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Abstract For flexible goal-directed behavior, prioritizing and selecting a specific action among
multiple candidates are often important. Working memory has long been assumed to play a role

in prioritization and planning, while bridging cross-temporal contingencies during action selection.
However, studies of working memory have mostly focused on memory for single components of an
action plan, such as a rule or a stimulus, rather than management of all of these elements during
planning. Therefore, it is not known how post-encoding prioritization and selection operate on

the entire profile of representations for prospective actions. Here, we assessed how such control
processes unfold over action representations, highlighting the role of conjunctive representations
that nonlinearly integrate task-relevant features during maintenance and prioritization of action
plans. For each trial, participants prepared two independent rule-based actions simultaneously, then
they were retro-cued to select one as their response. Prior to the start of the trial, one rule-based
action was randomly assigned to be high priority by cueing that it was more likely to be tested.

We found that both full action plans were maintained as conjunctive representations during action
preparation, regardless of priority. However, during output selection, the conjunctive representation
of the high-priority action plan was more enhanced and readily selected as an output. Furthermore,
the strength of the high-priority conjunctive representation was associated with behavioral interfer-
ence when the low-priority action was tested. Thus, multiple alternate upcoming actions were main-
tained as integrated representations and served as the target of post-encoding attentional selection
mechanisms to prioritize and select an action from within working memory.

Editor's evaluation

This study presents important findings regarding the control processes that underlie planned
actions. The evidence for the authors' conclusions is compelling, using state-of-the-art model-based
decoding analysis. This work is of interest to cognitive scientists spanning the subfields of cognitive
control, working memory, and motor control.

Introduction

Guiding actions in a complex environment often involves specification and selection of multiple candi-
date plans (Cisek, 2007). Our ability to prepare and then single-out a planned action allows us to keep
actions for several potential scenarios ready, and then decide which to execute based on their adap-
tive utility in the current context. Such flexible action control requires separate mechanisms for rapidly
translating incoming sensory information into action-oriented plans in a context-dependent manner
and for deciding to enact those plans as behavioral output (Cisek and Kalaska, 2005; Gallivan
et al., 2015). To this end, working memory is thought of as a core interface, both for assembling and
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maintaining task-relevant plans, as well as gating a subset of this information to use when actions
become relevant (Chatham and Badre, 2015; Myers et al., 2017, Kriete and Noelle, 2011; Frank
and Badre, 2012; Badre and Frank, 2012).

Top-down prioritization and selection of the encoded information have been commonly recognized
as a function of working memory (Souza and Oberauer, 2016, Gazzaley and Nobre, 2012). Retro-
spectively directing attention to specific memories (e.g. via retro-cues) makes the targeted content
more accessible for later retrieval and more resilient against interference, while increasing its neural
decodability (LaRocque et al., 2013; Yu et al., 2020, Ester et al., 2018, Levin et al., 2022). However,
although the primary function of working memory is to guide future actions rather than passively
store past sensations (Miller et al., 2018; Olivers and Roelfsema, 2020; Nobre and Stokes, 2019),
control over working memory has been studied mostly with regard to sensory representations (e.g.
words, letters, symbols, faces, scenes, and so forth) that are independent from their prospective goals
and actions (Myers et al., 2017; Heuer et al., 2020, van Ede, 2020). Because realistic goal-directed
actions are supported by multiple task features, which often influence one another dynamically (e.g.,
a hierarchical gating; see Rac-Lubashevsky and Frank, 2021; Ranti et al., 2015; Frank and Badre,
2012), it remains an open question how the full complement of task-relevant features comprising an
action plan is managed together within working memory.

One important representational format that may support control over planned actions is a conjunc-
tive representation that evolves over the course of action planning (Hommel, 2019; Frings et al.,
2020). This conjunctive representation, also termed an event or task file, binds critical task-relevant
features —including not only the sensory representation (i.e. stimulus), but also the action rule (i.e.
context) and response—into an integrated representation that uniquely couples sensory and motor
information for a specific goal (Mayr and Bryck, 2005). Several theories of cognitive control proposed
that over the course of action planning, the formation of such an integrated representation is essen-
tial for an action to be executed (Frings et al., 2020; Henson et al., 2014; Hommel, 2004; Logan,
1989). Recent studies that applied a decoding analysis to the distributed pattern of EEG activity
revealed that humans form such a conjunctive representation while preparing context-dependent
actions (Kikumoto and Mayr, 2020; Takacs et al., 2021). The temporal trajectories of conjunctive
representations were dissociable from other action representations, and their trial-to-trial fluctuation
in strength strongly correlated with efficient action control (e.g. stopping of actions or transitions of
action over trials) over and above other task-relevant representations (Kikumoto and Mayr, 2020,
Rangel et al., 2022).

Because a conjunctive representation uniquely specifies the to-be-executed action, it may be an
efficient, output-oriented format for maintenance, prioritization, and retrospective selection of the
planned actions for future behavior (Badre et al., 2021). Yet, previous studies have focused on a
single episode of action selection. Thus, it is unknown whether more than one competing conjunc-
tive representation can be maintained in parallel. If multiple conjunctive representations could be
prepared concurrently, action prioritization may primarily modulate output gating of prepared action
plans. In contrast, if there is a capacity limit on holding multiple event-file-like representations, main-
tenance of a given action plan should be compromised by trying to simultaneously prepare for alter-
native action plans.

In the current study, we investigated the role of conjunctive representations in the maintenance
and prioritization of multiple candidate action plans for an upcoming response. Participants prepared
two independent actions with unique stimulus-response mappings and chose one of them as a final
response based on a retrospective cue. One of the actions was, on average, more likely to be tested,
encouraging selective prioritization of that action until output selection.

We hypothesized that (a) future actions are maintained concurrently in the form of multiple
conjunctive representations during action preparation and (b) conjunctions are the primary target of
prioritization and selection once a planned action is selected (over and above individual components
of the action plan like the stimulus, rule, or response). The conjunction representational similarity anal-
ysis (RSA) model makes a unique prediction of the pattern of similarity over and above the patterns
expected by other constituent action features such as rules, stimuli, and responses (Figure 1¢), and it
tests whether a specific instance of action is distinct from other S-R mappings (Figure 1b).

To preview our results, response times (RTs) and errors indicated that participants prepared both
actions but held the higher-priority action in a privileged state. By applying a time-resolved RSA to
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Figure 1. Task design and the procedure of decoding analysis. (A) Sequence of trial events in the rule-selection task with two independent action plans.
Test probabilities of each action are assigned randomly every block. (B) Spatial translation of different rules (rows) mapping different stimuli (columns)
to responses (arrows). (C) Schematic of the steps used for representational similarity analysis (RSA). For each sample time (t), a scalp-distributed

pattern of EEG power was used to decode the specific rule/stimulus/response configuration of two actions of a given trial. The decoder produced

sets of classification probabilities for each of the possible action constellations. The profile of classification probabilities reflects the similarity structure
of the underlying representations, where action constellations with shared features are more likely to be confused. The figure shows an example of
classification probabilities for two actions cued by a shared rule and two independent stimuli. For each trial and timepoint, the profile of classification
probabilities was regressed onto model vectors as predictors that reflect the different, possible representations. In each model matrix, the shading of
squares indicates the theoretically predicted classification probabilities (darker shading means higher probabilities) in all possible pairs of constellation.
The coefficients associated with each predictor (i.e. t-values) reflect the unique variance explained by each of the constituent features and their
conjunction for each action plan.

EEG, we found that conjunctive representations of both high- and low-priority actions were main-
tained up until the moment of selection. Furthermore, the conjunctive representation of the high-
priority action was more enhanced and readily selected as an output, and it produced interference
when the low-priority action was selected instead. Modulation based on priority was weak for stimulus
representations, suggesting that the conjunction is a primary target of prioritization and selection.
Thus, consistent with our hypothesis, multiple candidate actions can be maintained, prioritized, and
selected as integrated, but independent action representations.

Results

Behavior

The pattern of behavioral results confirmed that the high-priority action led to more efficient action
selection (Figure 2). When the high-priority action was tested as opposed to the low-priority action,
participants responded significantly faster, F(1,23) = 40.31, MSE = 962, p<0.001, M=371 ms, SE = 8.7
ms for high priority and M=428 ms, SE = 8.7 ms for low priority, and produced fewer errors, F(1,23)
= 31.81, MSE <.001, p<0.001, M=.11, SE = .01 for high priority and M=.22, SE = .01 for low priority.
Likewise, a trial-wise adaptive cutoff (i.e. response deadline) was significantly shorter for high-priority
action, F(1,23) = 33.72, MSE = 7479, p<0.001, M=823 ms, SE = 13 ms for high priority and M=968
ms, SE = 13ms for low priority.

