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Abstract
Several decades of cognitive research have explored the processes and mechanisms which underlie task
switching. Here we report an experiment in which young adult participants were presented with
coloured shapes, and were randomly cued to categorise them according to colour, or to shape.
Responses were made via dynamic movements of the computer mouse (“mouse tracking”), which
allows insight into how decision making unfolds. The results showed that a range of classic findings (mix
cost; switch cost; task congruency effects, etc.) emerged strongly in movement trajectories. Initiation of
movements was sensitive to task/cue driven but not to stimulus/response driven variables, as well as to
task switching. This constellation suggests that task switch costs emerge as a combination of task set

reconfiguration, and stimulus-driven sensory-motor mappings.

Keywords: cognitive control; task switching; decision making; embodied cognition

Public significance statement: Switching between different mental activities is a key human skill which
has been explored by a vast research literature. Here we explored task switching in an experimental
study in which participants randomly oscillated between categorising coloured shapes by colour or by
shape, and generated responses via computer mouse movements (“mouse tracking”). The results
suggest that mental flexibility involves both a wilful reconfiguration between different tasks, and

interference from previously learned associations between presented stimuli and responses.
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Exploring Task Switch Costs in a Colour-Shape Decision Task via a Mouse Tracking Paradigm

The ability to interrupt a current activity, to shift to something entirely new and to flexibly alternate
between different (sometimes entirely unrelated) tasks is one of the core components of executive
control. A voluminous literature on task switching in laboratory-based tasks explores this flexibility via
experiments in which individuals are shown stimuli with two different dimensions and are asked to
classify them by either one or the other dimension. For instance, in the ‘colour-shape’ switching task
(e.g., Prior & MacWhinney, 2010) coloured shapes are presented (e.g., red or blue triangles or circles),
and on each trial participants are instructed to either categorise them according to colour, or to shape.
In “pure” experimental blocks, the response dimension remains constant; in “mixed” blocks, participants
are cued at the beginning of each trial to focus either on colour or on shape, perhaps via presentation of
a rainbow (for the colour task) or a set of geometrical figures (for the shape). Two key observations are
mix costs (slower latencies and/or more errors in mixed compared to pure blocks) and switch costs
(slower latencies and/or more errors when in a mixed block, the type of categorisation has switched
from the preceding trial, relative to when the task stayed the same). Since these observations were first
reported (mix cost: Jersild, 1927; switch cost: Rogers & Monsell, 1995), many additional aspects of
experimental task switching have been explored (for comprehensive reviews, see e.g., Meiran, 2010;
Monsell, 2003; Vandierendonck et al., 2010).

Two main theoretical accounts of task switching have been put forward: task-set reconfiguration
(TSR) views and interference accounts. Both views assume that task-driven behaviour requires the
formation of a task set, i.e., a transient bundle of settings and parameters which determine behaviour in
a given context (Logan & Gordon, 2001), such as stimulus categorisation, response selection and
response execution. Both accounts also assume that task switching requires the reconfiguration of a
subset of settings and parameters from the previous task set. According to the TSR view, task switching

costs reflect the duration of the endogenous control processes which are required to detach from the
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previous setting, and attach to the current one (e.g., Mayr & Kliegl, 2000; Rogers & Monsell, 1995). By
contrast, interference (sometimes called “proactive interference”; Goschke, 2000) accounts attribute
task switching costs to exogenously (rather than endogenously) triggered processes: switch costs arise
from competing task activations between previous and current trials and task sets. For instance, Allport
et al. (1994) suggested that the task set which was activated on a previous trial persists and interferes
with the current task set, as the previous activation is no longer relevant and needs to be overcome.
More specifically, a stimulus-response association might have been acquired in the previous trial, but
the association would become irrelevant in the current trial (Wylie & Allport, 2000). Persisting activation
from previous task set interferes with the relevant stimulus-response association triggered by the
current task set (Waszak & Hommel, 2007), hence slowing down responses and rendering them more
error prone. However, TSR and interference views are not mutually exclusive, and a third view states
that both endogenous and exogenous control processes contribute to task switching costs (e.g.,
Arrington, 2008; Meiran et al., 2000; Vandierendonck et al., 2010).

A range of empirical findings constrain theorising on task switching (see Vandierendonck et al.,
2010, for a comprehensive list of benchmark findings) and a few will be highlighted below. First, with an
increasing time interval between cue and stimulus presentation (cue-stimulus interval, or CSI), switch
costs are reduced but not fully eliminated (‘residual switch costs’; e.g., Altmann, 2004; Logan &
Bundesen, 2003; Mayr & Kliegl, 2003). This observation casts a strict TSR view into doubt according to
which sufficiently long CSI ought to allow individuals to reconfigure the task set in advance of stimulus
onset and switch costs should disappear. By contrast, the interference view poses that task switching
costs are driven by proactively acquired stimulus-response mappings, which could be evoked even
following substantial CSls (this account is also known as ‘task set inertia’). A further important
observation relates to so-called task congruency effects. Most task-switching experiments use bivalent

