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Abstract
To behave adaptively in complex and dynamic environments, one must link perception and
action to satisfy internal states, a process known as response selection (RS). A largely
unexplored topic in the study of RS is how inter-stimulus and inter-response similarity affect
performance. To examine this issue, we manipulated stimulus similarity by using colors that
were either similar or dissimilar and manipulated response similarity by having participants
move a mouse cursor to locations that were either close together or far apart. Stimulus and
response similarity produced an interaction such that the mouse trajectory showed the greatest
curvature when both were similar, a result obtained under task conditions emphasizing speed
and conditions emphasizing accuracy. These findings are inconsistent with symbolic look-up
accounts of response selection but are consistent with central codes incorporating metrical

properties of both stimuli and responses.
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Reaching into Response Selection: Stimulus and Response Similarity
Influence Central Operations

Performing a goal-directed action, even one as simple as picking up a can of soda,
requires the precise coordination of perceptual-motor processes. Consider, for example, a
situation in which you reach for your can of soda amongst many other cans that belong to other
people. This task requires distinguishing your soda from other objects, including similar cans,
and then selecting a motor program that avoids any obstacles on the way to your soda. Thus,
this type of flexible, goal-based behavior requires the ability to quickly translate incoming
sensory information into the appropriate action in the face of other competing possible actions, a
process known as response selection (RS).

Response selection has traditionally been conceived of as an information processing
stage distinct from stimulus identification and response initiation (Sanders, 1967; Sternberg,
1969). Although there have been a variety of formulations regarding the exact number and
nature of the stages through which information flows (Sternberg, 1969), early models of
information processing hold that these stages are discrete, a basic notion that dominates
accounts of RS. Discrete stage models hold that processing for one stage does not begin until
the preceding stage is complete. Such models continue to provide popular accounts of the
performance on choice reaction time tasks (i.e., tasks that require mapping a stimulus to a
particular response) (e.g., Anderson et al., 2004; Meyer & Kieras, 1997; Pashler, 1994; Salvucci
& Taatgen, 2010). For example, the widely-cited response-selection bottleneck model (RSB;
Pashler, 1994) posits that RS processes receive the output of stimulus classification processes
and translates these into an abstract response code. This means that, as in other discrete
stage models, features of the stimulus and response are not represented at the same stages
(Pashler, 1994; but see, Hommel, 1998). A variant of this perspective is a symbolic production
system (ACT-R; Anderson et al., 2004; Anderson & Lebiere, 1998) in which RS takes place
through the implementation of production rules that activate representations of potential
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responses in working memory based on the identity of the stimulus. In these models, RS
operates over abstract symbols rather than modal representations that preserve irrelevant
metrical properties (i.e., relating to scalar feature values as opposed to nominal or categorical
information; see, e.g., Barsalou, 2008).

An alternative approach to explaining interactions between stimulus and response
features abandons the requirement that stages must be completed before others begin and
instead emphasizes the continuous dynamics of real-time action. These continuous models
stress the overlap between perceptual and motor processes as activation cascades from one
process to another. Such models propose that the output of a process is continuously available
to subsequent or concurrent processes (Coles et al., 1985; Eriksen & Schultz, 1979;
McClelland, 1979). Thus, information from an early process (e.qg., stimulus classification) can
serve as input to a later process (e.g., response selection) before the early process has
completed.

