental tasks fall into four categories: shifting tasks, response-distractor 

inhibition tasks, resistance to PI tasks, and working memory tasks.

Shifting Tasks

All participants completed a cued shifting task that involved switching between three tasks. 

Some participants also completed a second shifting task that included the same three tasks, 

but only involved switching between two tasks at any given time. Due to time constraints 

and being added to the design later in time, data for this latter task were only collected on a 

subset of young (n = 94) and older (n = 20) adults; only data from the young adults are 

reported.

Both shifting tasks utilized a cued shifting paradigm with targets consisting of a number 

(one, two; number task) of shapes (circle or diamond; shape task) of varying sizes (small 

(1.5”×1.5”) or large (3”×3”); size task). Each trial started with an explicit cue indicating the 

relevant task for a given trial, reading “Number”, “Shape”, or “Size” (see Jost, De Baene, 

Koch, & Brass (2013) for a discussion of cue manipulations). Explicit cues minimize task 

demands associated with memorizing arbitrary cue-task associations or the need to keep 

track of task sequences (e.g., Baddeley et al., 2001; Emerson & Miyake, 2003). Thus, any 

relation to working memory capacity would not be due to these aspects of shifting present in 

some paradigms. The target appeared 200 milliseconds (ms) after cue onset, displayed below 

the cue in the center of the screen. Both the cue and target remained on the screen until a 

button press was made, and the next trial started after a fixed 200 ms response-cue interval. 

The circle, small, and one target dimensions were mapped to the left response key; the 

diamond, large, and two target dimensions were mapped to the right response key. Shifting 

tasks were programmed on a Macintosh computer running PsyScope (Cohen, MacWhinney, 

Flatt, & Provost, 1993).

Shifting between three tasks—In the three-task shifting paradigm, participants 

completed a total of six experimental blocks, including three pure task blocks (i.e., one for 

each of the three tasks: number, shape, size) followed by three mixed task blocks. In the pure 

task blocks, participants responded to a single task throughout the duration of the block. 

Each pure block contained 42 trials, with the first two trials of each block excluded as warm-

up. The order of the pure blocks was counterbalanced across participants. In mixed blocks, 

the relevant task depended on the cue presented at the start of the trial, with the relevant task 

changing every trial (i.e., every trial was a task switch). Each experimental mixed block 

contained 99 trials, with the first three trials of each block excluded as warm-up. For both 

pure and mixed blocks, targets were selected pseudo-randomly with the constraint that no 
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exact stimulus repetitions were allowed. Additionally, within the mixed blocks, task 

sequence was also constrained by the following: a) all three tasks occurred equally often, b) 

there were no direct task repetitions, c) each task triad (e.g., size, shape, number; shape, size, 

number; etc.) appeared equally often within a block, and d) there was an equal number of 

N-2 task switches (CBA) and N-2 task repetitions (ABA). One practice block consisting of 

16 trials preceded each experimental pure task block; additionally, one practice mixed block 

consisting of 40 trials preceded the first experimental mixed block. This task allowed for the 

measurement of two dependent variables (DV): global switch costs, measured as mixed vs. 

pure block performance, and N-2 repetition costs, measured as N-2 repeat vs. N-2 switch 

trials within the mixed block.

Shifting between two tasks—A subset of participants also completed a two-task 

shifting paradigm (in a different session than the three-task shifting), which included an 

additional set of three mixed blocks using the same number, shape, and size tasks just 

described. The mixed blocks in this task included both switch and repeat trials for 

calculating local switch costs. In this version of the task, only two of the three tasks were 

relevant within a given mixed block: for the first block, the two relevant tasks were form and 

size; for the second block, form and number; and for the third block, size and number. Prior 

to each experimental mixed block, participants completed a practice block of 10 trials. Each 

experimental mixed block contained 35 trials, with the first 3 trials of each block excluded 

as warm-up. Unlike three-task shifting, task repetitions were allowed, though exact stimulus 

repetitions were not. Half of the trials were repeat trials and the other half switch trials. For 

the subset of young adult participants (n = 94) whose data are reported, the DV was local 

switch costs, measured as switch vs. repeat trials.

Response-Distractor Inhibition Tasks

Picture-word interference task (PWI)—In the picture-word interference task (e.g., 

Lupker, 1979; Schriefers, Meyer & Levelt, 1990), participants named a picture while 

ignoring a super-imposed distractor word. In the interference condition, the picture and 

distractor word were semantically related (i.e., picture and word come from the same 

category); in the no interference condition, the picture and distractor word were semantically 

unrelated. The interference effect was measured as RT for interference vs. no interference 

trials. One young adult’s PWI data were missing due to experimenter error.

Nonverbal (NV) Stroop task—In the nonverbal Stroop task (Hamilton & Martin, 2005), 

participants responded to the direction of an arrow (left, right; via button press) that was 

presented on the left, center, or right side of the screen. In the interference condition, arrow 

direction and location were incongruent (left-pointing arrow on the right side of the screen); 

in the no interference condition, the arrow was presented in a directionally neutral location 

(i.e., the center of the screen). This task also contained congruent trials (e.g., left-pointing 

arrow on the left side of the screen) that were not included as part of the DV. The 

interference effect was measured as RT for interference vs. no interference trials.

Stroop task—In the Stroop task (Stroop, 1935), participants named the color of the target, 

which was either a word (in the incongruent and congruent trials) or string of asterisks (in 
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the neutral condition). In the interference condition (incongruent trials), color words 

appeared in a color different from the written word (e.g., blue written in red). In the no 

interference condition (neutral trials), participants named the color of a string of asterisks. 

This task also contained congruent trials (color words appeared in the same color as the 

written word) that were not included as part of the DV. The interference effect was measured 

as RT for interference vs. no interference trials. One older adult’s Stroop data were missing 

due to color blindness.

Resistance to Proactive Interference Tasks

Recent negatives task—In the recent negatives probe task (e.g., Monsell, 1978), 

participants heard a list of three words followed by a probe word, then indicated whether the 

probe word was in the previous list by pressing “yes” or “no” keys. This task contained three 

trial types. In the interference condition, referred to as recent negative trials, the probe word 

was not presented in the most recent list (list n), but it was presented in the previous trial (list 

n-1), requiring a “no” response. In the no interference condition, or non-recent negative 

trials, the probe word was not presented in any of the most recent lists, also requiring a “no” 

response. This task also contained positive trials (i.e., the probe word was presented in the 

most recently presented list (list n), requiring a “yes” response) that were not included as 

part of the DV. The interference effect was measured as RT for interference vs. no 

interference trials, demonstrating a participant’s susceptibility to interference from 

previously relevant list items.