stimuli (i.e., the same set of stimuli serves as targets for both tasks). For example, in a colour-shape task,
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participants classify coloured shapes either according to colour, or to shape. With a given set of
stimulus-response mappings, half of the stimuli will be congruent (both tasks/dimensions generate the
same response) whereas the other will be incongruent (the two dimensions generate different
responses). Congruency effects (faster responses on congruent than on incongruent trials) have been
demonstrated (e.g., Sudevan & Taylor, 1987) and might emerge exclusively on “switch” but not on “non-
switch” trials (Goschke, 2000). Congruency effects in switch tasks probably arise from activated
overlearned response category codes in long-term memory that are currently irrelevant (Meiran &
Kessler, 2008), hence reflecting difficulty in filtering out currently relevant from irrelevant information
(Meiran, 2010). A further relevant observation is that in switch tasks, repeated responses on consecutive
trials lead to faster responses on non-switch trials but to slower responses on switch trials (e.g., Rogers
& Monsell, 1995). Mayr and Bryck (2005) argued that this pattern reflects the fact that stimulus and
response become associated with the task on trial N-1. On trial N, the association is retrieved, and when
the task has changed, the retrieved information is inconsistent, turning the benefit from repeated
responses (on non-switch trials) into a cost (on switch trials). A final set of relevant results reports an
interaction between congruency on trial N-1 and task switch costs, with larger switch costs following
incongruent than following congruent trials (Goschke, 2000). The presence of task congruency effects on
a given trial (see above) presumably suggests a conflict between two incompatible responses. Because a
successful response is nonetheless made in most cases, it is likely that the task-irrelevant dimension has
been inhibited, or decoupled from its response. Inhibition hence predicts that on a trial following this
incongruency, task switch costs should be increased, relative to a situation in which trial N-1 was
congruent, because more efforts are made to recover the inhibition in the preceding incongruent trial.
This is indeed the case (e.g., Brown et al., 2007; Goschke, 2000).

Overall, all four observations (long CSls being associated with residual switch costs; congruency

effects; interaction between response repetition and task switching; interaction between response
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repetition and task switching) highlight the contribution of stimulus-driven, learned stimulus-response
associations in task switching experiments.
Measuring decision making and response execution via “mouse tracking”

In conventional psychological experiments, responses are often made via key presses, rendering a
single data point per trial. Over the last few years, a range of methods have been developed in which
participants provide responses by dynamic movements carried out via a reaching response to a target,
or via responses made on digital tablets or with a computer mouse (see Wirth et al., 2020, for a recent
overview). Compared to the results from key press experiments, these methods generate a much richer,
and potentially more informative, picture of the decision making process. In such tasks, various
characteristics of the individual response can be explored, such as its initiation time, the movement
duration, the response latency, as well as the curvature of the trajectory. The method used in the work
reported below is referred to as ‘mouse tracking’ (e.g., Freeman et al., 2011; Spivey et al., 2009;
Freeman & Ambady, 2010): responses are made by participants dragging the cursor from a start area
(typically at the bottom of the screen) to one of two response fields (typically in the left and right upper
corner of the screen). Numerous studies have reported experimental manipulations which emerge in
the dynamic response made to the target, spanning a wide field of psychological domains such as social
psychology (e.g., Faust et al., 2019), development (e.g., Krueger & Storkel, 2020), and psycholinguistics
(e.g., Tomlinson et al., 2013). A particular point of interest is the curvature of trajectories which is
characterised as the deviation relative to a straight line from start to response (Freeman & Ambady,
2010). Curvature is often characterised by the area under the curve (AUC, the geometric area between
the response and the straight line), or by maximum deviation (MD, the largest perpendicular deviation
between the trajectory and the line). Typically, experimental manipulations emerge powerfully in
curvatures. For instance, in ‘conflict tasks’ such as Simon in which compatibility between stimuli and

responses is manipulated, incompatibility generates an ‘attraction’ of the response trajectory toward
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the incorrect response (Wirth et al., 2020). On a broad level, the inference that decision making and
response execution are intertwined is in line with modern cognitive theories which conceive of
processing as a continuous, graded state in which mind, body and environment dynamically interact
(e.g., Spivey & Dale, 2004).

The relevance of mouse tracking to task switching is twofold. According to a strict reading of the
TSR view, decision making and response execution involved in task switching could be characterised as
staged. For instance, in Kieras et al.’s (2000) EPIC model, a rule-based “central cognitive processor”
establishes and reconfigures task sets, and once completed, the output is set to “mechanical effectors”.
By contrast, the interference resolution notion of task switching is more in line with a “continuous” or
“graded” relation between decision and action. For instance, in Gilbert and Shallice’s (2002) interactive
activation model of task switching in the colour-word Stroop task, separate colour-naming and word-
reading pathways compete for output, and residual activation from previous trials successfully accounts
for the various observations made in the task switch literature. Hence task switch effects emerging in
the curvature of response trajectories would broadly support interference accounts over TSR views, or
at minimum, speak against a strictly serial interpretation of TSR.

A second relevant aspect is more specific. A range of design decisions influence behaviour in tasks
with dynamic responses (Schoemann et al., 2019; Wirth et al., 2020). In its simplest form, a participant
in a mouse tracking experiment initiates a trial by clicking on a “start” button at the bottom of the
screen, and the stimulus appears immediately thereafter or after a short delay. Such a static starting
procedure contrasts with a dynamic one in which the stimulus only appears once they movement has
begun (see Scherbaum & Kieslich, 2018, for a comparison between the characteristics between static
and dynamic procedures). With a static starting procedure and a simple task, response movements are
normally initiated relatively soon after the stimulus display appears, with typical average initiation times