Most errors were responses corresponding to the untested action plan rather than random
responses. This suggests that participants encoded, and likely maintained, both action plans until
the test period but then occasionally selected the wrong plan. Such swapping errors occurred at
significantly higher probability when the low-priority action was tested, again consistent with partici-
pants prioritizing the high-priority action during maintenance, F(1,23) = 12.59, MSE <.001, p=0.002,
M=.74, SE = .01 for high priority and M=.81, SE = .01 for low priority. Therefore, the behavioral results

Kikumoto et al. eLife 2022;11:€80153. DOI: https://doi.org/10.7554/eLife.80153 30f 20


https://doi.org/10.7554/eLife.80153

eLife

Neuroscience

)]

o

o
1

Response time (ms)

200

~

Low High

.09 . 11004
— [
25+ . € 10004 -\
~ 2 2 = :
g o 0-87 ?\. 2 900
S 157 = ~7 £ 8004
S % * ' “6 ®
- \ = 0.6 ‘3 7001 :
05 __— © "
' J 600
Low High Low High Low High
Test probability

Figure 2. The effect of priority of actions on behavior. Average response times, error probability, swapping probability, and cutoff time (i.e. trial-to-trial
response deadlines) in the low and high test probability conditions. Note that a swapping error was computed out of all committed errors, rather than
all trials. Error bars specify 95% within-subject confidence intervals. Faint lines plot individual participants.

indicate that both of the required actions were prepared, yet the action associated with the high test
probability was prioritized over the other action.

Action representations during early encoding and preparation phase

To assess how two planned actions are maintained and selected via retro-cues, we decoded the repre-
sentations of action features (i.e. stimuli, rules, responses, and conjunctions for each action) from the
time-resolved patterns of EEG activity using RSA. Then, we used a mixed-effect model to assess the
effect of priority on the quality of representations and subsequent selection performance at the level
of single trials.

The RSA revealed unique temporal trajectories for the individual features of high- and low-priority
action plans (Figure 3). During the encoding phase, a mixed-effect model revealed that representa-
tions of two stimuli for each action were encoded, t(1,23) = 7.45, beta = .183, 95% CI [.136.230] for
high priority; t(1,23) = 6.92, beta = .168, 95% CI[.121.216] for low priority; and they quickly decayed
yet remained active during the preparation phase, t(1,23) = 3.65, beta = .036, 95% CI [.016.052] for
high priority; t(1,23) = 3.20, beta = .017, 95% CI [.006.027] for low priority. During the preparation
phase, the cued rule context shared by both plans was specified and maintained robustly, #(1,23) =
6.59, beta = .144, 95% CI [.101.186]. Furthermore, distinguishable conjunctive representations for
both required actions emerged, #(1,23) = 2.61, beta = .142, 95% CI[.004.025] for high priority; t(1,23)
= 2.10, beta = .008, 95% CI [0.001.016] for low priority. In contrast, the information about required
responses was not reliably decodable during the preparation phase, t(1,23) = -.514, beta = .002,
95% ClI [-.010.006] for high priority; t(1,23) = -1.57, beta = -.008, 95% CI [-.017.002] for low priority.

Before the test phase, none of these representations is significantly modulated by different test
probability values, t(1,23) <1.62, suggesting that neither action plan was selectively prioritized during
preparation. Nonetheless, these results indicate early encoding and maintenance of conjunctive
representations during the preparation phase and preceding the response. Note that in principle,
candidate motor responses could have been fully prepared. Yet, action plans were maintained as
conjunctive representations instead of response representations during the preparatory phase.

Output gating of action representations during the test phase
In the test phase, participants were explicitly cued which prepared actions to select and made their
response prior to the deadline (Figure 1A). We hypothesized that prioritization would modulate the
states of selected and non-selected action representations. Specifically, we predicted that when a
prepared conjunction is prioritized, this should facilitate selection of that plan, whereas a high-priority
plan that is not selected should interfere with the execution of the one that is selected.
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Figure 3. Trajectories of decoded representations of two actions in the different levels of priority. Average, single-
trial t-values associated with each of the basic features (rule, stimulus, and response) and their conjunction derived
from the representational similarity analysis (RSA), separately for high-priority (bold colors) action and low-priority

action (faint colors). Shaded regions specify the 95% within-subject standard errors.

Figure 3 continued on next page
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Figure 3 continued
The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Decoded representations of two actions using frequency-specific scalp topography.

Although, on average, representations of individual features of high- and low-priority actions
mostly became decodable only when they were cued as an output (Table 1), conjunctive representa-
tions were significantly modulated by the selection demand (i.e. cued as an output or not) dependent
on their priority (Figure 4; see Table 2 for the main effects). Specifically, high-priority items were more
active than low-priority items when they were cued, but the reverse was the case when low-priority
items were cued.

Notably, the pattern of results in Figure 4 seems to indicate that the interaction for the conjunctive
representation arises later than the representation for the response, particularly when the low-priority
item is tested. This would be unexpected if the conjunctive representation informs encoding and
selection of the response. Thus, we performed exploratory analyses to test the timing of the interac-
tion effect.

First, we tested if there are significant dependencies of the time interval and the type of represen-
tation (conjunction vs. response) on the interaction effect (the priority by the test type). We found that
this four-way interaction (priority x test type x representation type [conjunction vs. response], X time
interval [1500-1850 ms vs. 1850-2100 ms]) is not significant for both stimulus-aligned data, #(1,23)
= 1.65, beta = .058, 95% CI [-.012.015] and response-aligned data, t(1,23) = -1.24, beta = -.046,
95% CI [-.128.028]. These observations were not dependent on the choice of time interval, as other
time intervals were also not significant. Therefore, we cannot rule out the possibility that this pattern
is due to differences in noise over the interval, and so we cannot draw strong conclusions about the
fine-grained temporal effects between conditions within the pre-specified trial phases (i.e. encoding,
maintenance, selection).

This caveat notwithstanding, however, further exploratory analysis suggests that the late-emerging
interaction in the low-priority test condition was more likely due to a slow decline in the strength
of the untested high-priority conjunction rather than late selection of the low-priority conjunction
(Figure 4—figure supplement 1). In particular, the tested low-priority conjunction emerged early
and was sustained when it was the tested action and declined when it was untested (-226—-86 ms
relative to the response onset, cluster-forming threshold, p<0.05). This decline eventually resulted in
a significant difference in strength between the tested versus untested low-priority conjunctions prior
to the commission of the response. Importantly, the high-priority conjunction also remained active in
its untested condition, declining even later. Indeed, it does not decline significantly relative to trials
when it is the tested action until after the response is emitted. It is this slow decline of the unselected
conjunction that resulted in the late emerging interaction of priority and test type, rather than a slow
emergence of the selected one.

Table 1. Trial-by-trial representational similarity analysis scores of high- and low-priority actions in
each test probability context during the test phase.

Tested high priority Tested low priority
Decoded features beta (Cl) t-Value beta (CI) t-Value
Rule 0.071 (.05.09) 6.08*** 0.069 (.04.09) 4.76**
Stimulus (high priority) 0.034 (.01.05) 3.41* 0.021 (.01.03) 2.9*%
Conjunction (high priority) 0.021 (.01.04) 3.57* 0.007 (-.01.02) 0.86
Response (high priority) 0.034 (.02.05) 5.04** 0.009 (-.01.03) 1.04
Stimulus (low priority) 0.011 (.01.02) 2.20* 0.014 (-.01.03) 1.30
Conjunction (low priority) 0.003 (-.01.01) 0.61 0.001(-.01.02) 0.12
Response (low priority) 0.008 (-.01.02) 1.61 0.015(-.01.03) 1.82

Note: *, **, *** and a dot indicate p<0.05, p<0.01, p<.001.
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Figure 4. Modulation of action representations during selection using stimulus-aligned EEG. Average, single-trial t-values associated with the stimulus,
conjunction, and response derived from the representational similarity analysis (RSA), separately for high-priority (red) action and low-priority action
(black). The left panels show RSA scores when the high-priority action was tested, whereas the right panels show the result for the low-priority action.

Figure 4 continued on next page
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Figure 4 continued

Shaded regions specify the within-subject standard errors. On the right side panels, the gray bars at the top show clusters with a significant interaction
effect between the priority and the test type of actions after cluster-based correction (cluster-forming threshold, p<0.05).

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Modulation of action representations during selection using response-aligned EEG.