Cued recall task—In the cued recall task (Tolan & Tehan, 1999; similar to Friedman & 

Miyake, 2004), participants saw one or two lists of four sequentially presented words that 

they were instructed to read silently or aloud. Following a filler task that involved making 

verbal magnitude judgments, participants saw a category cue and were asked to recall the 

category exemplar from the most recently presented list. In the no interference condition, 

participants saw only a single list before receiving a category cue (i.e., one-list trials). In the 

interference condition, participants saw two four-item lists, though only the second list 

contained an item from the cued category. This task also contained two-list trials in which 

both the first and second lists both contained cued category exemplars; these trials were not 

included as part of the DV. The interference effect was measured as accuracy for interference 

vs. no interference trials.

Release from proactive interference task—In the release from PI task (a variant of 

the task used by Peterson & Peterson, 1959; similar to Friedman & Miyake, 2004), 

participants were presented with ten blocks of lists. Each block contained four lists of eight 

sequentially presented words: the first three lists contained items from the same semantic 

category, whereas the fourth list contained items from a different semantic category. 

Participants read each list item aloud, then completed a filler task that involved sequential 

counting by number and letter (e.g., “H-39, I-40, J-41…”); after the filler task, participants 

recalled as many of the just-presented list items as possible. As in Pettigrew and Martin 

(2014), the dependent variable was the number of list 1 intrusions made during list 2 recall.
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Working Memory Tasks

Automated operation span—In the automated operation span task (Ospan; Turner & 

Engle, 1989; Unsworth, Heitz, Schrock, & Engle, 2005), participants saw a math operation 

to verify (true/false) followed by a letter to remember. Following several math operation-

letter pairs, participants saw an array of twelve letters with boxes next to them, at which 

point they recalled the previously presented letters in serial order by clicking the relevant 

boxes. The dependent variable was the operation span defined as the sum of all perfectly 

recalled sets (Unsworth et al., 2005). Ospan data were missing from two older adults due to 

experimenter or computer error.

Backwards digit span—In the backwards digit span task from the Weschler Adult 

Intelligence Scale-Revised (WAIS-R; Weschler, 1981), participants heard a series of 

numbers which they recalled in backwards order, starting with the most recently presented 

item. Participants completed two trials at each list length, continuing until either errors were 

made on both trials at a given list length or the maximum list length (8 items) was 

completed. The dependent variable was the total number of trials correctly recalled.

Sternberg recognition task—In the Sternberg recognition task (McElree & Dosher, 

1989; Nee & Jonides, 2008), participants saw a list of five serially presented words 

(presented for 500 ms each). The last word was followed by a 300 ms mask, and then a 

probe word. Participants indicated whether the probe word was in the most recently 

presented list (yes/no). The dependent variable was overall accuracy across all trials. Data 

were missing for two older adults due to unwillingness to complete this task because of 

frustration with the speed of item presentation.

Data Processing and Missing Data

For all interference resolution RT measures, RTs from errors and/or voice key errors were 

removed and outlying RTs were also excluded, including all RTs < 250 ms and > 10,000, 

and RTs falling more than 2.5 standard deviations beyond an individual’s mean, by 

condition. As mentioned in the Method, seven data points were missing, though no 

individual subject was missing data for more than one task. Given the small number of 

missing points, and to avoid excluding these subjects altogether, missing values were 

replaced with the mean for that age group.

Composite Scores for Control Mechanisms

To examine whether control mechanisms were differentially associated with measures of 

task switching, we created separate standardized composite scores for WM capacity, 

response-distractor inhibition, and resistance to PI by averaging performance across the 

three tasks within each domain. For the WM composite, WM task DVs (for the operation 

span, backwards digit span, and Sternberg recognition) were z-scored then averaged, with 

higher values indicating larger WM capacities (i.e., better performance). For the interference 

tasks, we regressed the interference condition on the no interference condition and saved the 

standardized residuals, which were used as the task’s DV. The only exception to this was for 

the release from PI task, which used the z-scored proportion of list 2 intrusions as the DV; as 

discussed in Pettigrew & Martin (2014), intrusions were found to be more reliable than the 
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interference residual for this task. Where necessary, interference measures were reverse 

scored so larger values indicated more interference (i.e., worse performance). For the 

response-distractor inhibition composite, the mean of the residual interference effects for the 

PWI, NV Stroop, and Stoop tasks was computed. For the resistance to PI composite, the 

mean of the recent negatives and cued recall residual interference effects and the release 

from PI z-scored intrusion effect was computed.

Dependent Variable for Task Switching Measures

Shifting performance was measured with rate residual scores, which incorporate both 

response time (RT) and accuracy data in a single score (Hughes, Linck, Bowles, Koeth, & 

Bunting, 2014). As described in Hughes et al. (2014), rate residual scores were based on the 

rate of correct responding per second for each trial type. Prior to calculating response rates, 

outlying RTs (RTs 2.5 standard deviations beyond an individual’s mean performance, by 

condition) were replaced with that participant’s cutoff. Rate residual scores were computed 

separately, but in the same manner, for global costs, local costs, and N-2 repetition costs. 

Blocks were divided into a comparable number of subsets of trials (though the subsets had a 

different number of trials, given the different block lengths). For global costs, pure and 

mixed blocks were each divided into 8 sets of trials (pure block subsets contained 15 trials; 

mixed block subsets contained 36 trials). For local costs, repeat and switch trials were each 

divided into 6 sets of trials (each repeat and switch trial subset contained 8 trials). For N-2 

repetition costs, N-2 repeat and N-2 switch trials were each divided into 8 sets of trials (each 

N-2 repeat and N-2 switch trial subset contained 17–19 trials). The rate of correct 

responding was calculated for each subset “by dividing the number of correct responses per 

trial type by the time taken to make all of the responses, whether accurate or inaccurate 

(summing the RTs for that trial type)” (p. 709). Using these rates of correct responding, rate 

residual scores were calculated: for each subset, the difficult shifting condition was 

regressed on the easy shifting condition (i.e., for global costs, mixed block subset 1 was 

regressed on pure block subset 1). For global costs and N-2 repetition costs, a total of 8 

residuals were calculated per subject; for local costs, a total of 6 residuals were calculated 

per subject. Each subject’s subset residuals were then averaged to produce rate residual 

scores, with more negative residuals indicating larger switch costs.

Alternative scoring methods for task switching – such as rate residual scores – have been 

argued to provide a more accurate measure of task switching ability because they 

incorporate the two measures in which switch costs can occur (i.e., latency and accuracy) 

(Draheim & Engle, 2014; Hughes et al., 2014). Previous work has also suggested that these 

scores are more reliable and valid than traditional RT difference scores (Hughes et al., 2014). 