between 150 and 300 ms. Such swift movement initiation makes it unlikely that the participant had fully
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completed their decision when the response began. This predicts that stimulus-driven experimental
manipulations (such as ‘conflict’ manipulations in Flanker, Simon and similar tasks) which emerge in
errors, response latencies, and curvatures of movements should not be present in movement initiation
times. Relevant evidence comes from Experiment 1 reported by Wirth et al. (2020) in which in a Simon
task, responses made with a computer mouse were initiated quickly (average of 174 ms) and initiation
times were not affected by congruency (by contrast, when responses were made on a touchscreen of a
tablet computer, initiation times were much slower, with an average of 380 ms, and a congruency effect
emerged). The finding concerning responses carried out with a computer mouse converges with our
own experimental findings using a range of ‘conflict’ tasks: we generally found fast average initiation
times which were unaffected by congruency manipulations on a given trial (e.g., Ye & Damian, under
revision). Critically, however, other experimental effects do not depend on stimulus processing but
rather arise from other aspects of the task. These could for instance be carry-over effects from previous
trials, such as in ‘congruency sequence effects’ where incongruency on a previous trial affects processing
on a given trial (e.g., Braem et al., 2014). Effects of this type are likely to emerge in movement initiation
times (in addition to the other dependent measures such as errors, latencies, and curvature). Movement
initiation times in mouse tracking studies with a static starting procedure therefore potentially allow to
disentangle stimulus-driven from task-driven experimental effects (note that with a dynamic starting
procedure, initiation times are by definition not sensitive to stimulus-driven effects because the
movement is initiated before the stimulus appears).

The relevance for theoretical accounts of task switching is as follows. As summarised above, a
number of experimental variables have been highlighted in the literature on task switching, and a subset
of these are stimulus/response dependent (i.e., congruency; response on trial N-1) whereas others are
not (CSI; congruency on trial N-1). All variables and their interplay with task switch costs are expected to

emerge in latencies, as well as potentially in measures of response movement such as curvatures.
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However, we predict that stimulus/response dependent variables will not affect movement initiation
times, whereas task/cue dependent variables will. The critical question is, does task switching affect
initiation times? If so, then the inference would be that a theoretical account which explains task switch
costs as purely stimulus/response driven cannot be entirely correct. Instead, switch costs would arise
from classic TSR, or a combination of TSR and interference.

To our knowledge, only two previous studies have explored task switching with the mouse tracking
technique, and they have reported somewhat contradictory results. Hindy and Spivey (2008) employed
a colour-shape switch task (adopted from Diamond & Kirkham, 2005) in which participants were cued at
the beginning of each trial to either attend to colour, or to shape. Upon initiating the trial, three
coloured objects were presented simultaneously, with a stimulus object at the bottom of the screen,
and two target objects at the upper left and right corners. Participants were instructed to move the
cursor toward, and click on, the target object which matched the stimulus object according to the cued
dimension. The results showed a complex pattern, with responses to the colour dimension overall faster
and less curved than responses to the shape dimension, and switch costs emerging in initiation times
but not in curvatures for colour decisions, but the opposite pattern for shape decisions. Overall, these
results were interpreted as being incompatible with a strictly top-down model of task switching
according to which movement characteristics should not be affected at all by task switching, and more
in line with task switching arising from competition between multiple sensory and response pathways.
Regarding our specific predictions regarding task switching and movement initiation times outlined in
the previous passage, Hindy and Spivey’s result showed relatively fast initiation times (approximately
200 ms) but inconclusive results regarding whether these are affected by switching.

Weaver and Arrington (2013) conducted a switch task in which participants judged either parity
(odd/even) or numerical magnitude (large/small) of digits 1-9 (excluding 5), using two CSls of 200 and

1,000 ms. They also explored possible congruency effects between the two decision dimensions. CSI,
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switch and congruency effects appeared in movement curvatures. Initiation times were much slower
than in Hindy and Spivey’s (2008) experiment (481 ms) and these were affected by task switch and
congruency, but surprisingly not by CSI. A second experiment used two sets of cues for each task
dimension in order to address a confound between ‘cue repetition” and ‘task repetition’ previously
highlighted by Logan and Bundesen (2003). Results showed that it was indeed mainly the repetition of
the cue, rather than of task, which affected response latencies and movement characteristics, as well as
initiation times. For this experiment, the authors reported no descriptive statistics, so it is difficult to
judge the relative speed of initiation times, as well as how they were affected by CSI, switching, and
congruency.

In summary, the two previous studies in which task switching was explored via mouse tracking offer
a complex and inconclusive pattern of results. On a broad level, it is likely that movement trajectories
are affected by task switching, although Weaver and Arrington’s (2013) results certainly raise the
possibility that at least part of this was due to cue rather than task repetition. This is an issue which
could potentially also have affected Hindy and Spivey’s (2008) results because they used just a single set
of cues. Concerning movement initiation times, results again are complex. Hindy and Spivey reported
fast initiation times which numerically exhibited task switch effects, but significantly so only for colour
but not for shape decisions. Weaver and Arrington reported much slower initiation times which were
affected by task switch, but this arose from cue rather than task repetition (they also reported, contrary
to our predictions, congruency effects in initiation times which in our view mainly arose from the fact
that initiation times were atypically slow).
The present study

In the study below, we designed a switch task with responses provided via computer mouse in
which we attempted to address most of the shortcomings of the previous studies with this technique.

We used a colour-shape switch task in a form which we take to be canonical in the literature (e.g., Prior
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& MacWhinney, 2010). Following the task cue, a single coloured shape was presented as the target, and
participants classified it according to either colour or shape (dependent on the cue), a procedure which
is in line with numerous previous key-press experiments on task switching (e.g., Prior & MacWhinney,
2010). A response was carried out by clicking on one of two unlabelled response fields at the upper left
and right corner of the screen. To avoid the potential confound between cue and task repetition
outlined above, we used two alternating sets of cues, hence cues were never repeated on consecutive
trials and the emerging switch cost is genuinely attributable to task switching. We used two relatively
short CSls (200 and 500 ms) which were chosen to maximise our chances of capturing task switching in
mouse responses. With such short CSls, task switching should still be strongly present even with the
longer interval, whereas only with longer CSls switch cost would be reduced to a residual degree.