We next tested whether there was a relationship in the strength of the high- and low-priority items
with each other. We found that the strength of high- and low-priority conjunctions did not correlate
with each other over trials across during the entire preparation and selection period, t(1,23) >-1.40 for
all individual time samples. The same effect was observed when we focus on trials where we observed
strong evidence of both conjunctions, t(1,23) >-1.72. Although one cannot draw a strong conclusion
from the null effect (i.e. no correlations), this result is consistent with the idea that cross-over pattern
of the results was not driven by direct competition among high- and low-priority conjunctions.

Finally, a similar two-way interaction of priority and test condition was observed for response repre-
sentations but not for the stimulus representations (Figure 4).

In summary, then, these results indicate that not every action feature is boosted by the retro-cue,
and the conjunction is one of the targets of attentional modulation for selective output gating. Further-
more, our results suggest that the two conjunctions can be maintained in a somewhat parallel manner,
and prioritization modulates output gating, not necessarily preparatory activation.

We next considered the effect of the strength of the conjunctive representations on behavior. We
observed an asymmetric interaction of action representations with different levels of priority on trial-
to-trial response times and accuracies depending on the test type (Figure 5). Specifically, stronger
representations of a stimulus, response, and conjunction of the high-priority action predicted faster
and more accurate responses when that high-priority action was tested by the cue. Such facilitatory
effects were diminished or reversed into interference, when the low-priority item was tested as a func-
tion of the strength of the high-priority representation. In other words, on trials when the low-priority
action plan was cued, but the high-priority action plan was strong, this led to slower responses and
more errors.

We note again that when the high-priority item was selected, the strength of all representations
correlated with better behavior. In contrast, with the low-priority item, only the strength of the
conjunctive representation of the low-priority item was predictive of behavior when that action was
cued. There was no evidence of this relationship for the strength of the low-priority response or stim-
ulus representation. Furthermore, the strength of the representations of the low-priority action mostly
did not interfere with selection of the other, high-priority action, except for the conjunction on RTs,
although a quantitatively similar pattern was observed for the response representation.

Taken together, during selection for the output, the conjunction and response representations, but
not stimulus representations, were selectively activated (Figure 4) and influenced efficient response
selection (Figure 5) contingent on the priority and output gating demand of corresponding actions.

Table 2. Cluster-level statistics for the main effects of the interaction model between test type and
priority regressed on the representational similarity analysis (RSA) scores.

RSA scores Effect Time (ms) Cluster T-value Cluster p-value
Stimulus Priority 1566-1598 20.11 <0.01

Priority 1846-1866 12.45 <0.01
Conjunction Test type 1898-2050 98.36 <0.01
Response Priority 1738-1794 38.70 <0.01

Test type 1858-18%94 22.94 <0.01

Test type 2014-2110 67.02 <0.01

Note: The clusters were identified from the model that included the effect of priority and test type and their
interaction using a cluster-forming threshold, p<0.05. The interaction effect is shown in Figure 4.
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required for the test). *, **, *** and a dot indicate p<0.05, p<0.01, p<.001, and p<0.1, respectively.

These effects were asymmetric such that representations of high-priority action tended to have a
stronger impact on output selection, suggesting prioritization is established during output gating.

Discussion

Our ability to prepare and select from a pool of action plans allows us to rapidly adapt to diverse
and changing situations. Theories of cognitive control posit that an integrated control representation
that incorporates a conjunction of task-relevant information, such as goals, action rules, sensorimotor
features, and rewards, may be critical for flexible action selection (Hommel, 2019, Frings et al., 2020;
Logan, 1989). And, indeed, recent evidence has established the critical role of conjunctive represen-
tations in execution and control of responses (Kikumoto and Mayr, 2020; Kikumoto et al., 2022).

If conjunctive representations function as basic building blocks of action preparation and selection
one would expect that people can maintain multiple conjunctions in working memory, prioritize them
based on their expected utility, and selectively output one or another as circumstances dictate. The
current study adapted a previously established paradigm for tracking conjunctive representations in
order to test this hypothesis. We found evidence both for simultaneous preparation of two conjunc-
tive representations and for priority-modulated output gating of the conjunction that correspond with
the currently targeted action. Furthermore, we found that conjunctive representations influence post-
encoding output selection over and above the constituent representations, which were consistently
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targeted by attentional selection throughout a trial to maintain, prioritize, and select an action from
the candidates held in working memory.

Ourresults add to a growing body of evidence that maintenance of sensory information for upcoming
output selection concurrently transforms task-relevant sensory memories in a more action-oriented
or proceduralized representational format (Oberauer, 2009, Hommel, 2019; Brass et al., 2017).
Preparing future context-dependent actions recruited conjunctive representations that comprise the
unique action constellation for output even after responses are fully specified (Figures 1, 4 and 5).
Moreover, several current theoretical proposals for working memory suggest that encoded sensory
information is reconfigured to a use-optimized format when a memorandum is assigned a specific use
or selected for output (such as by retro-cueing) (Myers et al., 2017; Nobre and Stokes, 2019, Orhan
and Ma, 2019). Consistent with these hypotheses, we observed here that participants can retrospec-
tively prioritize and select conjunction representations based on task demands.

Importantly, whereas both action conjunctions were maintained throughout the delay, we did not
find evidence that the responses were specified until the test period. Though we don't rule out that in
certain tasks responses would be maintained without the full conjunction, our results provide evidence
that the integrated conjunctive representation is used as a format for holding planned actions in
working memory, even when all information is available to specify the response. In this context,
we should note that it is possible that the short delay period (750 ms) used in this study may have
limited the opportunity for a response representation to be specified during the maintenance period.
However, our previous studies that did not include a delay period Kikumoto and Mayr, 2020; Kiku-
moto and Mayr, 2020 found that response representations were detected less than 300 ms after the
response is specified. This suggests that responses can be formed far faster than the maintenance
period provided in this study. Nonetheless, decisive dissociation of the timing of representation types
could be investigated by temporally varying preparation intervals in future studies.

Notably, unlike prior studies that manipulate post-encoding selection from working memory
(Griffin and Nobre, 2003; Souza and Oberauer, 2016; Ester et al., 2018), we observed that stim-
ulus representations showed a relatively weak effect of priority and selection demand and a less of
interference on behavior (Table 2; Figure 4; Figure 5). This may be partially driven by the fact that the
sensory inputs were explicitly contextualized or transformed by the action rules for the task. However,
another mutually compatible account of this discrepancy is that our RSA regression approach allows
us to directly test conjunctive representations competing against other constituent formats, such as
the simple stimulus representations.

Instead of other action features, our results showed conjunctive representations and response
representations reflect the priority of planned actions during post-encoding selection. Consistent with
recent theories that explained post-encoding priority effects by linking its informational content to
associated actions through attention (Allport et al., 1987; Souza and Oberauer, 2016; Olivers and
Roelfsema, 2020; Gonzalez-Garcia et al., 2020), these results suggest that more context-specific
representations may be a better format to capture control processes for post-encoding selection of a
planned action. Unlike typical working memory tasks in which enhanced sensory representations suffice
for successful completion of the task, realistic context-dependent actions require flexible control over
input-output mapping, as is manipulated here. Beyond prioritization and selection, optimal control of
actions may recruit conjunctive representations that minimally defines relevant task states to encode
response representations that execute actions (Todorov, 2004; McNamee and Wolpert, 2019).

The importance of the integrated representation in our results also fits with recent theories about
the geometry of task representations by nonlinear integration of information, wherein sensory and
context signals are projected into a high-dimensional population code, as a key computational mech-
anism for working memory and cognitive flexibility (Fusi et al., 2016; Buschman, 2021; Badre et al.,
2021, Jazayeri and Ostojic, 2021, Freund et al., 2021). Supporting this view, neurons in association
cortex (e.g. prefrontal and parietal cortex) exhibit nonlinear mixed selectivity or coding of task feature
information in a conjunctive manner. At the population level, this coding aids behavioral flexibility by
discriminating readout for diverse combinations of inputs (Rigotti et al., 2013; Parthasarathy et al.,
2019; Bernardi et al., 2020; Panichello and Buschman, 2021).

A recent model of working memory explicitly addressed conjunctive coding by task-agnostic
random networks and highlighted their role in flexibly maintaining arbitrary inputs (Bouchacourt
and Buschman, 2019). This model proposed that the flexible yet capacity-limited nature of working
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memory may originate from the interaction between a structured layer containing subnetworks of
sensory features and an unstructured (random) layer responding to integrated information in high-
dimensional spaces. Perhaps consistent with these perspectives, the observed conjunctive represen-
tations during preparation of future actions may reflect a working memory system that maximizes
flexibility by relying on integrative connections (Buschman, 2021). For future studies, assessing
the adverse effect of working memory load on conjunctive representations could highlight how the
capacity limit of working memory constraints integration.