Historically, RS has been studied with experimental paradigms in which a discrete motor
response (such as a button press) is made in response to a specific stimulus in the
environment. Patterns of accuracy and reaction time (RT) are used to infer how perceptual
processes map to discrete motor responses (see, Hazeltine & Schumacher, 2016). One
limitation of these dependent measures is that they assess only the final outcome of task
operations, imposing discreteness on the underlying processes that may be better characterized
as continuous (Spivey et al., 2005). That is, by considering only the end result of response
selection (i.e., what button was pressed and when), this approach may be insensitive to the
underlying dynamics. Moreover, the task demands may encourage participants to adopt
strategies that mimic discrete stage models. When the desired responses are small movements
(e.g., button presses when the finger is initially resting on the button), participants may
necessarily withhold engaging in any motor processing before perceptual processes have

achieved a relatively stable state.
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Computer-Mouse Tracking and the Dynamics of Response Selection

Recently, behavioral methodologies have been developed that emphasize the dynamics
of RS (Duran, Dale, & McNamara, 2010; Spivey, Grosjean, & Knoblich, 2005). For example, by
tracking the pixel-coordinate trajectories of computer-mouse movements as the cursor is moved
to a presented stimulus, one can obtain an action-based index of the coactivation of stimulus-
response (S-R) alternatives (Freeman, Dale, Farmer, 2011; Song & Nakayama, 2006; 2008;
2009; Spivey et al, 2005). The continuous nature of the movement trajectories can provide
more direct evidence for competition between response options that cannot be easily detected
when RT is the primary measure (Eriksen & Eriksen, 1974; Kornblum, 1965; Miller, 1988, 1993).

In support of this method, several studies link the neural dynamics that underlie the
evolution of the decision process and neural activity in motor cortex (Cisek & Kalaska, 2005;
Gold & Shadlen, 2007; Paninski, Fellows, Hatsopoulos, & Donghue, 2004; Shen & Alexander,
1997; Tosoni, et al., 2008). Moreover, reaching movements display both attraction and repulsion
to distractors during flight, consistent with the emergence of the motor program as decision
processes unfold (Song & Nakayama, 2006). When competing motor commands are being
generated at the same time, the observed motor movement can reflect a weighted combination
of the two commands, resulting in an action that moves in the direction of a target response
location or to a region in between two potential movement destinations (Cisek & Kalaska, 2005).
These results have been interpreted as evidence that the moment-to-moment evolution of a
cognitive decision is manifested in the real-time motor output (Gold & Shadlen, 2001). Portions
of trajectories that move toward regions in between visual targets may be indicative of
simultaneous partial activation of competing S-R alternatives that correspond to those targets,
indicating a continuous flow of information through the system.

Spivey, Grosjean and Knoblich (2005) exploited these properties of mouse tracking to
show that competitor words were activated during spoken-word recognition. In their task,
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participants moved a mouse cursor to one of two targets on the computer screen depending on
the identity of the aurally presented word. The two targets were pictures of either phonologically
similar items (cohort condition; e.g., candy/candle) or dissimilar items (control condition; e.g.,
candy/jacket). Participants were instructed to start moving the mouse as soon as they heard
the name of the object to which they should move the mouse. In the cohort condition,
trajectories showed greater deviation towards the incorrect object than did trajectories in the
control condition. Moreover, mouse movements in the control condition reached the target
earlier than mouse movements in the cohort condition. The authors took this as evidence for
continuous uptake of phonological information (but see van der Wel, Eder, Mitchel, Walsh, &
Rosenbaum, 2009; and Spivey, Dale, Knoblich, & Grosjean, 2010 for their reply) as well as
direct evidence of competition between phonetically similar items.
Response selection and two types of similarity