In our analysis, we focused on the following dimensions of theoretical interest: a) mix costs
(difference between pure and mixed blocks), b) switch costs and their dependence on CSI, c) interplay of
switch costs and congruency effects, d) effects of response repetition from trial N-1 on switch costs on
trial N, and d) effects of congruency on trial N-1 on task switch costs. To reiterate the main predictions:
some experimental manipulations arise from stimulus aspects (i.e., congruency effects) or even
response dimensions (i.e., response repetition between trial N-1 and N) and here it is likely that they
should affect response latencies (and potentially errors) and possibly also the curvature of response
movements. In line with previous mouse tracking studies which had used a ‘static’ starting procedure
(e.g., Experiment 1 reported in Wirth et al.,2020) and also in parallel to the results of Hindy and Spivey
(2008) but diverging from the results of Weaver and Arrington (2013), we predicted relatively fast
initiation times. If so, movements are probably initiated too early to be affected by stimulus properties,
and so we predict that stimulus-driven effects should not emerge in initiation times. By contrast, other
effects do not depend on the stimulus display of a current trial (i.e., the effect of CSl) and here we

expected them to affect initiation times as well. The critical issue was how switch costs manifest
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themselves. The TSR view predicts that switch costs arise from task set reconfiguration by the cue on the
current trial, and that they are likely to be already present at the point in time when a response
movement begins. By contrast, the interference view characterises switch costs as stimulus-driven, and
hence the prediction is that like congruency effects, they should not be present in movement initiation
times.

Experiments with dynamic responses such as in mouse tracking generate data sets which are
considerably more complex than those resulting from key-press experiments. Responses can be
analysed along a plethora of potential dependent variables?! (errors, initiation times, response latencies,
various measures of curvature, velocity, acceleration, etc.; see Wirth et al., 2020, for a comprehensive
overview), and presenting these results and analyses in an accessible format poses a considerable
challenge. In the results reported below, we opted to report most of the key findings in figures which
present on the one hand average trajectories, and on the other hand the key dependent variables of
errors; initiation times; response latencies; plus MD as a measure of curvature (analyses using AUC
rather than MD generally showed statistically equivalent results). The dependent variables are
presented as inset plots with corresponding statistical information underneath. We expected the results
to form a complex mix of positive and null findings and the latter are problematic to interpret within a
frequentist framework, hence we based our analysis on Bayesian rather than frequentist statistics.

Method

Participants

! Note that in mouse tracking and related techniques, the various dependent measures are not
necessarily independent from one another. For instance, Grage et al. (2019) recently showed a negative
correlation between initiation times and curvature, as well as a negative relationship between initiation
time and response latency.
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40 undergraduate students (mean age: 23.8; female N=25, male N=13, prefer not to say N=2) from
the University of Bristol were recruited for this experiment and received course credit. Participants gave
informed consent for this study. All participants confirmed that they have normal or corrected to normal
vision, were comfortable with operating a computer mouse with their right hand, and were not colour-
blind. Participants were tested in small groups. Ethical approval for this study was granted by the Faculty
of Science Research Ethics Committee at University of Bristol (no. 75221).

Materials and Procedure

In this experiment, participants judged coloured shapes by colour (red/blue) or shape (triangle: 169
x 144 pixels; 4.5 x 3.8cm; or circle: 145 x 154 pixels; 4.0 x 4.0 cm). The trial structure is displayed in
Figure 1. Participants were instructed to initiate a trial by clicking on a “Start” button at the bottom of
screen (hence, the response-cue interval, or RCl, was variable). A task cue appeared in the lower half of
the screen (180 pixels below the centre of the screen). Two cue sets alternated for each task: colour was
cued either by a stylised rainbow (179 x 69 pixels; 4.7 x 1.8 cm) or a colour wheel (129 x 129 pixels; 3.4 x
3.4 cm); shape was cued either by a horizontal display of a circle, square, and triangle (187 x 52 pixels;
5.0 x 1.4 cm), or a circle embedded within a triangle, itself embedded within a square (126 x 126 pixels;

3.3 x 3.3 cm). Cues remained on the screen according to the CSI (either 200 or 500ms), and were
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RCI: variable

=
CSI: 200 or 500ms

Target: until response
or timeout

START y—N

START

START

Figure 1. Trial structure. RCl = Response-cue interval; variable as each trial was initiated by the
participants clicking on the “START” field. CSI = Cue-stimulus interval (either 200 or 500ms).

replaced with the target display (e.g., a blue circle) presented in the same location. Participants made
their response by moving the mouse from the “Start” field to the appropriate response field and clicking
on it. They were instructed to make the response as quickly and accurately as possible. Targets
disappeared either when participants had completed a response, or after 2,000ms. We used the same
stimulus-response mapping throughout (left response: red/triangle; right response: blue/circle).

The experimental session began with four pure blocks of 18 trials with two buffer trials at the
beginning. The first two blocks involved only colour decisions, with Block 1 a practice block and Block 2
the experimental block. During the practice trials, the word red appeared in the top-left corner and blue
in the top-right corner. Blocks 3 and 4 involved only shape decisions, again with the first a practice block
and the second an experimental block. During the practice trials, the words triangle appeared in the top-
left corner and circle in the top-right corner. Next, participants were instructed that from now on they
would be cued as to whether to perform a colour or a shape decision on a given trial. There was one

practice block of 32 trials, followed by three experimental blocks of 98 trials each, with two buffer trials



Task switching and mouse tracking 15

at the beginning of each block. Trials were pre-scrambled between colour and shape decisions and there
was a 50% probability of a task change, resulting in the same number of switch and non-switch trials.
No feedback on accuracy or latency was provided to participants during the experimental session.
Participants were seated approximately 60 cm from the computer screen (23 inch Dell P2319H flat
screen monitor with screen resolution 1920 x 1080; Dell MS116 computer mouse). MouseTracker
software (Freeman & Ambady, 2010) was used for presentation of the stimuli. Participants were
instructed to click on a grey box (192 x 72 pixels; 5.1 x 2.9 cm) in the bottom centre of the screen to
initiate a trial, and following the display of the target stimulus, they responded by moving their mouse
to, and clicking on, one of two response fields (288 x 144 pixels; 7.6 x 3.8 cm) on either the top left or
the top right corner of the screen. MouseTracker collected the raw data of each mouse trajectory,
recording x and y coordinates of the trajectory of the mouse movement every 16 ms. The ‘cursor speed’

parameter which overrides the Windows settings and ranges from 1 (slowest) to 20 (fastest) was set to

12.