Additionally, because rate residual scores use regression residuals in which performance on 

the “easier” (or baseline) shifting condition was regressed from the more difficult shifting 

condition, these scores also allowed us to control for individual differences in other factors 

that might influence task performance (e.g., Cerella, 1990; Cronbach & Furby, 1970; Faust, 

Balota, Spieler, & Ferraro, 1999), such as baseline resources or processing speed (Salthouse, 

1994; Salthouse & Babcock, 1991).
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Analyses

Multiple regression was used to examine the relationship between the task switching 

measures and control mechanisms. For each switch cost – i.e., global costs, local costs, and 

N-2 repeittion costs – rate residuals scores were regressed on the three control composites of 

WM capacity, response-distractor inhibition, and resistance to PI. Given the age-

heterogeneous sample, these regressions also included additional predictors: age 

(dichotomous: young, old) and the control mechanism by age interactions (product). The 

interactions were included to determine whether shifting-control associations differed as a 

function of age. (Age terms were not included in the local cost model because it only 

contained young adult data.)

In the above analyses, none of the age×control mechanism interactions were significant (all 

ps > .27), suggesting that the association between control mechanisms and shifting measures 

did not differ for young and older adults. Interactions terms were removed from the 

regression models and the below results reflect the main effects only. Though the analyses 

focused on shifting rate residual scores, mean RTs and error rates are also reported in Table 

2, and regression analyses using RT and error difference scores are reported in the Appendix 

for comparison.

Where possible, we estimated DV reliabilities with a split-half reliability adjusted by the 

Spearman-Brown formula. For the shifting dependent variables, split-half reliabilities were 

calculated by splitting trial subsets into two halves (odd/even); rate residual scores were then 

calculated for each half, and reliabilities calculated by correlating these halves. For the 

interference resolution composites, reliability values reflect the split-half reliability of the 

composite score. For both the shifting DVs and the interference resolution composites, we 

also report reliabilities for each age group, calculated as just mentioned but separately for 

young and older adults. Because trial-by-trial Ospan data was inaccessible (i.e., only a 

summary score was available), WM composite reliability was estimated by averaging 

previously published reliability values: for Sternberg recognition, split-half reliability = .95 

(Pettigrew & Martin, 2014); for Ospan, split-half reliability = .78 (Unsworth et al., 2005); 

for backwards digit span, test-retest reliability = .83 (Weschler, 1981).

Results

Participant demographics and scores on various cognitive and composite measures are 

shown in Table 1. Shifting scores, including RT, accuracy, and rate residual scores by age 

and condition are shown in Table 2. Older adults were more educated, though the two age 

groups were matched on scores of crystallized intelligence as measured by the vocabulary 

subtest of the WAIS-III (Weschler, 1997). Otherwise, the older adults showed relatively 

standard patterns of age-related differences, including slower processing speed (as measured 

by the symbol-digit coding task of the MMSE; Folstein et al., 2001), reduced working 

memory capacity, and increased interference (as measured by the two interference resolution 

composites). Shifting DV and control composite reliabilities are shown in Table 3. 

Reliabilities were variable, being quite good for global costs and the working memory and 

response-distractor inhibition composite scores, but quite low for N-2 repetition costs; 

reliability for local costs and the resistance to PI composite score fell in between. 
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Intercorrelations among the shifting rate residual scores, control composite scores, and age 

(dichotomous) are shown in Table 4.

Global Switch Costs

Global costs—Subjects demonstrated significant global switch costs, as measured by RT 

difference scores (M cost = 755 ms, SD = 410), t(161) = 23.43, p < .001. Figure 1a shows 

the RT plot of mixed block performance against single block performance for both young 

and older adults. Although the slope is somewhat higher for the older than the younger 

adults, the correlation between rate residual scores and age was not significant (see Table 4), 

and global rate residual scores did not differ between older adults (-.10) and younger adults 

(.06), t(160) = 1.20, p = .23. Global rate residual scores were only correlated with one 

individual differences measure, the working memory composite. Similar results were 

observed in the multiple regression: working memory had a highly significant regression 

weight (p = .002), with the positive coefficient indicating that higher WM capacity was 

associated with more positive rate residual scores (i.e., smaller global switch costs). In 

contrast, neither response-distractor inhibition nor resistance to PI were significantly 

associated with mixed block performance (both ps > .90).2

Local Switch Costs

Local costs—The subset of young adults (n = 94) that completed this task demonstrated 

significant local switch costs, as measured by RT difference scores (M cost = 82 ms, SD = 

94), t(93) = 8.52, p < .001. As shown in Table 4, local rate residual scores were not 

significantly correlated with any of the control composite measures. The multiple regression 

revealed the same pattern of null effects: local costs were not significantly associated with 

any of the control measures, though the association with both resistance to PI (p = .10) and 

WM (p = .10) were marginal, with the negative weight for resistance to PI and the positive 

weight for WM suggesting individuals with lower PI and higher WM capacity demonstrate a 

trend towards better rate residual scores (i.e., smaller local switch costs). In contrast, 

response-distractor inhibition was not significant (p = .42).

N-2 Repetition Costs

N-2 repetition costs—On average, subjects demonstrated small but significant N-2 

repetition costs, as measured by RT difference scores (M cost = 68 ms, SD = 86), t(161) = 

10.15, p < .001. Across age groups, there was a substantial correlation between N-2 repeat 

and N-2 switch trial performance (r = 0.987, p < .001). Figure 1b displays the RT plot of N-2 

repeat vs. N-2 switch trial performance for young and older adults, with a slightly higher 

slope for the older adults. N-2 repetition rate residual scores were significantly larger for 

older adults (−.21) relative to younger adults (.14), t(160) = 5.19, p < .001 . N-2 rate residual 

scores were also significantly correlated with age and the resistance to PI and WM 

composite scores (all ps < .005; Table 4), with the respective correlation directions 

indicating that better rate residual scores (i.e., smaller N-2 repetition costs) were associated 

with younger age, lower PI, and higher WM capacity. In the multiple regression results, 

2This same pattern of results was observed for the subset of 94 young adults for whom local switch costs were measured (data not 
shown).
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however, only the weight for age was significant (p < .001; Table 5): none of the control 

mechanisms explained additional variance in N-2 rate residual scores, though the effect of 

WM was marginal (p = .09).

Discussion

Accounts of everyday cognition have proposed an important role for executive control and 

working memory in situations requiring flexible, organized behavior (e.g., Baddeley, 1986; 

Miller & Cohen, 2001; Norman & Shallice, 1986). The present study examined the extent to 

which individual differences in control measures, including WM capacity and the 

interference resolution mechanisms of response-distractor inhibition and resistance to PI, 

explain variability in measures of task switching, and whether these relationships differ in 

young and older adults. To our knowledge, this is the first time this type of individual 

differences approach has been taken with multiple theoretically distinct measures of task 

switching. Variance in global switch costs was related to WM capacity, whereas none of the 

control measures explained variance in local costs or N-2 repetition costs. There were no 

interactions with age, suggesting that control mechanisms do not differentially relate to 

measures of task switching in young and older adults. Additionally, age effects were only 

evident for N-2 repetition costs, with older adults demonstrating larger costs than young 

adults. These results are discussed in greater detail below.