A further benefit of high-dimensional representations is that they can cast multiple task features
into separable patterns, which could reduce their overlap and mitigate task interference (Musslick
et al., 2020; Badre et al., 2021). In our task, the rule always overlapped between two action plans,
thus action preparation could be aided by heightened separability in high-dimensional represen-
tational geometry. Yet, we observed that when prioritized conjunctive representations were strong
during the test phase, they interfere with selecting an alternate action (i.e. the low-priority action),
perhaps suggesting either that the separability between the two action plans was compromised or
not complete. Though, it is also possible that the interference reflects downstream processes that
must select between the action plans, as discussed below. Future studies should more directly investi-
gate representational geometries encompassing two action plans and relate to the interference costs,
including conditions that do not form integrated representations.

An important question left open by this work is what mechanism enacts prioritization and selection
of these conjunctive representations. A context-dependent control mechanism that selectively gates
into and out of working memory has been extensively studied as one such mechanism (O Reilly and
Frank, 2006; Hazy et al., 2022, Frank and Badre, 2012; Badre and Frank, 2012). One computa-
tional account, named the PBWM (prefrontal cortex basal ganglia working memory) model, imple-
ments gating of working memory via dopaminergic reinforcement learning in basal ganglia nested
within cortico-striatal hierarchical loops. The computational architecture of the PBWM model provides
a natural mechanism for combining values or expected utility of information into gating decisions.
At the algorithmic level, the current study supports the use of selective output gating for action
preparation. Yet, unlike previous studies focusing on the role of compositional representations of the
task-relevant inputs (e.g. rule or context representations), our results highlighted an active role of
integrated representations in biasing prioritization and selection of the planned actions on behavior.

Our results showed that multiple action plans could be retrospectively selected from within working
memory, albeit with interference costs from the prioritized action during output selection phase.

We note that within the PBWM framework, the interference effect could be accounted for by
changes in expected value that occur after the ‘GO!" cue modulating gating operations in the basal
ganglia (e.g. changes in drift rate), which may occur regardless of the separability of cortical represen-
tations. The late appearance of the priority effect and its interaction with selection demand (Figure 4)
and more pronounced interference effect of high-priority action features (Figure 5) suggest that
output selection of a low-priority action may induce switching of output gate that propagates down
to the conflict at motor gating. From this perspective, the priority of actions is mainly reflected during
gating operations for selecting one or another action. Consistent with this view, most errors were
execution of the uncued actions (Figure 2).

Furthermore, with the caveat that we do not have statistical evidence of that allows us to draw
strong inferences about timing of gating operations over different representations (e.g. conjunctive
and response representations) within the test phase, the pattern of the results suggests that the high-
priority conjunction is sustained until late, even when it is untested. This sustained pattern is notable
in light of our observation that the strength of the high-priority conjunctive representation interferes
behavior when the low-priority item is tested, but not vice versa. If verified, it is possible that this
coactivation could be the basis of conflict for circuits deciding what to gate, which produces a behav-
ioral interference effect. Though the present study cannot provide direct support for the involvement
of these biological gating circuits in the prioritization and selection of conjunctive representations,
future studies could explicitly test these hypotheses using measures other than EEG and also could
model the computational role of conjunctive representations in gating control of working memory.

Understanding cognitive flexibility requires answering how action plans are represented, main-
tained, prioritized, and selected based on changing circumstances in our environment. The current
study provided an initial evidence that multiple future actions could be maintained as conjunctive
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representations, and this level of representation is a key target of processes that prioritize prepared
actions and guide their retrospective selection.

Materials and methods

Participants

Twenty-six participants (16 females; mean age: 23.2 years) were recruited from the University of Oregon
student body. All participants had normal or corrected-to-normal vision, and had no history of neuro-
logical or psychiatric disorders. They were compensated $10 per hour plus additional performance-
based incentives (see Behavioral procedure section). Participants underwent informed consent using
procedures approved by the Human Subjects Committee at the University of Oregon. After prepro-
cessing the EEG data, two participants were removed and were not analyzed further due to excessive
amounts of artifacts (i.e. more than 25% of trials; see EEG recordings and preprocessing for detail).

Behavioral procedure

For each trial, participants were instructed to prepare two possible actions for upcoming tests by
applying the single shared rule to two independent stimuli (Figure 1a). The required two actions on
each trial were selected from the shared action constellations or S-R mappings shown in Figure 1b.

At the beginning of the encoding period (0-750 ms; Figure 1a), four crosses appeared at each
of the four corners of a white square frame (6.6° in one side). Two of these locations were marked
as to be remembered by coloring one of their cross bars either blue or green for 200 ms, as shown
in Figure 1a. The different colors of bars cued the priority of each action in terms of its probability
of being the target at the upcoming test and so were task-relevant features. Each bar was randomly
assigned to be in a vertical or horizontal orientation, which allowed us to randomize and orthogo-
nalize the locations of stimuli by including trials with an overlap of locations in 25% of trials. Then,
following 550-ms retention interval with only a fixation cross, one of the three possible action rules was
randomly cued for 200 ms followed by a 550-ms delay. This marked the preparation period (750—1500
ms; Figure 1a) during which participants could prepare both actions based on combination of the rule
and remembered locations. Each action rule (‘vertical’, ‘horizontal’, and ‘diagonal’) uniquely mapped
the four stimulus positions to four response keys that were arranged in 2x2 matrix (4, 5, 1, and 2 on
the number pad; Figure 1b). For example, the horizontal rule mapped the left-top bar to the right-top
response and the right-bottom bar to the left-bottom response as the correct set of responses. To
focus on the effect of simultaneously planning two independent actions, we excluded trials during
which two actions led to the same response due to the overlap of stimulus positions during analyses.
We ruled out any concern regarding the interference effect based on the compatibility of the target
stimulus and the action rule having matching features (see details for the Supplementary information).

In order to encourage participants to prepare two actions before the final test period (starting 1500
ms after the stimulus, Figure 1a), an adaptive cutoff was used to limit the test interval. The test screen
showed a cue ‘GO! in either blue or green to prompt participants to execute one of the prepared
actions of the corresponding color. Responses were allowed to register only within a limited cutoff
time interval following the cue. This cutoff interval was initially defined as 1200 ms, then it was adap-
tively adjusted trial-to-trial by increasing the interval after any incorrect trials whereas decreasing the
interval after five consecutive correct trials. The step size of adjustment of the interval was randomly
selected from 11.8 ms, 23.5 ms, or 35.3ms.

In order to manipulate priority, participants were explicitly instructed to prepare and maintain two
actions simultaneously but to expect different probabilities of each action being tested. For example,
in the example block depicted in Figure 1a, the action associated with the green color bar would be
tested on 70% of trials, whereas the action associated with the blue color would be tested on 30%
of trials. Thus, green cued the high-priority target, and blue cued the low-priority target. Expected
test probability was cued by color of the bar stimuli (i.e. blue and green) to either a high (70%)
or low (30%) test probability. The assignment of color to test probability was randomized for every
block, therefore, one action plan was always more likely to be tested than the other in all trials. To
prevent participants from disregarding information related to the low-test probability action, partici-
pants gained performance-based incentives only when the overall accuracy was above 85% in a given
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block, which was difficult to achieve if they used such a strategy, given the speeding required by the
adaptive cutoff.

There were two practice blocks and 180 experimental blocks. Each block lasted 25 s, during which
participants were instructed to complete as many trials as possible. Trials that were initiated within
the 25-s block duration but extended beyond it were allowed to finish. Throughout the experimental
session, participants were reminded to respond as accurately and fast as possible within adaptive
cutoff intervals. Feedback about overall accuracy and the amount of performance-based incentives
accrued was provided at the end of each block. All stimuli were generated in Matlab (Mathworks)
using the Psychophysics Toolbox (Brainard, 1997) and were presented on a 17-inch CRT monitor
(refresh rate: 60 Hz) at a viewing distance of 100 cm.

EEG recordings and preprocessing

We recorded scalp EEG activities using 20 tin electrodes on an elastic cap (Electro-Caps) using the
international 10/20 system. The 10/20 sites F3, Fz, F4, T3, C3, Cz, C4, T4, P3, PZ, P4, T5, T6, O1, and
O2 were used along with five nonstandard sites: OL halfway between T5 and O1; OR halfway between
T6 and O2; PO3 halfway between P3 and OL; PO4 halfway between P4 and OR; and POz halfway
between PO3 and POA4. Electrodes placed ~1 cm to the left and right of the external canthi of each
eye recorded horizontal electrooculogram (EOG) to measure horizontal saccades. To detect blinks,
vertical EOG was recorded from an electrode placed beneath the left eye. The left mastoid was used
as reference for all recording sites, and data were re-referenced off-line to the average of all scalp
electrodes.