Data preprocessing and statistical analysis. Data were processed in R (R Core team, 2020) using the
package mousetrap (Kieslich et al., 2019). For each trial, the response accuracy, initiation time (the time
at which a participant initiated the mouse movement, measured relative to the onset of the target
display), response latency (the time interval between onset of the target display, and clicking on the
response field) and MD (measured in cm) were computed. Because mouse clicks on the “start” button
oftentimes are associated with miniscule movements which are then erroneously recorded as extremely
short initiation times, we instead computed initiation time as the first time sample relative to target
onset in which the mouse cursor left a specific starting region. With a rectangular start region, initiation
times are potentially confounded with the starting angle of a movement (Wirth et al., 2020) and hence a
circular starting region is preferrable. We followed this recommendation and computed initiation times

as the first time sample at which movements left a virtual circular region with a diameter equal to the



Task switching and mouse tracking 16

height of the response box (72 pixels). Measures were then aggregated within and across participants.
Trials on which participants had made an error were excluded from the analysis of the other dependent
variables. We further excluded data from trials on which participants had made no response, with
latencies faster than 500ms, as well as from trials with initiation times longer than 1 sec (3.9%).

In the following we report the outcomes of Bayesian statistical analysis, based on the packages
BayesFactor (Morey & Rouder, 2018) and bayestestR (Makowski et al., 2019). Because the outcome of
Bayesian tests varies slightly across repeated analyses, we conducted each reported analysis ten times,
and report average Bayes factors (the range of the obtained Bayes factors can be found in the

supplementary materials).? Raw data and R analysis files are available on the Open Science Framework.

Results
Pure vs. Mixed blocks. In a first analysis, measures were computed for the pure blocks (either colour
decisions only, or shape decisions only) compared to the mixed block (colour and shape decisions
randomly intermixed; for this comparison only non-switch trials were used, in line with the previous
literature, e. g., Paap et al., 2017; Rubin & Meiran, 2005). The difference in performance between pure
and mixed blocks constitutes the mix cost. Compared to responses in the pure condition, responses on
mixed trials were more error prone (by 4.2%; BF1o = 322.55), took longer to initiate (by 101ms; BF1o >
1,000), as well as slower response latencies (by 354ms; BF10> 1,000), and had more curved trajectories,
as indicated by MD (by 3.1cm; BF10> 1,000. Hence, randomly intermixing two tasks incurred the

predicted mix cost on all dependent measures. See Supplementary material A for descriptive statistics.

2 Throughout, we used Lee and Wagenmakers’ (2013) heuristic that a Bayes Factor of 1-3 constitutes
“anecdotal” evidence, 3-10 is “moderate”, 10-30 is “strong”, 30-100 is “very strong” evidence, and > 100
is “extreme” evidence for Hy. Conversely, a BF of 1/3-1 constitutes “anecdotal” evidence, 1/10-1/3 is
“moderate”, and < 1/10 is “strong” evidence, etc. for Ho. Clearly these should only be interpreted with
caution, and not be used to dichotomise results into present vs. absent.
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Switch costs and CSI. From here on, analysis was restricted to the mixed block. Next, we considered the
impact of task switching on performance in mouse tracking, in conjunction with exploring the effects of
CSI. Switch costs tend to be more pronounced with shorter than with longer CSls (e.g., Rubin & Meiran,
2005). Our own study used two different CSls. Trials were coded as to whether a task on trial N (colour
or shape decision) was the same as the task on trial N-1 (“non-switch”), or different (“switch”), as well as
whether the CSI was 200 or 500 ms. Figure 2 shows the results. Rightward trajectories were flipped to
appear as pointing toward the left response. Average trajectories® on the left show clear signs of a
switch cost (orange/switch average trajectories are more curved than blue/non-switch trajectories) but
only a very minor effect of CSI. The inset panels show strong Bayesian evidence for an effect of task
switch on all dependent variables. This includes the particularly theory-relevant variable of initiation
times: these are 17 ms slower on switch than on non-switch trials. CSI clearly affected initiation times
and latencies, but the effect on curvature was inconclusive; the visual impression from the figure is
certainly that if there is an effect on curvature, it was relatively minor. Finally, the evidence regarding an
interaction between CSI and task switch costs was not conclusive, but again visual inspection of the
figure suggests that an interaction, if genuine, must be quite subtle. We conclude that switch costs
emerge clearly in properties of response movements, whereas compared to the short CSI, the longer CSI
accelerates the movement but does not substantially affect its shape. See Supplementary material B for
descriptive statistics.