Global Switch Costs

WM capacity, reflecting the temporary maintenance and manipulation of information in 

WM, was a significant predictor of global switching. Individuals with larger WM capacities 

demonstrated smaller global costs in line with accounts suggesting global switch costs 

reflect the ability to maintain, coordinate, and manipulate multiple tasks in WM (Mayr, 

2001; Rogers & Monsell, 1995). Oberauer and colleagues (2003) have suggested that WM 

reflects multiple mechanisms, including “storage in the context of processing” (p. 189), as 

well as the ability to coordinate elements into structures (i.e., binding). We believe this 

delineation of WM translates well to mixed block performance. For example, high capacity 

individuals may be better able to bind task features together (i.e., binding stimulus values to 

response alternatives) (Oberauer et al., 2003; Oberauer, 2005) to create more distinct 

representations of what should be done in the context of a given task. Coherent bindings 

may also allow high capacity individuals to maintain more stable task representations and 

better utilize task representations in a flexible manner when the focus of attention must be 

updated at the point of a task switch.

Given that performance in mixed blocks involves keeping multiple task sets in an accessible 

state – while also maintaining them as distinct representations – it may seem surprising that 

resistance to PI was not a significant predictor of global costs. Of note, the present study 

used a cued shifting paradigm in which each trial began with an explicit task cue that 

indicated the relevant task for that trial (e.g., “Shape”). Although multiple mappings 

between stimuli and responses need to be created, maintained, and utilized, explicit cues 

may function to reduce interference between tasks relative to situations in which cues are 

implicit (i.e., symbolic) or subjects must keep track of task alternation on their own (e.g., 
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Baddeley et al., 2001; Emerson & Miyake, 2003; Spector & Biederman, 1976). Therefore, it 

remains to be seen whether resistance to PI would play a stronger role in global switch costs 

when WM mechanisms are otherwise utilized for interpreting task cues or remembering task 

sequences.

We found no effect of age on global rate residual scores; of note, the effects of age remained 

non-significant in a regression that excluded the control measures (i.e., with age as the only 

predictor, β = 0.06, p = .37), indicating no difference in global switch costs between young 

and older adults with differences in processing speed taken into account. While a number of 

previous studies have found larger global switch costs for older relative to young adults 

(Kray & Lindenberger, 2000; Mayr, 2001; Mayr & Liebscher, 2001; Meiran, Gotler, & 

Perlman, 2001; Reimers & Maylor, 2005; Verhaeghen & Cerella, 2002; Wasylyshyn, 

Verhaeghen, & Sliwinski, 2011), results have been inconsistent (e.g., Kray, Li, Lindenberger, 

2002; Mayr & Kliegl, 2000). Kray et al. (2002; see also Mayr, 2001) have proposed that 

these contrasting findings may be a product of the degree to which distinct task sets contain 

non-overlapping elements and can be easily differentiated; when tasks can be more easily 

differentiated (e.g., in the presence of an explicit cue, as in the present study), interference 

between tasks may be low, and age effects on global switch costs may be minimal (but see 

Wasylyshyn et al., 2011, for a meta-analysis suggesting no effect of task manipulations on 

age effects in global task switching).

Local Switch Costs

Interference and task set reconfiguration accounts of local switch costs make different 

predictions concerning the association between local switch costs and control mechanisms. 

In the regression analyses, the weights for both WM capacity and proactive interference 

were marginally significant (both ps = .10), perhaps due to the moderate DV reliability and 

reduced power as these analyses only included a subset of young adults (though the sample 

size was quite large, n = 94). While these caveats make it difficult to rule out either the WM 

capacity or interference resolution accounts, the findings would be consistent with theories 

of task switching that postulate the contribution of multiple factors (e.g., Vandierendonck et 

al., 2010), as discussed below.

As reviewed in the Introduction, accounts of task switching provide some possibilities for 

what roles WM and resistance to PI may play in local costs. However, theoretical models of 

local costs generally assume two stages: an endogenous stage that can occur prior to 

stimulus onset (e.g., during a cue-stimulus interval (CSI)) and an exogenous stage that 

cannot be completed until after stimulus presentation (Rogers & Monsell, 1995). While 

accounts of the endogenous component differ in their specifics (Goschke, 2000; Mayr & 

Kliegl, 2000; Meiran, 2000; Rubinstein et al., 2001), they emphasize the need to clear WM 

of the no-longer-relevant task in order to update the focus of attention with the currently 

relevant task set. Rubinstein et al. (2001), for example, have suggested that the endogenous 

component reflects “goal shifting”, which involves “inserting and deleting [task] goals in 

declarative WM” (p. 770). From these accounts, the endogenous portion of local switch 

costs may involve memory mechanisms such as the retrieval and updating of task 

representations from the activated portion of LTM (rather than maintaining multiple task sets 
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in WM; see Mayr & Kliegl, 2000, for a similar idea), as well as interference resolution for 

overcoming activation of previously relevant task features, which was hinted at in the 

present results.

In contrast, the exogenous stage is thought to reflect a component of the local switch cost 

that cannot occur until after stimulus onset, reflecting the extent to which a response is 

influenced by irrelevant stimulus features and response mappings (Rogers & Monsell, 1995; 

see also Vandierendonck, Liefooghe, & Verbruggen, 2010). This component is measured by 

residual switch costs that remain after an extended CSI. Rubinstein et al. (2001; cf., De 

Jong, 2000; Meiran, 2000) have described this stage as “rule activation”, involving an 

additional control process associated with clearing previous stimulus-response (S-R) rules 

from procedural memory, and loading the newly-relevant rules. In line with interference 

accounts of switch costs, a number of authors have suggested that interference might play a 

critical role in delaying responses during this stage (Goschke, 2000; Rubinstein et al., 2001; 

Vandierendonck et al., 2010), for example, in resisting interference from irrelevant task 

features (e.g., Friedman & Miyake, 2004; Rubin & Meiran, 2005). Accordingly, it remains 

possible that the interference resolution may show a stronger relationship with residual 

switch costs (cf., Badre & Wagner, 2006), rather than local costs measured from short CSIs 

as in the present study. This endogenous/exogenous distinction also highlights an important 

limitation of our study – we did not manipulate CSI. In light of the various theories of task 

switching, the differential role for control mechanisms at short vs. long CSIs warrants 

additional study. For example, variance in local switch costs at short CSIs may be explained 

by measures more sensitive to task set retrieval (such as cue-based retrieval; e.g., Unsworth 

& Engle, 2007), versus measures of interference resolution at long CSIs.