This approach has since been adopted across a range of domains, and the experimental
results have consistently demonstrated that hand movements (as measured by the trajectories
of the computer mouse or other devices) systematically reflect ongoing cognitive processes in a
wide range of tasks (for reviews of this literature, see Freeman, Dale, & Farmer, 2011; Song &
Nakayama, 2009). Much of this work has used identification tasks (i.e., visual world paradigm)
focusing on an examination of the curvature of mouse-movement trajectories when there is a
competing item present in the display compared to when it is not. Typically, these experiments
report that perceptual or more abstract representational similarity between a target stimulus and
a competitor produces attraction to the competitor as subjects ultimately move to the correct
location in a multiple-object display (e.g., Farmer, Anderson, & Spivey, 2007; Farmer, Cargill,
Hindy, Dale, & Spivey, 2007; Freeman, Dale, & Farmer, 2011; Song & Nakayama, 2009). This
pattern of data is taken as evidence of coactivation between the possible responses as the RS
processes unfold over time, and the magnitude of curvature toward a distractor can serve as a
graded index of the degree to which the competitor was active across the decision process.
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Such findings suggest that the degree of perceptual similarity among multiple items in an
environment produces graded attraction toward a competitor during a movement to a correct
location. But, just as objects in a display can vary in the degree of similarity they share with a
target stimulus, movements themselves can be more or less similar to each other, and this
affects motor programming processes (Ghahramani, Wolpert, & Jordan, 1996; Rosenbaum,
1980). In contrast to the effects of stimulus similarity, little experimental work has been
conducted on the manner in which response similarity affects RS and reaching. In the present
study, we use the term “response similarity” to refer to the nearness of the possible reaching
targets in space. One exception (McDowell et al., 2002) reported that RTs were faster when
reaching to response locations that were close together in space compared to locations that
were far apart. One interpretation of this result is that similar response locations involve
overlapping response codes, and this overlap can reduce the work required by RS processes.

Thus, previous work has demonstrated that different types of similarity can have
divergent effects. Similarity among the stimuli, in general, hurts performance by making the
discrimination more perceptually difficult whereas similarity among the responses can facilitate
performance by increasing the overlap among motor programs. In this way, the available data
suggest that the two forms of similarity affect separate processes.

However, if RS takes place at a level of representation that includes both stimulus and
response information, then stimulus and response similarity should produce an interaction. That
is, if stimulus and response similarity increase competition between response options (Farmer
et al., 2007; Farmer et al., 2007; Freeman et al., 2011; Spivey et al., 2005; Wifall, McMurray, &
Hazeltine, 2013), then an overadditive interaction should be observed; decrements in
performance associated with stimulus similarity should be greater when there is more similarity
among the possible responses. This is predicted because greater stimulus similarity should
lead to the coactivation of S-R alternatives, and this coactivation should be more robust when
there is more overlap among the motor programs associated with the candidate responses. In
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short, having both similar stimuli and similar responses should elicit the most competition
between the S-R alternatives.

Thus, determining how stimulus and response similarity affect performance, and whether
the two factors interact, will have broad implications for models of RS. Specifically, continuous
models provide a straightforward way to conceptualize and model differences in mouse
trajectories that vary systematically as a function of both stimulus and response similarity.
According to such accounts, evidence accrues for different response options over time, and
differences in movement trajectories that are made during the decision process reflect the
weighted coactivation or blending of multiple motor responses that correspond to different
response options, removing the theoretical necessity of a discrete “stage” of response selection.

In general, a choice-RT task is one where a particular stimulus (out of a larger stimulus
set) is paired with a particular response (out of a larger response set) and the location of the
stimulus and response are separate (e.g., a visually presented green square is associated with
a right hand button press). Given the success of the mouse tracking tasks at revealing
competition during central operations, we sought to apply this methodology to probe RS
processes during a choice RT task. Manipulations of stimulus similarity have been used with
mouse-tracking tasks to reveal coactivation of representations during RS. A critical indicator of
RS processes is interactions between stimulus and response properties (Simon, 1969, Simon &
Rudell, 1967). Thus, we wished to extend the established mouse-tracking approach by
manipulating both stimulus and response similarity and determining whether these factors
interacted in measurements of curvature. The implications of the results provide a deeper
understanding of central operations and the importance of considering the relationship between
the stimulus and response features of a task.