Switch costs and Congruency. Switch costs are potentially affected by congruency between the two task

instruction sets, with larger congruency effects on switch trials, and less or no congruency effects on

3 One of the reviewers alerted us to the possibility that with average movement duration times of 973
ms, it is possible that participants responded in a discontinuous manner (e.g., participants might stop or
slow down after they initiated a movement, work out the response, and then re-initiate the movement).
To explore this possibility, we plotted average X and Y movements, velocity and cumulative distance
from start position over the first 1 sec of each trial. From this figure (see Supplementary material C) we
found no evidence for a discontinuity in the movements.
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Figure 2. Task switch (repeat vs. switch) and CSI (200 vs 500 ms). Left side: average time-standardised
movement trajectories. Right side: dependent variables (errors, initiation times, response latencies, and
MD). Error bars in inset panels show within-subjects standard errors using the Cousineau-Morey-O'Brien
(Cousineau & O'Brien, 2014) method.
non-switch trials (e.g., Goschke, 2000; Sudevan & Taylor, 1987). For this analysis, trials were additionally
coded regarding whether on a given trial N, the irrelevant task generated the same response as the
relevant one (congruent) or not (incongruent). Figure 3 shows the results. Average trajectories on the
left show clear signs of a switch cost and a congruency effect (dashed/incongruent lines are more curved
than solid/congruent lines), as well as an interaction between switch costs and congruency, with the
most curved trajectory in the switch/incongruent combination. The inset panels show Bayesian evidence
for an effect of task switch, of congruency, as well as of a switch x congruency interaction, on all

measures except for initiation times. In summary, the results show the interaction between switch costs

and congruency previously reported in the literature which manifests itself in errors, response latencies,
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and movement curvature. The exception is in initiation times: task switch clearly affects initiation times,
whereas congruency does not. See Supplementary material D for descriptive statistics.
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Figure 3. Task switch (repeat vs. switch) and Congruency (congruent vs. incongruent) effects. Error bars
in inset panels show within-subjects standard errors using the Cousineau-Morey-O'Brien (Cousineau &
O'Brien, 2014) method.

Switch costs and response repetition. In switch tasks, repeated responses on consecutive trials lead to
faster responses on non-switch trials but to slower responses on switch trials (e.g., Rogers & Monsell,
1995). To explore this pattern, trials were coded into whether on a given trial N, the response (left or
right) was the same as on the preceding trial. Figure 4 shows the results. Trajectories showed the
predicted response repetition benefit on non-switch trials but a repetition cost on switch trials. An

interaction between task switch and response repetition emerged strongly in response latencies and

movement curvature (but not in errors). Initiation times were not affected by response repetition,
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whereas the interaction with task switch was inconclusive. See Supplementary material E for descriptive

statistics.
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Figure 4. Task switch effects (repeat vs. switch) dependent on Response on trial N-1 (responses on trial
N-1 and N are “same” or “different”). Error bars in inset panels show within-subjects standard errors
using the Cousineau-Morey-0'Brien (Cousineau & O'Brien, 2014) method.

Switch costs dependent on congruency on trial N-1. Switch costs are potentially more pronounced
following incongruent than congruent trials (Goschke, 2000). To explore this pattern, trials were coded
into whether trial N-1 was congruent or incongruent. Figure 5 shows the results. The predicted
interaction was found in errors, response latencies, and movement curvature. The impact of congruency

on trial N-1 on initiation times, as well as its interaction with task switch, was less conclusive. See

Supplementary material F for descriptive statistics.
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Time course analysis across all relevant variables. All theory-relevant variables were combined in a
rudimentary time course analysis. The logic is as follows: some of the variables are not in any obvious
way stimulus/target-dependent, and so should exert a relatively early effect on response trajectories.
For instance, effects of CSI do not depend on target characteristics, and so should affect responses
relatively early on. By contrast, congruency clearly depends on the specific stimulus presented on trial N,
and response repetition from trial N-1 depends on the specific response to the stimulus on trial N and its
interplay with the response on trial N-1. These variables should affect response trajectories at a
relatively late time point. The important issue regards the onset of the task switch variable: does it
cluster with the stimulus-dependent or the stimulus-independent variables?

We performed a time course analysis for each variable in which x-coordinates at each sampled time
step were aggregated for the first 1,000ms of responses, and the deviations from the zero midpoint,
dependent on the condition, were tested via Bayesian t-tests.* Figure 6 shows the results, with the y-axis
showing the logarithm of BF1o. Four of the five variables rise to strong Bayesian evidence in the time
window of 350-500 ms post stimulus onset, with the remaining variable (response N-1) showing a much
later rise. CSl shows the earliest rise, with task switch and congruency N-1 next, followed by congruency,
and response N-1 last. A possible inference from this finding (unfolded in more detail in the discussion)

is that both cue- and stimulus-driven aspects of the task combine to generate the classic switch cost.

* We performed this analysis on raw rather than time-normalised trajectories because we felt that raw
trajectories would be better suited to capture the relative onsets of experimental variables. However,
raw trajectories have variable end points. In the analysis reported here, 98% of trajectories had end
points larger than 700 ms, 91% had end points > 800 ms, and 82% had end points > 900 ms. Hence there
is a certain degree of data loss due to ‘inactive’ data points toward the right side of the figure. At the
same time, the critical findings regarding the onset of the various effects come from virtually all
trajectories included in the data set.
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See text for details.
Discussion

The current study explored task switching in a classic colour-shape decision experiment:
participants were randomly cued on each trial to classify coloured shapes (red/blue circles/triangles)
either according to colour or to shape. Contrary to numerous prior studies in which a similar
manipulation had been used, in our study participants gave their responses via dynamic computer
mouse movements, which allowed us to explore four dependent measures: errors, the time at which a
movement was begun (initiation times), response latencies (the time it took to click on the response
field), and a measure of curvature of the response trajectory (MD). The findings can be briefly
summarised as follows.