Mixing costs, measured as the difference between task repeat trials in mixed blocks and pure 

task blocks (e.g., Rubin & Meiran, 2005), may provide another measure for examining the 

influence of bottom-up interference from irrelevant stimulus features and/or responses 

inherent to bivalent stimuli (i.e., interference that is conceptually similar to response-

distractor inhibition). For example, Rubin and Meiran suggested mixing costs involve a task 

decision process (referred to above as “goal shifting”; Rubinstein et al., 2001) that is 

susceptible to interference from the bivalent target features, and that resolution of this 

interference occurs on both switch and repeat trials (which is consistent with our finding of 

no association between response-distractor inhibition and local switch costs). In contrast, 

this interference resolution is unlikely to play a role in pure block trials, during which tasks 

may be executed in an almost automatic fashion (Rubin & Meiran, 2005). This suggestion of 

a role for interference resolution in mixing costs may seem at odds with our finding of no 

significant association between global switch costs and response distractor inhibition. 

However, as discussed above, mixed blocks may involve a number of WM functions, 

including the maintenance of stable task representations and the retrieval and updating of 

task representations at the point of a task switch, that help to avoid interference; these WM 

demands may be more influential to overall mixed block performance (which includes both 

switch and repeat trials) than the need to resolve interference from bivalent target features. 

Mixing costs, in contrast, may provide a clearer picture of the role for control mechanisms 

when WM demands are minimized (relative to switch trials), and may therefore provide 

additional information on the role for bottom-up interference from bivalent targets. 
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Unfortunately, the present study was not optimally designed to examine mixing costs, as 

pure task blocks and repeat trials were included in separate testing sessions.

It should also be noted that our task switching procedure used explicit cues for which each 

task switch was also accompanied by a cue switch (i.e., change in explicit cue). It has been 

suggested that local costs in part reflect retrieval processes associated with changes in 

explicit cues, and to a lesser extent changes in task (e.g., Logan & Bundensen, 2003; Mayr 

& Kliegl, 2003). However, the present study confounds these and does not allow us to 

determine whether the control mechanisms differently relate to task switches vs. cue 

switches. This is an important limitation that could be addressed in future research in a 

number of ways. For example, a similar individual differences approach could be used with 

(1) a 2:1 cue-to-task mapping paradigm in order to determine whether retrieval mechanisms 

or interference resolution play a stronger or differential role in these two processes (e.g., 

Mayr & Kliegl, 2003), or (2) a predictable switching paradigm in which cue processing is 

not involved.

N-2 Repetition Costs

We found no association between N-2 repetition costs the control mechanisms examined 

herein, raising the possibility that N-2 repetition costs (i.e., backward inhibition) reflect a 

distinct control mechanism (see Mayr & Keele, 2000, for a discussion). To our knowledge, 

this is the first study that has examined whether this measure is related to other more 

common measures of interference resolution.

The N-2 repetition cost is hypothesized to reflect the cost of overcoming inhibition that was 

applied to a recently executed task (Mayr & Keele, 2000; see also e.g., Gade & Koch, 2005, 

2007; Koch et al. 2010; Schuch & Koch, 2003; Schneider & Verbruggen, 2008). Given the 

lack of significant association with the interference resolution mechanisms included herein, 

this cost may reflect an automatic form of inhibition, such as lateral inhibition (Mayr & 

Keele, 2000) or self-inhibition (Grange et al., 2012) that functions to clear or disengage the 

focus of attention when it needs to be updated with new information (Bao, Li, Chen, & 

Zhang, 2006; Costa & Friedrich, 2012; Mayr & Keele, 2000; see Hasher et al. (1999) and 

Oberauer (2001) for a similar distinction). This explanation is in line with theoretical 

interpretations (Mayr, 2001; Mayr & Keele, 2000) that “backward inhibition during 

sequential selection of mental sets is functionally dissociated from inhibition that is used to 

keep task-irrelevant information from interfering with task-appropriate settings” (Mayr, 

2001, p. 100), and could be further tested in future research by collecting multiple backward 

inhibition measures and modeling whether they load on a factor that is distinct from other 

aspects of interference resolution. This may be an important future step given our ability to 

detect relationships with other constructs was limited by the low reliability of the N-2 

repetition rate residual score.

Older adults demonstrated significantly larger N-2 repetition costs relative to the young 

adults, in contrast to previous studies examining age differences in this measure (Lawo, 

Philipp, Schuch, & Koch, 2012; Li & Dupuis, 2008; Mayr, 2001). Nonetheless, the results 

are in line with those of Mayr (2001), who found that older adults demonstrate larger N-2 

repetition costs – though his effect failed to reach significance with log-transformed RTs (p 
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= .07). Our results raise the possibility that age effects in N-2 repetition costs exist – though 

they may be quite small and difficult to detect with small sample sizes. Although there are 

multiple possible explanations for these age effects, we propose that backward inhibition is a 

relatively automatic process (as mentioned above; see also Grange et al., 2013; Koch et al., 

2010; Mayr, 2001; Mayr & Keele, 2000; Schuch & Koch, 2003; Vandierendonck et al., 

2010), with young and older adults applying similar amounts of inhibition to previously 

relevant task sets. Instead, age effects reflect individual differences in the ability to select or 
retrieve inhibited representations, with this being a more time consuming process for older 

adults (i.e., more difficulty in overcoming inhibition). Consistent with this, recent studies 

have suggested that older adults have no problem removing information from the focus of 

attention, but they make more errors both accessing information that is outside the focus of 

attention (Verhaeghen & Basak, 2005) and rejecting intrusions from irrelevant information 

that is in an activated state in long-term memory (Oberauer, 2001, 2005). Importantly, if we 

assume that selection mechanisms are applied, at least to some degree, on both switch and 

repeat trials alike, but that these selection mechanisms are simply slower in older adults, this 

account is also able to accommodate the lack of age effects on local switch costs (e.g., 

Reimers & Maylor, 2005; Verhaeghen & Cerella, 2002; Wasylyshyn et al., 2011).