Goals of Current Work

The goal of this study is to explore how stimulus and response similarity impact RS

during a choice-RT task. Previous studies (e.g., Fitts & Seeger, 1953; Simon, 1969; Simon &
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Rudell, 1967) have shown that stimulus and response properties interact when there is a
correspondence between them (e.g., a spatial relationship). To account for such interactions,
dual-route models are often invoked in which stimulus information automatically activates
representations of response options through a direct pathway that bypasses standard response
selection stages (Eimer, Hommel, & Prinz, 1995; Hommel, 1998; Kornblum, Hasboucq, &
Osman, 1990; Lien & Proctor, 2002). In principle, these dual-route models can account for a
broad array of empirical phenomena, including the Simon effect (De Jong, Liang, & Lauber,
1995), the Stroop effect (Lu & Proctor, 1995), and reductions in dual-task costs (Lien & Proctor,
2002).

In the present experiments, we examine how relational properties among stimuli and
among the responses affect mouse trajectories when there is no correspondence (i.e., no
systematic relationship) between the stimuli and responses. A finding that stimulus and
response properties produce an interaction in curvature would be difficult to account for with
dual-route accounts, because it would be unclear what information was conveyed along the
direct route to produce the interaction. That is, existing studies examining how stimulus and
response properties interact have focused on manipulations that affect the correspondence
between relevant or irrelevant stimulus properties and response properties. Such interactions
are accommodated by dual-route models because it can be assumed that the correspondence
leads to activation of a response via the direct pathway. However, in the present study, we
manipulate the similarity of the stimuli by varying the distance of them in color space, and we
manipulate the similarity of the responses by varying the ending locations of mouse movements.
Because there is no correspondence between the varying stimulus property, color, and a
varying response property, location, there should be no interactions between manipulations of
these two factors according symbolic S-R translation models, even when dual-routes are
included. In contrast, a continuous model based on representations that preserve metrical
properties predicts that the two forms of similarity should interact, given that the representations
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integrate stimuli and responses properties. Therefore, S-R competition should be greatest
when both the stimuli and responses are similar (see below). Such a finding would present a
novel behavioral phenomenon and provide evidence that RS takes place on representations

that include metrical information from both the stimuli and responses.

General Method

To examine how RS processes unfold in the face of metrical manipulations of stimulus
and response similarity, we modify the mouse-tracking procedure so that it is more analogous to
a choice-RT task. In typical mouse-tracking experiments, mouse movements are made towards
one of several simultaneously presented stimuli. Thus, the stimuli and possible responses are
the same in such cases, and the critical measurement is the amount of deviation towards a
particular irrelevant stimulus/incorrect response when the ultimately correct response is
executed. However, in the present study, we employ a design that separates the cue that
indicates which response should be made from the possible response locations, as in a typical
choice reaction time task. That is, we display all of the possible response locations on every
trial, but there is only a single cue (the presented stimulus) indicating the correct target location
and this cue is not presented at any of the response locations. There are a small number of
possible cues (four), and participants must remember the assignments of the cues to these
unlabeled location boxes, just as in choice-RT tasks in which participants must remember the S-
R mapping. With this approach, all possible response locations must be displayed on every trial
so that it is necessary to decode the identity of the stimulus to determine which response to
make. The cue is placed at the same location on every trial. This location is distinct from the
response locations, such that deviations towards the cue always result in curvature towards the
center of display regardless of the appropriate response or identity of the cue (see Figure 1). In
sum, the procedure is similar to typical mouse-tracking experiments in that participants are
required to move the mouse from a starting point to a target location based on a presented cue.
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However, the procedure is similar to choice-RT experiments in that the cue is presented in a
distinct location from the responses, whose locations are consistently mapped to cues
throughout the experiment.

Using this approach, we report three experiments that probe whether central operations
are sensitive to metric influences of the stimuli and responses by determining the degree to
which stimulus (i.e., color similarity) and response similarity (i.e., location similarity) affect
computer-mouse trajectories. Experiment 1a emphasizes the speed of the response and
Experiment 1b emphasizes response accuracy. Experiment 2 is conducted to rule out the
possibility that the results from the first two experiments were driven solely by the speed of
perceptual processing. All three experiments followed the same general procedure described
below.