Both a mix cost (difference between blocks in which participants randomly switched between two

tasks, and blocks in which they only carried out a single task) and a switch cost (difference between
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trials on which the task from the previous trial was repeated or switched) emerged in all dependent
measures. CSI mainly manifested itself as a shift of the entire response in time (with slower initiation
times and latencies for the short than for the long interval) but with only minor effects on the shape of
the trajectory. A task congruency effect (on a given trial, temporarily irrelevant task instructions
interfered with the relevant ones) was found in all measures other than initiation times, and congruency
interacted strongly with switch costs. Furthermore, we found response repetition effects (i.e., whether
or not on a given trial N, the response was the same or different than on the preceding trial N-1) and
these interacted with the task switch effect. Finally, we found an effect of congruency on trial N-1: for
incongruent N-1 trials, greater switch costs were found on errors, latencies, and trajectory curvatures
than for congruent N-1 trials.

A subset of these findings had been reported in previous studies. Hindy and Spivey (2008) used a
colour-shape switch task (although in a slightly different form from ours; see below), and reported
statistically significant switch costs in initiation times, response latencies, and trajectory curvatures as
assessed by MD. Weaver and Arrington (2013) conducted a number switch task and showed both switch
and congruency effects on accuracy, initiation times, and response latencies, but a significant switch x
congruency interaction emerging only in errors. Both switch and congruency effects appeared in
movement curvatures, with a marginally significant switch x congruency interaction. To our knowledge,
potential effects of response repetition, and of congruency on trial N-1, have not previously been
explored in task switch studies with the mouse tracking methodology.

We consider movement initiation times to be the most informative dependent variable considering
theoretical explanations of task switching. As highlighted in the introduction, our rationale was that with
a static starting procedure, response movements should be initiated relatively soon following stimulus
presentation. This was also the case here, with average initiation times of 360 ms. These are slower than

those in Hindy and Spivey (2008; approx. 200 ms) but faster than in Weaver and Arrington (2013; 481
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ms). However, we note that average initiation times in our study are still longer than in previous studies
using ‘conflict’ tasks, e.g. Wirth et al., (2020, Experiment 1) reported average initiation times of 174 ms
in a Simon task. We suspect that this arises from the fact that task switching is cognitively more
challenging than simple judgements such as those in standard conflict tasks.

Our prediction was that stimulus-driven experimental effects such as those of congruency or of
response repetition should not affect initiation times, presumably because the movement is initiated
before the decision has been completed. This was indeed the case, with little evidence that congruency
or response N-1 affected initiation times. By contrast, task- or cue-driven effects, such as those arising
from CSI, or from incongruency on the previous trial, were predicted to affect initiation times. This was
clearly the case for CSI, but the evidence regarding congruency N-1 was inconclusive. Our critical
variable of interest was task switch, and here it was clearly the case that initiation times were affected.
This finding suggests that switch costs cannot be fully accounted for by ‘interference accounts’ but that
part of it must arise from task set reconfiguration which takes place prior to stimulus/response
processing. The powerful presence of stimulus/response-driven effects such as congruency of course
underscores the claim that performance in switch tasks is substantially affected by sensitivity to learned
associations. Hence, we suggest that the most plausible account of task switching rests on a contribution
of both endogenous and exogenous control processes (e.g., Vandierendonck et al., 2010).

The time course analysis of all combined variables presented in Figure 6 is admittedly rudimentary
and more sophisticated methods have recently been developed to analyse temporal aspects of mouse
tracking data (e.g., Scherbaum & Dshemuchadse, 2020). Nonetheless, our findings regarding the relative
temporal onset of effects are certainly suggestive. The results show that CSl is the first to affect
response movements, followed by congruency N-1 and task switch, then congruency, and finally
response N-1. Hence, cue/task driven effects emerge first (CSl), and stimulus/response driven effects

later (congruency and response N-1 respectively), with task switch emerging in between. In accordance
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with our interpretation of the initiation time patterns, this suggests that switch cost is neither entirely
cue- nor stimulus-dependent, but probably arises as a combination of endogenous (top-down) and
exogeneous (bottom-up) processes.

As summarised in the introduction, two previous studies have combined task switching with the
measurement of computer mouse trajectories, and it is important to examine to what extent the
current results converge with the previous findings, and where they differ. Hindy and Spivey (2008) used
a colour-shape switch task (although in a slightly different form from ours; see below), and reported
statistically significant switch costs in initiation times, response latencies, and trajectory curvatures.
They also reported that the task switch effect depended on the task (colour vs shape): for colour
decisions, initiation times were significantly affected by task switch but response curvature was not; for
shape decisions, initiation times were unaffected by task switch but curvatures were. In a subsidiary
analysis of our own data, we also explored potential effects of task (colour vs. shape) but found only
negligible differences. It is worth noting that Hindy and Spivey possibly overinterpreted a constellation
of significant and non-significant results: for colour trials, the effect of tasks switch on initiation times
was just-significant; p = .049, whereas the corresponding comparison for shape trials failed to reach
conventional significance; p = .23 (no test for a statistical interaction was reported). Corresponding
Bayes Factors are 0.90 and 0.37 respectively, so neither offers clear evidence for the presence or
absence of an effect on initiation times. By contrast, in our own study task switch powerfully affected
initiation times (BF10> 1,000).