Limitations and Future Directions

The present study should be interpreted within the context of its limitations, which also 

indicate areas for future research. A number of limitations were mentioned above, including 

the fact that we did not manipulate the cue-stimulus interval and our shifting paradigms were 

not designed to measure mixing costs, which may each provide more information about the 

influence of bottom-up interference from irrelevant stimulus features and/or responses 

inherent to bivalent stimuli. Furthermore, while our WM and interference resolution 

measures were indexed by composite scores, we only had a single measure of each task 

switching DV. Therefore, it will be important to expand upon these findings in future work, 

using either multiple measures for each switch cost, composite scores, or by manipulating 

task features (e.g., the number of cue-to-task mappings; CSI; cue ambiguity). Future 

research, for example, could manipulate cue ambiguity (which might result in more task set 

competition and create a larger role for interference resolution) and use longer cue-stimulus 

intervals (which may allow for a better understanding of control mechanisms in endogenous 

vs. exogenous reconfiguration processes). Furthermore, the present study included an age 

heterogeneous sample; though we believe this allowed for more variability in performance in 

our task switching and control measures, future work could ask similar questions in a larger 

sample of individuals from either age group.

Acknowledgments

This research was supported by a Rice University Social Sciences Research Institute Dissertation Grant; a Rice 
University Department of Psychology Maurin Fund Award; and in part by the National Institute on Aging under 
grant T32 AG027668.

Pettigrew and Martin Page 17

Q J Exp Psychol (Hove). Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

Allport, A.; Styles, EA.; Hsieh, S. Shifting intentional set: Exploring the dynamic control of tasks. In: 
Umiltà, C.; Moscovitch, M., editors. Attention and performance XV: Conscious and nonconscious 
information processing. Cambridge, MA: The MIT Press; 1994. p. 421-452.

Allport, A.; Wylie, G. Task-switching: Positive and negative priming of task-set. In: Humphreys, GW.; 
Duncan, J.; Treisman, A., editors. Attention, space, and action: Studies in cognitive neuroscience. 
New York, NY: Oxford University Press; 1999. p. 273-296.

Altmann EM, Gray WD. An integrated model of cognitive control in task switching. Psychological 
Review. 2008; 115:602–639. [PubMed: 18729594] 

Aron AR, Monsell S, Sahakian BJ, Robbins TW. A componential analysis of task-switching deficits 
associated with lesions of left and right frontal cortex. Brain. 2004; 127:1561–1573. [PubMed: 
15090477] 

Baddeley, AD. Working memory. New York: Oxford University Press; 1986. 

Baddeley AD, Chincotta D, Adlam A. Working memory and the control of action: Evidence from task 
switching. Journal of Experimental Psychology: General. 2001; 130:641–657. [PubMed: 11757873] 

Badre D, Wagner AD. Computational and neurobiological mechanisms underlying cognitive 
flexibility. PNAS. 2006; 103:7186–7191. [PubMed: 16632612] 

Bao M, Li Z, Chen X, Zhang D. Backward inhibition in a task of switching attention within verbal 
working memory. Brain Research Bulletin. 2006; 69:214–221. [PubMed: 16533672] 

Bryck RL, Mayr U. On the role of verbalization during task set selection: Switching or serial order 
control? Memory & Cognition. 2005; 33:611–623. [PubMed: 16248326] 

Cerella, J. Age and information processing rate. In: Birren, JE.; Schaie, KW., editors. Handbook of the 
psychology of aging. San Diego, CA: Academic Press; 1990. p. 201-221.

Cohen JD, MacWhinney B, Flatt M, Provost J. PsyScope: A new graphic interface environment for 
designing psychology experiments. Behavioral Research Methods, Instruments, and Computers. 
1993; 25(2):257–271.

Costa RE, Friedrich FJ. Inhibition, interference, and conflict in task switching. Psyconomic Bulletin & 
Review. 2012; 19:1193–1202.

Cowan, N. Attention and memory: An integrated framework. New York: Oxford University Press; 
1995. 

Cowan, N. An embedded-process model of working memory. In: Miyake, A.; Shah, P., editors. Models 
of working memory: Mechanisms if active maintenance and executive control. Cambridge, UK: 
Cambridge University Press; 1999. p. 62-101.

Cronbach LJ, Furby L. How we should measure “change” – or should we? Psychological Bulletin. 
1970; 74:68–80.

Draheim, KH.; Engle, R. Is there a relationship between task-switching and working memory 
capacity?. Poster presented at the annual meeting of Psychonomic Society; Long Beach, 
California. 2014 Nov. 

Dreher J, Berman KF. Fractioning the neural substrate of cognitive control processes. PNAS. 2002; 
99:14595–14600. [PubMed: 12391312] 

Emerson MJ, Miyake A. The role of inner speech in task switching: A dual-task investigation. Journal 
of Memory and Language. 2003; 48:148–168.

Eriksen BA, Eriksen CW. Effects of noise letters upon the identification of a target letter in a nonsearch 
task. Perception & Psychophysics. 1974; 16:143–149.

Faust ME, Balota DA, Spieler DH, Ferraro FR. Individual differences in information-processing rate 
and amount: Implications for group differences in response latency. Psychological Bulletin. 1999; 
125:777–799. [PubMed: 10589302] 

Folstein, MF.; Folstein, SE.; McHugh, PR.; Fanjiang, G. MMSE: Mini-Mental State Examination 
user's guide. Lutz, FL: Psychological Assessment Resources, Inc.; 2001. 

Friedman NP, Miyake A. The relations among inhibition and interference control functions: A latent-
variable analysis. Journal of Experimental Psychology: General. 2004; 133:101–135. [PubMed: 
14979754] 

Pettigrew and Martin Page 18

Q J Exp Psychol (Hove). Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gade M, Koch I. Linking inhibition to activation in the control of task sequences. Psychonomic 
Bulletin & Review. 2005; 12:520–534.

Gade M, Koch I. The influence of overlapping response sets on task inhibition. Memory & Cognition. 
2007; 35:603–609. [PubMed: 17848018] 

Goschke, T. Intentional reconfiguration and involuntary persistence in task set switching. In: Monsell, 
S.; Driver, J., editors. Control of cognitive processes: Attention and performance XVIII. 
Cambridge, MA: MIT Press; 2000. p. 331-355.

Grange JA, Juvina I, Houghton G. On costs and benefits of n−2 repetitions in task switching: Towards 
a behavioural marker of cognitive inhibition. Psychological Research. 2013; 77:211–222. 
[PubMed: 22327120] 

Hamilton AC, Martin RC. Dissociations among tasks involving inhibition: A single case study. 
Cognitive, Affective, & Behavioral Neuroscience. 2005; 5:1–13.

Hasher, L.; Zacks, RT. Working memory, comprehension, and aging: A review and a new view. In: 
Bower, GH., editor. The psychology of learning and motivation. Vol. 22. San Diego, CA: 
Academic Press; 1988. p. 193-225.

Hasher, L.; Zacks, RT.; May, CP. Inhibitory control, circadian arousal, and age. In: Gopher, D.; Koriat, 
A., editors. Attention and performance XVII: Cognitive regulation of performance: Interaction of 
theory and application. Cambridge, MA: The MIT Press; 1999. p. 653-675.