Previous computer-mouse tracking experiments have been designed to encourage
participants to initiate their movement before the cue appears (e.g., Huette & McMurray, 2010;
Spivey et al., 2005) to ensure that the target would be selected during the movement. However,
this procedure is unlike many real-world tasks in which movements are initiated after or while
the stimulus is perceived. Also, the instruction to initiate the response before the onset of the
cue differs from a standard choice-RT tasks. Therefore, in the present experiments, participants
were instructed to initiate their movements once the cue was presented, as in a typical choice-
RT task and in other reaching tasks (e.g., Buetti & Kerzel, 2009; Kerzel & Buetti, 2012).

We were concerned that participants might adopt different strategies depending on the
speed/accuracy demands of the task. For example, if participants are pressured to be very
accurate, they might not begin their movements until after completing the motor programming
process. This, in turn, might prevent the effects from being evident in the trajectories because
the conflict would be resolved before the movements were initiated. Thus, we conducted two
versions of our initial experiment, one in which participants were required to complete their
movements quickly and one in which they were required to make the movements accurately.

11
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For each experiment, two factors were manipulated between subjects: the similarity of
the stimuli and the similarity of the responses, resulting in a 2 x 2 design: stimulus close,
response close (SC-RC); stimulus close, response far (SC-RF); stimulus far, response close
(SF-RC); and stimulus far, response far (SF-RF). Similar stimuli and similar responses are
referred to as close and dissimilar stimuli and dissimilar responses are referred to as far, to
parallel the response locations that were either close or far in proximity. We employed a
between-subjects design to ensure that participants were not exposed to variable S-R mappings
across conditions, which has been shown to be detrimental to performance (e.g., Shiffrin &
Schneider, 1977).

The stimuli were presented and responses collected using PC computers running Visual
Basic software. The cues were presented as filled color patches with the size of 100 x 100
pixels on a black background. The RGB values of the far cues were: 237, 28, 36 (red), 255, 242,
0 (yellow), 34, 177, 76 (green), 0, 0, 255 (blue); the RGB values of the close cues were: 74,128,
182 (blue), 35,134,167 (bluish green), 39, 137, 145 (greenish blue), 70,138, 120 (green).

The layout of the display can be seen in Figure 1. The start box was gray and had a
size of 25 x 25 pixels. Each of the four response boxes was equidistant from the center of the
start box (788 pixels away). The x and y coordinates for the close condition were: 485, 129;
579, 118; 661, 118; 755, 129 (with participants sitting 66 cm away from the screen this resulted
in a visual angle of 2.51 degrees between close boxes); for the far condition, they were 230,
222; 485, 129; 755, 129; 1010, 222 (with participants sitting 66 cm away from the screen this
resulted in visual angle of 7.14 degrees between far boxes), respectively. The mapping of color
to location was constant for each participant. For instance, in the SF-RF condition, the color red
was associated with the left most response, yellow the 2" left most response, green the 2™
most right response, and blue with the right most response. Across the two response conditions
there are a total of six different locations, with locations 2 and 5 shared by both the close and far
conditions. This allowed us to restrict the analyses to responses that share the same spatial
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location. To aid in performance, the response locations were marked by small boxes (10 x 10),

which remained visible for the entirety of the experiment.

Far Response Locations Close Response Locations
E = il
u 2 . 5 [ | 2 . 5
1 6
Shared response locations Shared response locations
Cue

Start Box ‘ . .

Figure 1. The layout of the display seen by participants, including the start box and response locations. Locations 2 and 5 are
in the same spatial locations across close and far response conditions. Note that this is not drawn to scale.