Hindy and Spivey’s (2008) experiment differed from ours in a number of other experimental
properties. First, their study adopted a procedure from Diamond and Kirkham (2005) in which
participants were cued as to whether to focus on colour or on shape, then three coloured shapes were
presented in an inverted triangle shape, and participants clicked on the shape in the top row which

matched the bottom one. By contrast, in our task following the task cue, a single bivalent stimulus (e.g.,



Task switching and mouse tracking 27

a blue triangle) was presented and participants clicked on one of the two response fields at the top of
the screen. Perhaps these procedural details affected potential task differences between colour and
shape decisions. Second, in their study, the delay between presentation of the cue (the words colour or
shape) and of the stimulus (the coloured shape) was determined by when participants chose to click on
a “start” button at the bottom of the screen. A large body of literature exists on the effects of CSI in task
switching (see introduction) and using a self-determined and hence variable CSI renders interpretation
of the results more difficult (e.g., perhaps participants chose different CSls for colours and for shapes).
Third, only a single set of cues was used, which implies that for the non-switch trials, task repetition is
conflated with cue repetition (Logan & Bundesen, 2003; Mayr & Kliegl, 2003). To avoid this problem, in
our experiment we used two sets of cues and hence cues were never repeated on consecutive trials.
Overall, further research is needed to evaluate Hindy and Spivey’s suggestion that for some tasks,
responses are ‘graded’ and hence task switch costs are absent in initiation times but emerge in
curvatures, whereas for other task, responses are ‘staged’ and hence emerge in initiation times but not
in curvatures. In our own study, Bayesian analysis suggested that task switch powerfully affected both
initiation times and curvatures of responses.

Our findings also did not fully replicate those of Weaver and Arrington (2013; see introduction) in
which mouse tracking was combined with a numerical size-parity task switching experiment. Most
importantly, they reported relatively slow initiation times which were affected by task switch but also by
congruency (the effect of CSl was less consistent). The positive finding regarding congruency is
particularly surprising to us, but it is compatible with the observation that responses were initiated
slowly. It is, however, not clear why this is the case. Response latencies were certainly in line with those
found in our own study. We suspect that some as yet unidentified aspect of the procedure or
instructions induced more ‘conservative’ responses in participants than in our own study. Further worth

highlighting is our finding that we found clear task switch effects on movement characteristics despite
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us avoiding the potential confound with of task and cue repetition; by contrast, Weaver and Arrington
attributed the bulk of their effects to cue rather than task switching. Despite these differences between
the earlier and our own findings, we broadly concur with Weaver and Arrington’s inference that their
results likely reflect a combination of TSR and stimulus-response interference. It is worth noting that
Weaver and Arrington used a different task from ours (size-parity vs. colour-shape), and task switching
performance can to some extent be task-specific (e.g. Yehene & Meiran, 2007).

In our study, we used a static starting procedure (cue and target were shown after participants
initiated a trial by clicking on a Start region at the bottom of the screen, and participants chose when to
initiate the response toward the target). This contrasts with a dynamic procedure in which a stimulus is
only shown once a response movement is already in motion. For the current research topic, we argued
that use of the static procedure is essential because with a dynamic procedure by definition, movements
are initiated before a stimulus is presented, hence making it impossible to disentangle
stimulus/response from cue/task driven effects. However, it is acknowledged that only with a dynamic
procedure do cognitive effects take place in reasonably close temporal proximity to the measured
movement trajectories and for this reason, the dynamic procedure is normally preferable. Hence, our
time course analysis reported in Figure 6 potentially allows us to determine the sequence in which a
range of effects affect movements, but these provide little time about the underlying time course of
cognitive effects. If the aim is to obtain true ‘online’ measures of the temporal neurodynamics of
cognitive processing, then electrophysiological methods are much preferable (e.g., Cutini et al., 2021).
Mouse tracking as a window into cognitive control

Mouse tracking, alongside similar methods such as reach tracking, provides a powerful tool for
investigating cognitive control, and task switching in particular: all important findings reported in the
literature (e.g., mix costs, switch costs, congruency effects etc.) came out very clearly in trajectories,

perhaps more so than in RTs. Mouse tracking experiments typically involve some sort of spatial stimulus-
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response (S-R) compatibility manipulation. For instance, Freeman and Ambady (2009) presented
participants with either female or male human faces which were either sex-typical or -atypical, and for
the atypical faces they found a continuous ‘spatial attraction’ toward the response associated with the
opposite-gender stereotype. Dale and colleagues (2007) asked participants to categorise pictures or
words into two semantic categories (e.g., mammal or fish), and found that responses to atypical
exemplars (e.g., whale) were curved toward the incorrect response more so than responses to typical
exemplars (e.g. cat). Barca and Pezzulo (2012) reported a lexical decision task with computer mouse
responses in which low frequency words were curved more toward a nonword response than high
frequency words. In studies such as these, the manipulation is generally such that the curved stimuli
induce a tendency to respond with the incorrect response (a tendency which is typically suppressed, as
participants eventually click on the correct answer). In our own experiment, the effect of congruency is
clearly of this nature as well: the temporarily irrelevant task instructions interfere with the currently
relevant ones, and if they are incongruent, then responses are attracted toward the incorrect answer,
resulting in the signature curvature in average trajectories.

Interestingly, however, the classic switch cost which emerged in our response trajectories is of a
different kind: responses on switch trials are more curved than responses on non-switch trials, and in
fact, congruency and task switch effects emerge visibly in a quite comparable fashion in the trajectories
(cf Figure 3). But for the switch/non-switch contrast, the difference in trajectories cannot be due to a
spatial incongruency (as is the case for the congruency manipulation) and hence a mechanism different
from spatial S-R compatibility must underlie the effect. We suggest that the switch cost emerging in
response trajectories further highlights the fact that decision making and response execution are
strongly intertwined. Task switching incurs a cognitive cost which not only delays responses in
conventional key press experiments, but it also negatively affects the efficiency of a response when

dynamically carried out via computer mouse movements. Hence, mouse trajectories are not only
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sensitive to spatial attraction toward the incorrect response, but they also exhibit effects which are

centrally based and then cascade into response execution.
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