Houghton G, Pritchard R, Grange JA. The role of cue-target translation in backward inhibition of 
attentional set. Journal of Experimental Psychology: Learning, Memory, and Cognition. 2009; 
35:466–476.

Hughes MM, Linck JA, Bowles AR, Koeth JT, Bunting MF. Alternatives to switch-cost scoring in the 
task-switching paradigm: Their reliability and increased validity. Behavior Research Methods. 
2014; 46:702–721. [PubMed: 24356991] 

Jersild AT. Mental set and shift. Archives of Psychology. 1927; 89:81.

Jost K, De Baene W, Koch I, Brass M. A review of the role of cue processing in task switching. 
Zeitschrift für Psychologie. 2013; 221:5–14.

Kiesel A, Steinhauser M, Wendt M, Falkenstein M, Jost K, Philipp AM, Koch I. Control and 
interference in task switching – A review. Psychological Bulletin. 2010; 136:849–874. [PubMed: 
20804238] 

Koch I, Gade M, Schuch S, Philipp AM. The role of inhibition in task switching: A review. 
Psychonomic Bulletin & Review. 2010; 17:1–14. [PubMed: 20081154] 

Kray J, Li KZH, Lindenberger U. Age-related changes in task-switching components: The role of task 
uncertainty. Brain and Cognition. 2002; 49:363–381. [PubMed: 12139959] 

Kray J, Lindenberger U. Adult age differences in task switching. Psychology and Aging. 2000; 
15:126–147. [PubMed: 10755295] 

Lawo V, Philipp AM, Schuch S, Koch I. The role of task preparation and task inhibition in age-related 
task-switching deficits. Psychology and Aging. 2012; 27:1130–1137. [PubMed: 22468851] 

Li KZH, Dupuis K. Attentional switching in the sequential flanker task: Age, location, and time course 
effects. Acta Psychologica. 2008; 127:416–427. [PubMed: 17869202] 

Lupker SJ. The semantic nature of response competition in the picture-word interference task. Memory 
& Cognition. 1979; 7:485–495.

May CP, Hasher L, Kane MJ. The role of interference in memory span. Memory and Cognition. 1999; 
27:759–767. [PubMed: 10540805] 

Mayr U. Age differences in the selection of mental sets: The role of inhibition, stimulus ambiguity, and 
response-set overlap. Psychology and Aging. 2001; 16:96–109. [PubMed: 11302371] 

Mayr U, Diedrichsen J, Ivry R, Keele SW. Dissociating task-set selection from task-set inhibition in 
the prefrontal cortex. Journal of Cognitive Neuroscience. 2006; 18:1–8. [PubMed: 16417678] 

Mayr U, Keele SW. Changing internal constraints on action: The role of backward inhibition. Journal 
of Experimental Psychology: General. 2000; 129:4–26. [PubMed: 10756484] 

Mayr U, Liebscher T. Is there an age deficit in the selection of mental sets? European Journal of 
Cognitive Psychology. 2001; 13:47–69.

Pettigrew and Martin Page 19

Q J Exp Psychol (Hove). Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



McElree B, Dosher BA. Serial position and set size in short-term memory: The time course of 
recognition. Journal of Experimental Psychology: General. 1989; 118:346–373.

Meiran N. Modeling cognitive control in task-switching. Psychological Research. 2000; 63:234–249. 
[PubMed: 11004878] 

Meiran N, Gotler A, Perlman A. Old age is associated with a pattern of relatively intact and relatively 
impaired task-set switching abilities. The Journals of Gerontology: Series B. 2001; 56:88–102.

Meuter RFI, Allport A. Bilingual language switching in naming: Asymmetrical costs of language 
selection. Journal of Memory and Language. 1999; 40:25–40.

Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annual Review of 
Neuroscience. 2001; 24:167–202.

Monsell S. Recency, immediate recognition memory, and reaction time. Cognitive Psychology. 1978; 
10:465–501.

Nee DE, Jonides J. Neural correlates of access to short-term memory. PNAS. 2008; 105:14228–14233. 
[PubMed: 18757724] 

Norman, DA.; Shallice, T. Attention to action: Willed and automatic control of behavior. In: Davidson, 
RJ.; Schwartz, GE.; Shapiro, D., editors. Consciousness and self-regulation: Advances in research 
and theory. New York: Plenum; 1986. p. 1-18.

Oberauer K. Removing irrelevant information from working memory: A cognitive aging study with the 
modified Sternberg task. Journal of Experimental Psychology: Learning, Memory, and Cognition. 
2001; 27:948–957.

Oberauer K. Access to information in working memory: Exploring the focus of attention. Journal of 
Experimental Psychology: Learning, Memory, and Cognition. 2002; 28:411–421.

Oberauer K. Binding and inhibition in working memory: Individual and age differences in short-term 
recognition. Journal of Experimental Psychology: General. 2005; 134:368–387. [PubMed: 
16131269] 

Oberauer K, Süß H, Wilhelm O, Wittman WW. The multiple faces of working memory: Storage, 
processing, supervision, and coordination. Intelligence. 2003; 31:167–193.

Peterson L, Peterson MJ. Short-term retention of individual verbal items. Journal of Experimental 
Psychology. 1959; 58:193–198. [PubMed: 14432252] 

Pettigrew C, Martin RC. Cognitive declines in healthy aging: Evidence from multiple aspects of 
interference resolution. Psychology and Aging. 2014; 29:187–204. [PubMed: 24955989] 

Reimers S, Maylor EA. Task switching across the life span: Effects of age on general and specific 
switch costs. Developmental Psychology. 2005; 41:661–671. [PubMed: 16060812] 

Rogers RD, Monsell S. Costs of predictable switch between simple cognitive tasks. Journal of 
Experimental Psychology: General. 1995; 124:207–231.

Rubin O, Meiran N. On the origins of the task mixing cost in the cuing task-switching paradigm. 
Journal of Experimental Psychology: Learning, Memory, and Cognition. 2005; 31:1477–1491.

Rubinstein JS, Meyer DE, Evans JE. Executive control of cognitive processes in task switching. 
Journal of Experimental Psychology: Human Perception and Performance. 2001; 27:763–797. 
[PubMed: 11518143] 

Salthouse TA. The aging of working memory. Neuropsychology. 1994; 8:535–543.

Salthouse TA, Babcock RL. Decomposing adult age differences in working memory. Developmental 
Psychology. 1991; 27:763–776.

Schneider DW, Verbruggen F. Inhibition of irrelevant category-response mappings. Quarterly Journal 
of Experimental Psychology. 2008; 61:1629–1640.