The scalp EEG and EOG were amplified with an SA Instrumentation amplifier with a bandpass of
0.01-80 Hz, and signals were digitized at 250 Hz in LabView 6.1 running on a PC. EEG data was first
segmented into 27.5-s intervals to include all trials within a block. After time-frequency decomposition
was performed, these epochs were further segmented into smaller epochs for each trial using the time
interval of ~200-2200 ms relative to the onset of stimuli (Figure 1a). The trial-to-trial epochs including
blinks (>250 pv, window size = 200 ms, window step = 50 ms), large eye movements (>1°, window
size = 200 ms, window step = 10 ms), blocking of signals (range = -0.01-0.01 pv, window size = 200
ms) were excluded from subsequent analyses. Using these criteria, we excluded 268 trials (15%) of
trials in each subject on average. We retained an average of 1100 trials for the condition where the
high-priority action was tested, and 472 trials for the low-priority action test condition (60 or 25% of
the original data, respectively).

Time-frequency analysis

Temporal-spectral profiles of single-trial EEG data were computed via complex wavelet analysis
(Cohen, 2014) by applying time-frequency analysis to preprocessed EEG data epoched for the entire
block (>27.5 s to exclude the edge artifacts). The power spectrum was convolved with a series of
complex Morlet wavelets, where tis the time, fis the frequency increased from 1 to 35 Hz in 35 loga-
rithmically spaced steps, and ¢ defines the width of each frequency band, set according to n/2pft,
where nincreased from 3 to 10. We used logarithmic scaling to keep the width across frequency band
approximately equal, and the incremental number of wavelet cycles was used to balance temporal
and frequency precision as a function of frequency of the wavelet. After convolution was performed
in the frequency domain, we took an inverse of the Fourier transform, resulting in complex signals in
the time domain. A frequency band-specific estimate at each time point was defined as the squared
magnitude of the convolved signal for instantaneous power.

Representational similarity analysis

We decoded action-relevant information in a time-resolved manner following our previously reported
method with a few modifications (Kikumoto and Mayr, 2020). As the first step, separate linear
decoders were trained to classify all possible action constellations (Figure 1b) for each independently
planned action at every sample in trial-to-trial epochs. Specifically, we performed a penalized linear
discriminant analysis using the caret package in R (Hastie et al., 1995; Kuhn, 2008). For each action,
the 12 unique action constellations were defined by the combination of 3 rules and 4 stimulus posi-
tions (Figure 1b). This step produced a graded profile of classification probabilities (i.e. a confusion
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matrix) for each action constellation, reflecting the multivariate distance of neural patterns between
action plans.

Decoders were trained with the instantaneous power of rhythmic EEG activity, which was aver-
aged within the predefined ranges of frequency values (1-3 Hz for the delta-band, 4-7 Hz for the
theta-band, 8-12 Hz for the alpha-band, 13-30 Hz for the beta-band, 31-35 Hz for the gamma-band),
generating 100 data features (5 frequency-bands x 20 electrodes) for training. Within individuals
and frequency bands, the data points were z-transformed across electrodes to remove effects that
uniformly influenced all electrodes. We used a k-fold repeated, cross-validation procedure to evaluate
the decoding results by randomly partitioning single-trial EEG data into four independent folds with
equal number of observations of each action constellation. All trials including error trials were used as
the training sets. After all folds served as the test sets, each cross-validation cycle was repeated eight
times, in which each step generated a new set of randomized folds. Resulting classification probabili-
ties were averaged across all cross-validated results with the best-tuned hyperparameter to regularize
the coefficients for the penalized linear discriminant analysis.

We next performed RSA on the graded classification probabilities to assess the underlying simi-
larity structure. Each RSA model matrix uniquely represents a potential, underlying representation
(e.g. rules, stimuli, responses, and conjunctions), which makes unique predictions for different action
plans. Specifically, for independent decoding results of each of the action plans, we regressed the
vector of logit-transformed classification probabilities onto RSA model vectors. To estimate the
unique variance explained by competing models, we regressed all model vectors simultaneously,
resulting in coefficients for each of the four model vectors. We also included subject-specific regres-
sors of z-scored, average RTs, and accuracies in each action constellation to reduce potential biases
in decoding of conjunctions. These coefficients, expressed in their corresponding t-values, reflect
the quality of action representations at the level of single trials, which was later related to variability
in behavior. We excluded t-values that exceeded five SDs from means for each sample point, which
excluded less than 1% of the entire samples. The resulting t-values were averaged over 40 ms non-
overlapping time windows for visualization (Figure 3).

Multilevel modeling and cluster-based permutation test

We used multilevel models to further assess the decoded representations (Figure 4; Table 1) and
relate them to trial-to-trial variability in behavior (Figure 5). For these analyses, we used time-resolved
and time-averaged RSA scores of both the basic action features and the conjunctions. For the results
of time-resolved regression (Figure 4), we used non-parametric permutation tests to evaluate the
decoding results in the time domain (Maris and Oostenveld, 2007). First, we performed a series of
regression analysis over time and identified samples that exceeded threshold for cluster identification
(cluster-forming threshold, p<0.05). Then, empirical cluster-level statistics were obtained by taking
the sum of t-values in each identified cluster with consecutive time points. Finally, nonparametric
statistical tests were performed by computing a cluster-level p-value (cluster-significance threshold,
p<0.05, two-tailed) from the distributions of cluster-level statistics, which were obtained by Monte
Carlo iterations of regression analysis with shuffled condition labels. When we regressed trial-to-trial
response times and accuracies on RSA scores of action features, the coefficients were averaged across
three time windows (as described in Behavioral procedure) that were selected a priori: the encoding
period, the preparation period, and the test period. These periods occurred 0-750 ms, 750-1500
ms, and 1500-2200 ms relative to the onset to the stimuli, respectively, were used as predictors in
the regression model. For all models, subject-specific intercept and slopes were included as random
effects. We report the test statistics, coefficients (beta), and confidence intervals as a metric of statis-
tical reliability because the appropriate way to calculate degrees of freedom in multilevel models
is still being debated. For models predicting accuracies, we used multilevel logistic regression. For
models predicting response times, error trials were excluded.

Acknowledgements

We would like to acknowledge the Cognitive Dynamics lab, the Badre Lab and the Human Cogni-
tion and Learning lab, particularly Jiafan Jia, Apoorva Bhandari and Haley Keglovits for helpful
comments and discussion. This project was supported by funding from the National Institute of
Mental Health (RO1 MH125497), the National Institute of Neurological Disorders and Stroke (R21

Kikumoto et al. eLife 2022;11:€80153. DOI: https://doi.org/10.7554/eLife.80153 14 of 20


https://doi.org/10.7554/eLife.80153

e Llfe Research article

Neuroscience

NS108380), and a Multidisciplinary University Research Initiative award from the Office of Naval
Research (NO0014-16-1-2832) to DB and from the National Science Foundation Grant(1734264) to
UM.

Additional information

Competing interests
David Badre: Reviewing editor, eLife. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author
National Science 1734264 Ulrich Mayr
Foundation

National Institute of Mental MH125497 David Badre
Health

National Institute of NS108380 David Badre
Neurological Disorders

and Stroke

Multidisciplinary University N00014-16-1-2832 David Badre

Research Initiative

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Atsushi Kikumoto, Conceptualization, Data curation, Formal analysis, Writing - original draft, Writing
- review and editing; Ulrich Mayr, Conceptualization, Supervision, Funding acquisition, Writing - orig-
inal draft; David Badre, Conceptualization, Supervision, Funding acquisition, Writing - original draft,
Writing - review and editing

Author ORCIDs

Atsushi Kikumoto @ http://orcid.org/0000-0002-2179-2700
Ulrich Mayr ® http://orcid.org/0000-0002-7512-4556
David Badre @ http://orcid.org/0000-0001-7538-6241

Decision letter and Author response
Decision letter https://doi.org/10.7554/¢elife.80153.sa
Author response https://doi.org/10.7554/¢elife.80153.sa2

Additional files

Supplementary files
e MDAR checklist

Data availability
Data and analyses are available through OSF (https://osf.io/4mx8c/). Specifically, the repository
contains trial-by-trial behavioral data files, and all relevant EEG data.