Schriefers H, Meyer AS, Levelt WJM. Exploring the time course of lexical access in language 
production: Picture-word interference studies. Journal of Memory and Language. 1990; 29:86–
102.

Schuch S, Koch I. The role of response selection for inhibition of task sets in task shifting. Journal of 
Experimental Psychology: Human Perception & Performance. 2003; 30:566–582. [PubMed: 
15161387] 

Spector A, Biederman I. Mental set and mental shift revisited. American Journal of Psychology. 1976; 
89:669–679.

Pettigrew and Martin Page 20

Q J Exp Psychol (Hove). Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Stroop JR. Studies of interference in serial verbal reactions. Journal of Experimental Psychology. 
1935; 18:643–662.

Tolan GA, Tehan G. Determinants of short-term forgetting: Decay, retroactive interference, or 
proactive interference? International Journal of Psychology. 1999; 34:285–292.

Turner ML, Engle RW. Is working memory capacity task dependent? Journal of Memory and 
Language. 1989; 28:127–154.

Unsworth N, Engle RW. The nature of individual differences in working memory capacity: Active 
maintenance in primary memory and controlled search from secondary memory. Psychological 
Review. 2007; 114:104–132. [PubMed: 17227183] 

Unsworth N, Heitz RP, Schrock JC, Engle RW. An automated version of the operation span task. 
Behavior Research Methods. 2005; 37:498–505. [PubMed: 16405146] 

Vandierendonck A, Liefooghe B, Verbruggen F. Task switching: Interplay of reconfiguration and 
interference control. Psychological Bulletin. 2010; 136:601–626. [PubMed: 20565170] 

Verhaeghen P, Basak C. Ageing and switching of the focus of attention in working memory: Results 
from a modified N-back task. The Quarterly Journal of Experimental Psychology. 2005; 58A:134–
154. [PubMed: 15881295] 

Verhaeghen P, Cerella J. Aging, executive control, and attention: A review of meta-analyses. 
Neuroscience and Behavioral Reviews. 2002; 26:849–857.

Wasylyshyn C, Verhaeghen P, Sliwinski MJ. Aging and task switching: A meta-analysis. Psychology 
and Aging. 2011; 26:15–20. [PubMed: 21261411] 

Waszak F, Hommel B, Allport A. Task-switching and long-term priming: Role of episodic stimulus-
task bindings in task-shift costs. Cognitive Psychology. 2003; 46:361–413. [PubMed: 12809680] 

Weschler, D. Weschler adult intelligence scale – Revised. New York, NY: The Psychological 
Corporation; 1981. 

Weschler, D. Weschler Adult Intelligence Scale-III. San Antonio, TX: The Psychological Corporation; 
1997. 

Whitmer AJ, Banich MT. Brain activity related to the ability to inhibit previous task sets: an fMRI 
study. Cognitive, Affective, and Behavioral Neuroscience. 2012; 12:661–670.

Wylie G, Allport A. Task switching and the measurement of “switch costs”. Psychological Research. 
2000; 63:212–233. [PubMed: 11004877] 

Yeung N, Monsell S. Switching between tasks of unequal familiarity: The role of stimulus-attribute 
and response-set selection. Journal of Experimental Psychology: Human Perception and 
Performance. 2003; 29:455–469. [PubMed: 12760628] 

Appendix

Regression results examining the association between cognitive control mechanisms and 

shifting measures, separately for RT and error difference scores. For these analyses, RTs 

were processed as follows: RTs from error trials and trials following errors were removed, 

and outlying RTs were excluded (including all RTs < 250 ms and > 10,000 ms, as well as 

RTs falling more than 2.5 standard deviations beyond an individual’s mean, by condition). 

As with the rate residual score results, none of the age×control mechanism interactions were 

significant (all ps > .10). Interaction terms were therefore removed from the models and the 

below results reflect the main effects.
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Table A1

regression analyses using RT and error difference scores

Response times

Cost Predictor B S.E. B β p

Global switch costs Age 225.88 76.59 .28 .004*

Inhibition −31.75 46.89 −.05 .50

Resistance to PI 57.93 52.38 .10 .27

WM −155.26 40.47 −.29 < .001*

Local switch costs Inhibition −12.15 20.08 −.06 .55

Resistance to PI 38.02 22.78 .18 .10

WM −.73 15.14 −.01 .96

N-2 repetition costs Age 50.93 17.87 .29 .005*

Inhibition −14.96 10.94 −.11 .17

Resistance to PI −14.98 12.22 −.12 .22

WM −12.66 9.44 −.12 .18

Error rates

Cost Predictor B S.E. B β p

Global switch costs Age −.004 .009 −.05 .63

Inhibition −.002 .006 −.02 .77

Resistance to PI .01 .006 .19 .052

WM −.01 .005 −.21 .01*

Local switch costs Inhibition −.01 .01 −.10 .34

Resistance to PI .01 .01 .10 .35

WM −.009 .008 −.13 .23

N-2 repetition costs Age .000 .005 −.009 .93

Inhibition .001 .003 .04 .66

Resistance to PI .009 .003 .25 .01*

WM .004 .003 .14 .12

*
p < .05

Note. S.E. = standard error
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Figure 1. 
Scatterplots and fit lines for the global (1a) and N-2 (1b) shifting response times, by 

condition and age group. Young adults are indicated by circles (solid line) and older adults 

by triangles (dashed line).
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Table 1

Demographic variables and performance on control composite scores as a function of age.

Young Old

n 102 60

Age 21.2 (3.08) 71.0 (4.96) p < .001*

MMSE - 28.83 (1.12) -

Education 14.0 (1.69) 16.0 (2.81) p < .001*

WAIS Vocabulary (/66) 52.1 (7.3) 51.8 (7.53) p = .81

Symbol-digit coding (speed; /35) 24.8 (4.45) 16.3 (3.17) p < .001*

Response-distractor inhibition composite −0.15 (0.50) 0.25 (0.76) p < .001*

Resistance to PI composite −0.32 (0.43) 0.54 (0.70) p < .001*

WM composite 0.23 (0.64) −0.40 (0.82) p < .001*

Note. For the digit symbol task and WM composite, higher scores reflect better performance. For the inhibition and resistance to PI composite 
scores, higher scores reflect worse performance (i.e., larger interference effects).

*
Significant group differences, p < .05.
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Table 3

Reliabilities for the shifting dependent variables and composite measures. Shifting reliabilities reflect split-half 

reliabilities of rate residual scores.

Measure Reliability
(all subjects)

Reliability
(young)

Reliability
(old)

Global costs .95 .94 .96

Local costs (n = 94 young) - .67 -

N-2 repetition costs .44 .46 .51

Response-distractor inhibition composite .78 .77 .81

Resistance to PI composite .59 .29 .69

WM composite .85 - -
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