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Kikumoto A, Mayr U, 2022 The Role of Conjunctive https://osf.io/4mx8c/ Open Science Framework,
Badre D Representations in 4mx8c

Prioritizing and Selecting
Planned Actions

Kikumoto et al. eLife 2022;11:€80153. DOI: https://doi.org/10.7554/eLife.80153 15 of 20


https://doi.org/10.7554/eLife.80153
http://orcid.org/0000-0002-2179-2700
http://orcid.org/0000-0002-7512-4556
http://orcid.org/0000-0001-7538-6241
https://doi.org/10.7554/eLife.80153.sa1
https://doi.org/10.7554/eLife.80153.sa2
https://osf.io/4mx8c/
https://osf.io/4mx8c/

e Llfe Research article

Neuroscience

References

Allport DA, Heuer H, Sanders A. 1987. Selection for action: some behavioural and neurophychological
considerations of attention. HeuerH (Ed). Perspectives on Perseption and Action. Erlbaum. p. 216-238.

Badre D, Frank MJ. 2012. Mechanisms of hierarchical reinforcement learning in cortico-striatal circuits 2:
evidence from fmri. Cerebral Cortex 22:527-536. DOI: https://doi.org/10.1093/cercor/bhr117, PMID:
21693491

Badre D, Bhandari A, Keglovits H, Kikumoto A. 2021. The dimensionality of neural representations for control.
Current Opinion in Behavioral Sciences 38:20-28. DOI: https://doi.org/10.1016/j.cobeha.2020.07.002, PMID:
32864401

Bernardi S, Benna MK, Rigotti M, Munuera J, Fusi S, Salzman CD. 2020. The geometry of abstraction in the
hippocampus and prefrontal cortex. Cell 183:954-967.. DOI: https://doi.org/10.1016/j.cell.2020.09.031, PMID:
33058757

Bouchacourt F, Buschman TJ. 2019. A flexible model of working memory. Neuron 103:147-160.. DOI: https://
doi.org/10.1016/j.neuron.2019.04.020, PMID: 31103359

Brainard DH. 1997. The psychophysics toolbox. Spatial Vision 10:433-436. DOI: https://doi.org/10.1163/
156856897X00357, PMID: 9176952

Brass M, Liefooghe B, Braem S, De Houwer J. 2017. Following new task instructions: evidence for a dissociation
between knowing and doing. Neuroscience and Biobehavioral Reviews 81:16-28. DOI: https://doi.org/10.
1016/j.neubiorev.2017.02.012, PMID: 29173507

Buschman TJ. 2021. Balancing flexibility and interference in working memory. Annual Review of Vision Science
7:367-388. DOI: https://doi.org/10.1146/annurev-vision-100419-104831, PMID: 34081535

Chatham CH, Badre D. 2015. Multiple gates on working memory. Current Opinion in Behavioral Sciences
1:23-31. DOI: https://doi.org/10.1016/j.cobeha.2014.08.001, PMID: 26719851

Cisek P, Kalaska JF. 2005. Neural correlates of reaching decisions in dorsal premotor cortex: specification of
multiple direction choices and final selection of action. Neuron 45:801-814. DOI: https://doi.org/10.1016/j.
neuron.2005.01.027, PMID: 15748854

Cisek P. 2007. Cortical mechanisms of action selection: the affordance competition hypothesis. Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences 362:1585-1599. DOI: https://doi.
org/10.1098/rstb.2007.2054, PMID: 17428779

Cohen MX. 2014. Analyzing Neural Time Series Data: Theory and Practice. The MIT Press. DOI: https://doi.org/
10.7551/mitpress/9609.001.0001

Ester EF, Nouri A, Rodriguez L. 2018. Retrospective cues mitigate information loss in human cortex during
working memory storage. The Journal of Neuroscience 38:8538-8548. DOI: https://doi.org/10.1523/
JNEUROSCI.1566-18.2018, PMID: 30126971

Frank MJ, Badre D. 2012. Mechanisms of hierarchical reinforcement learning in corticostriatal circuits 1:
computational analysis. Cerebral Cortex 22:509-526. DOI: https://doi.org/10.1093/cercor/bhr114, PMID:
21693490

Freund MC, Bugg JM, Braver TS. 2021. A representational similarity analysis of cognitive control during
color-word stroop. The Journal of Neuroscience 41:7388-7402. DOI: https://doi.org/10.1523/JNEUROSCI.
2956-20.2021, PMID: 34162756

Frings C, Hommel B, Koch |, Rothermund K, Dignath D, Giesen C, Kiesel A, Kunde W, Mayr S, Moeller B,
Méller M, Pfister R, Philipp A. 2020. Binding and retrieval in action control (brac). Trends in Cognitive Sciences
24:375-387. DOI: https://doi.org/10.1016/].tics.2020.02.004, PMID: 32298623

Fusi S, Miller EK, Rigotti M. 2016. Why neurons mix: high dimensionality for higher cognition. Current Opinion in
Neurobiology 37:66-74. DOI: https://doi.org/10.1016/j.conb.2016.01.010, PMID: 26851755

Gallivan JP, Barton KS, Chapman CS, Wolpert DM, Flanagan JR. 2015. Action plan co-optimization reveals the
parallel encoding of competing reach movements. Nature Communications 6:7428. DOI: https://doi.org/10.
1038/ncomms8428, PMID: 26130029

Gazzaley A, Nobre AC. 2012. Top-Down modulation: bridging selective attention and working memory. Trends
in Cognitive Sciences 16:129-135. DOI: https://doi.org/10.1016/j.tics.2011.11.014, PMID: 22209601

Gonzalez-Garcia C, Formica S, Liefooghe B, Brass M. 2020. Attentional prioritization reconfigures novel
instructions into action-oriented task sets. Cognition 194:104059. DOI: https://doi.org/10.1016/j.cognition.
2019.104059, PMID: 31514104

Griffin IC, Nobre AC. 2003. Orienting attention to locations in internal representations. Journal of Cognitive
Neuroscience 15:1176-1194. DOI: https://doi.org/10.1162/089892903322598139, PMID: 14709235

Hastie T, Buja A, Tibshirani R. 1995. Penalized discriminant analysis. The Annals of Statistics 23:73-102. DOI:
https://doi.org/10.1214/a0s/1176324456

Hazy TE, Frank MJ, O'Reilly RC. 2022. Computational neuroscientific models of working memory. Ccnlab.Org.
https://ccnlab.org/papers/HazyFrankOReilly21.pdf

Henson RN, Eckstein D, Waszak F, Frings C, Horner AJ. 2014. Stimulus-Response bindings in priming. Trends in
Cognitive Sciences 18:376-384. DOI: https://doi.org/10.1016/j.tics.2014.03.004, PMID: 24768034

Heuer A, Ohl S, Rolfs M. 2020. Memory for action: a functional view of selection in visual working memory. Visual
Cognition 28:388-400. DOI: https://doi.org/10.1080/13506285.2020.1764156

Hommel B. 2004. Event files: feature binding in and across perception and action. Trends in Cognitive Sciences
8:494-500. DOI: https://doi.org/10.1016/j.tics.2004.08.007, PMID: 15491903

Kikumoto et al. eLife 2022;11:€80153. DOI: https://doi.org/10.7554/eLife.80153 16 of 20


https://doi.org/10.7554/eLife.80153
https://doi.org/10.1093/cercor/bhr117
http://www.ncbi.nlm.nih.gov/pubmed/21693491
https://doi.org/10.1016/j.cobeha.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32864401
https://doi.org/10.1016/j.cell.2020.09.031
http://www.ncbi.nlm.nih.gov/pubmed/33058757
https://doi.org/10.1016/j.neuron.2019.04.020
https://doi.org/10.1016/j.neuron.2019.04.020
http://www.ncbi.nlm.nih.gov/pubmed/31103359
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1163/156856897X00357
http://www.ncbi.nlm.nih.gov/pubmed/9176952
https://doi.org/10.1016/j.neubiorev.2017.02.012
https://doi.org/10.1016/j.neubiorev.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29173507
https://doi.org/10.1146/annurev-vision-100419-104831
http://www.ncbi.nlm.nih.gov/pubmed/34081535
https://doi.org/10.1016/j.cobeha.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26719851
https://doi.org/10.1016/j.neuron.2005.01.027
https://doi.org/10.1016/j.neuron.2005.01.027
http://www.ncbi.nlm.nih.gov/pubmed/15748854
https://doi.org/10.1098/rstb.2007.2054
https://doi.org/10.1098/rstb.2007.2054
http://www.ncbi.nlm.nih.gov/pubmed/17428779
https://doi.org/10.7551/mitpress/9609.001.0001
https://doi.org/10.7551/mitpress/9609.001.0001
https://doi.org/10.1523/JNEUROSCI.1566-18.2018
https://doi.org/10.1523/JNEUROSCI.1566-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30126971
https://doi.org/10.1093/cercor/bhr114
http://www.ncbi.nlm.nih.gov/pubmed/21693490
https://doi.org/10.1523/JNEUROSCI.2956-20.2021
https://doi.org/10.1523/JNEUROSCI.2956-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/34162756
https://doi.org/10.1016/j.tics.2020.02.004
http://www.ncbi.nlm.nih.gov/pubmed/32298623
https://doi.org/10.1016/j.conb.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26851755
https://doi.org/10.1038/ncomms8428
https://doi.org/10.1038/ncomms8428
http://www.ncbi.nlm.nih.gov/pubmed/26130029
https://doi.org/10.1016/j.tics.2011.11.014
http://www.ncbi.nlm.nih.gov/pubmed/22209601
https://doi.org/10.1016/j.cognition.2019.104059
https://doi.org/10.1016/j.cognition.2019.104059
http://www.ncbi.nlm.nih.gov/pubmed/31514104
https://doi.org/10.1162/089892903322598139
http://www.ncbi.nlm.nih.gov/pubmed/14709235
https://doi.org/10.1214/aos/1176324456
https://ccnlab.org/papers/HazyFrankOReilly21.pdf
https://doi.org/10.1016/j.tics.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24768034
https://doi.org/10.1080/13506285.2020.1764156
https://doi.org/10.1016/j.tics.2004.08.007
http://www.ncbi.nlm.nih.gov/pubmed/15491903

e Llfe Research article

Neuroscience

Hommel B. 2019. Theory of event coding (Tec) v2.0: representing and controlling perception and action.
Attention, Perception & Psychophysics 81:2139-2154. DOI: https://doi.org/10.3758/s13414-019-01779-4,
PMID: 31168699

Jazayeri M, Ostojic S. 2021. Interpreting neural computations by examining intrinsic and embedding
dimensionality of neural activity. Current Opinion in Neurobiology 70:113-120. DOI: https://doi.org/10.1016/j.
conb.2021.08.002, PMID: 34537579

Kikumoto A, Mayr U. 2020. Conjunctive representations that integrate stimuli, responses, and rules are critical
for action selection. PNAS 117:10603-10608. DOI: https://doi.org/10.1073/pnas. 1922166117, PMID:
32341161

Kikumoto A, Sameshima T, Mayr U. 2022. The role of conjunctive representations in stopping actions.
Psychological Science 33:325-338. DOI: https://doi.org/10.1177/09567976211034505, PMID: 35108148

Kriete T, Noelle DC. 2011. Generalisation benefits of output gating in a model of prefrontal cortex. Connection
Science 23:119-129. DOI: https://doi.org/10.1080/09540091.2011.569881

Kuhn M. 2008. Building predictive models in R using the caret package. Journal of Statistical Software 28:1-26.
DOI: https://doi.org/10.18637/jss.v028.i05

LaRocque JJ, Lewis-Peacock JA, Drysdale AT, Oberauer K, Postle BR. 2013. Decoding attended information in
short-term memory: an EEG study. Journal of Cognitive Neuroscience 25:127-142. DOI: https://doi.org/10.
1162/jocn_a_00305, PMID: 23198894

Levin EJ, Brissenden JA, Fengler A, Badre D. 2022. Predicted Utility Modulates Working Memory Fidelity in the
Brain. bioRxiv. DOI: https://doi.org/10.1101/2021.04.01.438095

Logan GD. 1989. Toward an instance theory of automatization. Psychological Review 95:492-527. DOI: https://
doi.org/10.1037/0033-295X.95.4.492

Maris E, Oostenveld R. 2007. Nonparametric statistical testing of EEG- and MEG-data. Journal of Neuroscience
Methods 164:177-190. DOI: https://doi.org/10.1016/].jneumeth.2007.03.024, PMID: 17517438

Mayr U, Bryck RL. 2005. Sticky rules: integration between Abstract rules and specific actions. Journal of
Experimental Psychology. Learning, Memory, and Cognition 31:337-350. DOI: https://doi.org/10.1037/
0278-7393.31.2.337, PMID: 15755249

McNamee D, Wolpert DM. 2019. Internal models in biological control. Annual Review of Control, Robotics, and
Autonomous Systems 2:339-364. DOI: https://doi.org/10.1146/annurev-control-060117-105206, PMID:
31106294

Miller EK, Lundqvist M, Bastos AM. 2018. Working memory 2.0. Neuron 100:463-475. DOI: https://doi.org/10.
1016/j.neuron.2018.09.023, PMID: 30359609

Musslick S, Saxe A, Hoskin AN, Reichman D, Cohen JD. 2020. On the Rational Boundedness of Cognitive
Control: Shared Versus Separated Representations. PsyArXiv. DOI: https://doi.org/10.31234/osf.io/jkhdf

Myers NE, Stokes MG, Nobre AC. 2017. Prioritizing information during working memory: beyond sustained
internal attention. Trends in Cognitive Sciences 21:449-461. DOI: https://doi.org/10.1016/].tics.2017.03.010,
PMID: 28454719

Nobre AC, Stokes MG. 2019. Premembering experience: a hierarchy of time-scales for proactive attention.
Neuron 104:132-146. DOI: https://doi.org/10.1016/j.neuron.2019.08.030, PMID: 31600510

Oberauer K. 2009. Design for a working memory. Psychology of Learning and Motivation 51:45-100. DOI:
https://doi.org/10.1016/50079-7421(09)51002-X

Olivers CNL, Roelfsema PR. 2020. Attention for action in visual working memory. Cortex; a Journal Devoted to
the Study of the Nervous System and Behavior 131:179-194. DOI: https://doi.org/10.1016/j.cortex.2020.07.
011, PMID: 32892152

O Reilly RC, Frank MJ. 2006. Making working memory work: a computational model of learning in the prefrontal
cortex and basal ganglia. Neural Computation 18:283-328. DOI: https://doi.org/10.1162/
089976606775093909, PMID: 16378516

Orhan AE, Ma WJ. 2019. A diverse range of factors affect the nature of neural representations underlying
short-term memory. Nature Neuroscience 22:275-283. DOI: https://doi.org/10.1038/s41593-018-0314-y, PMID:
30664767

Panichello MF, Buschman TJ. 2021. Shared mechanisms underlie the control of working memory and attention.
Nature 592:601-605. DOI: https://doi.org/10.1038/s41586-021-03390-w, PMID: 33790467

Parthasarathy A, Tang C, Herikstad R, Cheong LF, Yen SC, Libedinsky C. 2019. Time-Invariant working memory
representations in the presence of code-morphing in the lateral prefrontal cortex. Nature Communications
10:1-11. DOI: https://doi.org/10.1038/s41467-019-12841-y, PMID: 31676790

Rac-Lubashevsky R, Frank MJ. 2021. Analogous computations in working memory input, output and motor
gating: electrophysiological and computational modeling evidence. PLOS Computational Biology
17:€1008971. DOI: https://doi.org/10.1371/journal.pcbi.1008971, PMID: 34097689

Rangel BO, Hazeltine E, Wessel JR. 2022. Lingering Neural Representations of Past Task Features Adversely
Affect Future Behavior. bioRxiv. DOI: https://doi.org/10.1101/2022.03.08.483546

Ranti C, Chatham CH, Badre D. 2015. Parallel temporal dynamics in hierarchical cognitive control. Cognition
142:205-229. DOI: https://doi.org/10.1016/j.cognition.2015.05.003, PMID: 26051820

Rigotti M, Barak O, Warden MR, Wang XJ, Daw ND, Miller EK, Fusi S. 2013. The importance of mixed selectivity
in complex cognitive tasks. Nature 497:585-590. DOI: https://doi.org/10.1038/nature 12160, PMID: 23685452

Souza AS, Oberauer K. 2016. In search of the focus of attention in working memory: 13 years of the retro-cue
effect. Attention, Perception & Psychophysics 78:1839-1860. DOI: https://doi.org/10.3758/s13414-016-1108-5,
PMID: 27098647

Kikumoto et al. eLife 2022;11:€80153. DOI: https://doi.org/10.7554/eLife.80153 17 of 20


https://doi.org/10.7554/eLife.80153
https://doi.org/10.3758/s13414-019-01779-4
http://www.ncbi.nlm.nih.gov/pubmed/31168699
https://doi.org/10.1016/j.conb.2021.08.002
https://doi.org/10.1016/j.conb.2021.08.002
http://www.ncbi.nlm.nih.gov/pubmed/34537579
https://doi.org/10.1073/pnas.1922166117
http://www.ncbi.nlm.nih.gov/pubmed/32341161
https://doi.org/10.1177/09567976211034505
http://www.ncbi.nlm.nih.gov/pubmed/35108148
https://doi.org/10.1080/09540091.2011.569881
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.1162/jocn_a_00305
https://doi.org/10.1162/jocn_a_00305
http://www.ncbi.nlm.nih.gov/pubmed/23198894
https://doi.org/10.1101/2021.04.01.438095
https://doi.org/10.1037/0033-295X.95.4.492
https://doi.org/10.1037/0033-295X.95.4.492
https://doi.org/10.1016/j.jneumeth.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17517438
https://doi.org/10.1037/0278-7393.31.2.337
https://doi.org/10.1037/0278-7393.31.2.337
http://www.ncbi.nlm.nih.gov/pubmed/15755249
https://doi.org/10.1146/annurev-control-060117-105206
http://www.ncbi.nlm.nih.gov/pubmed/31106294
https://doi.org/10.1016/j.neuron.2018.09.023
https://doi.org/10.1016/j.neuron.2018.09.023
http://www.ncbi.nlm.nih.gov/pubmed/30359609
https://doi.org/10.31234/osf.io/jkhdf
https://doi.org/10.1016/j.tics.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28454719
https://doi.org/10.1016/j.neuron.2019.08.030
http://www.ncbi.nlm.nih.gov/pubmed/31600510
https://doi.org/10.1016/S0079-7421(09)51002-X
https://doi.org/10.1016/j.cortex.2020.07.011
https://doi.org/10.1016/j.cortex.2020.07.011
http://www.ncbi.nlm.nih.gov/pubmed/32892152
https://doi.org/10.1162/089976606775093909
https://doi.org/10.1162/089976606775093909
http://www.ncbi.nlm.nih.gov/pubmed/16378516
https://doi.org/10.1038/s41593-018-0314-y
http://www.ncbi.nlm.nih.gov/pubmed/30664767
https://doi.org/10.1038/s41586-021-03390-w
http://www.ncbi.nlm.nih.gov/pubmed/33790467
https://doi.org/10.1038/s41467-019-12841-y
http://www.ncbi.nlm.nih.gov/pubmed/31676790
https://doi.org/10.1371/journal.pcbi.1008971
http://www.ncbi.nlm.nih.gov/pubmed/34097689
https://doi.org/10.1101/2022.03.08.483546
https://doi.org/10.1016/j.cognition.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26051820
https://doi.org/10.1038/nature12160
http://www.ncbi.nlm.nih.gov/pubmed/23685452
https://doi.org/10.3758/s13414-016-1108-5
http://www.ncbi.nlm.nih.gov/pubmed/27098647

(3
ELlfe Research article Neuroscience

Takacs A, Bluschke A, Kleimaker M, Miinchau A, Beste C. 2021. Neurophysiological mechanisms underlying
motor feature binding processes and representations. Human Brain Mapping 42:1313-1327. DOI: https://doi.
org/10.1002/hbm.25295, PMID: 33236838

Todorov E. 2004. Optimality principles in sensorimotor control. Nature Neuroscience 7:907-915. DOI: https://
doi.org/10.1038/nn1309, PMID: 15332089

van Ede F. 2020. Visual working memory and action: functional links and bi-directional influences. Visual
Cognition 28:401-413. DOI: https://doi.org/10.1080/13506285.2020.1759744

Yu Q, Teng C, Postle BR. 2020. Different states of priority recruit different neural representations in visual
working memory. PLOS Biology 18:e3000769. DOI: https://doi.org/10.1371/journal.pbio.3000769, PMID:
32598358

Kikumoto et al. eLife 2022;11:€80153. DOI: https://doi.org/10.7554/eLife.80153 18 of 20


https://doi.org/10.7554/eLife.80153
https://doi.org/10.1002/hbm.25295
https://doi.org/10.1002/hbm.25295
http://www.ncbi.nlm.nih.gov/pubmed/33236838
https://doi.org/10.1038/nn1309
https://doi.org/10.1038/nn1309
http://www.ncbi.nlm.nih.gov/pubmed/15332089
https://doi.org/10.1080/13506285.2020.1759744
https://doi.org/10.1371/journal.pbio.3000769
http://www.ncbi.nlm.nih.gov/pubmed/32598358

ELlfe Research article

Neuroscience
Appendix 1

Supplementary information

Compatibility effect between rules and stimuli by shared features

The two of the action rules (i.e. 'horizontal’ vs. ‘vertical’) and stimuli (i.e. horizontal and vertical
bars) shared the feature in an abstract way in some trials. Such an overlap could have caused an
interference such as an involuntary shift of attention to the stimulus where the colored bar had
the matching orientation, which could influence behavioral and decoding results. To rule out these
possibilities, we assessed the effect of compatibility of the tested item and the cued rule, excluding
trials with a diagonal rule.

On behavior, we found no evidence of an effect of compatibility (mean RT: 383 ms [4.52] for
compatible and 383 ms [4.52] for incompatible, t(1,23) = .27, beta = .47, 95% CI [-.022.029]; mean
error rate: 13.8% [.97] for compatible and 14.2% [.97] for incompatible, t(1,23) = —.14, beta = .006,
95% Cl [-.091.079]; mean adaptive cutoff: 862 ms [7.38] for compatible and 860 ms [7.38] for
incompatible, t(1,23) = -.52, beta = .006, 95% CI[-.091.079]; mean swapping error rate: 75.1% [4.74]
for compatible and 75.9% [4.74] for incompatible, t(1,23) = .62, beta = .079, 95% Cl [-.170.328]).

As the mapping between the priority of actions and the bar orientations was randomized
across trials, the RSA-based decoding of actions defined by rules and stimulus positions should be
insensitive even if there was an effect of compatibility. Indeed, we found no effect of compatibility
on the decoding of conjunctions during both maintenance period (high-priority conjunction: #(1,23)
=-71, beta = .02, 95% CI [-.043.020]; high-priority conjunction: (1,23) = -.52, beta = .005, 95% ClI
[-.040.023)) and test period (high-priority conjunction: t(1,23) = -.99, beta = .01, 95% CI [-.048.015];
high-priority conjunction: (1,23) = —.80, beta = .008, 95% CI [-.018.045]). Furthermore, we found
that the decoding of the bar orientation was at chance level during the interval when we observe
evidence of the conjunctive representations. Thus, we conclude that the compatibility of the stimuli
and the rule did not contribute to the decoding of conjunctive representations and behavor.

Output gating of action representations during the test phase:

response-aligned

The results presented in the main text are based on EEG data that are aligned to the onset of
stimuli (Figure 1). To closely investigate the timing of modulation of stimulus, conjunction, and
response representations around the timing of response execution, we performed the RSA-derived
decoding analysis by using response-aligned EEG data. Because of relatively short RTs observed in
the current study (due to the adaptive deadline procedure and the long preparation period), it is
important to characterize the temporal dynamics of modulation effect on relevant representations
relative to a moment of response selection. Consistent to the stimulus-aligned result (Figure 4), we
found that both conjunctive representations and response representations were modulated by the
priority of actions and the test type. Notably, for the conjunctive representations in the low-priority-
tested condition, the effect of dropping high-priority conjunction emerges late compared to the
enhancement of low-priority conjunction. This timing of reversal has contributed to the late timing
of the interaction effect seen in the stimulus-aligned result.

How distributed and frequency-specific are RSA results?

We examined how different frequency bands contribute to the decoding of both conjunctions and
constituent features as an exploratory analysis. We performed search-light RSA analyses to subsample
training data in the frequency and channel space. Specifically, to investigate the frequency space,
we replicated the combination of decoding and RSA analyses separately for the delta (1-3 Hz),
theta (4-7 Hz), alpha (8-12 Hz), beta(13-30 Hz), and gamma (31-35 Hz) frequency bands. For the
channel (electrodes) space, we defined ROIs as a group of electrodes of F3-C3-T3, F4-C4-T4, Fz-Cz,
OL_O1, OR-O2, P3-PO3-T5, P4-04-T6, and Pz-POz. To reduce the influence of temporal smearing,
which could differ across frequency bands, we averaged data over a priori selected time intervals
(i.e. encoding, preparation, and test phase) prior to the training of decoders. Note that by averaging
signals, we focus on the informative EEG patterns that are temporally stationary. Other steps in the
analysis were identical to the one described in Representational similarity analysis section.

Across the encoding, maintenance, and selection phases, participants exhibited considerable
variability in terms of the frequency bands in which specific information was expressed. We did not
find any systematic differences among individuals in the channels differentially contributing to code
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action representations (not shown). However, in the frequency space, the following points seem
to be consistent across individuals: (1) stimulus positions and rules (i.e. cue words) were coded
in the theta and alpha-band when they are visually presented and (2) conjunctions tended to be
expressed most strongly in the delta band. These results are overall consistent with the previous
study (Kikumoto and Mayr, 2020).
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