A trial proceeded as follows: upon moving the cursor into the start box at the bottom
center of the screen, participants were instructed not to not move the cursor for 1,000 ms at
which point the cue was displayed. Participants then moved the cursor to one of the four
response locations that corresponded with the identity of the cue. Participants moved the cursor
using the computer mouse with their preferred hands. After each trial, we provided feedback as
to where the participant had responded and location of the correct response. This was done in
part because participants were not told which cue corresponds with which response location

prior to the beginning of the experiment, thus emphasizing the learning component of the task.
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To begin the next trial, the participant had to move the cursor into the start box and keep it
stationary for 1,000 ms, at which point the stimulus was presented.

Each block consisted of 32 trials with each possible cue presented an equal number of
times in a random order. Two warm-up trials were added to the beginning of every block. There
were a total of 20 identical blocks, the first of which was excluded from the analysis. In
Experiment 1a, we limited the amount of time available for subjects to complete the response in
order to encourage them to move while RS processes were still unfolding. This procedure
made the task fairly difficult, and subjects produced trajectories that did not terminate near the
correct location on a substantial proportion of trials. Many of these trials were ambiguous
regarding the response, given that the endpoint of the movement was between two potential
locations when the time-out occurred. To address this concern, we report the results from the
experiments using both liberal and conservative criteria for assessing accuracy, and find a
similar pattern of results across both sets of analyses. Moreover, in Experiment 1b no time
pressure was imposed on participants, but responses were made by clicking the mouse within a
response box, thereby eliminating ambiguity regarding the correct response locations. This
design allowed us to consider how task demands (accuracy vs speed) influence the

movements.

Experiment 1a: Time Pressure
The purpose of Experiment 1a was to assess how stimulus and response similarity
affected performance in a mouse-tracking experiment. Specifically, we sought evidence for
coactivation of representations as indexed by increased curvature. Moreover, we wished to
determine how this competition was affected by similarity amongst the stimulus and response

alternatives.
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Method
Participants

A total of eighty-five University of lowa undergraduates participated for course credit.
We dropped five participants because of poor behavioral performance (see Results section for
criteria), which resulted in twenty in each condition. Ages ranged from 18 — 23.
Procedure

The experiment followed the procedure presented in the General Method section.
Participants had 930 ms to make their response. At the end of 930 ms, the current location of

their cursor was considered the final location.

Results

Trials in which the initiation time (IT; time from when the stimulus appeared to when the
mouse cursor had an acceleration of greater than 2 pixels/ms) was less than 50 ms or the
movements resulted in a final position more than 45 pixels away from the correct location were
removed from the analyses. The neighboring boxes were 95 pixels away in the near response
condition so 45 pixels were chosen as the cut off to ensure the final position was closer to the
correct location than to any other location. No trials were excluded because of movement time
(MT; time from the initial movement until when their velocity dropped below 2 pixels/ms), but the
movement was considered complete 930 ms after the presentation of the stimulus. These
criteria ensured that participants were making movements toward the correct location and not
settling in between two of the locations. This was a difficult task given the time pressure; these
criteria eliminated 42% of the data, but the same pattern of results was observed when more
lenient criteria were used.! We report the data derived using the strict criteria because these
trials most clearly correspond to correct responses. Moreover, Experiment 1b imposed different
constraints and produced very similar trajectories, so we are confident that the observed
patterns do not stem from the trimming procedure.
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Movement trajectories. To evaluate if stimulus and response similarity interacted we first
considered the time course of the movement. Each trajectory was first aligned to a common X,
y starting position and then each trial was normalized by resampling at equal time-spaced
values (101 time slices) and computing, by means of linear interpolation, the corresponding x
and y coordinates (similar to Spivey et al., 2005). The normalized trajectories were then
averaged for each participant. All the analyses reported below were restricted to the shared
locations (see Figure 3).

450 500 550 600 650 VOO 750 80O

D 1 1 1 1 1 1 1]
100 -+
200 4
300 -+
400
500 4
600 -
700 - M m.sCRF
.4 S-FR-F
800 - —@—5-F R-C
=y 5-C R-C
900 ¥ Corrloc
1000 -

Figure 2. Mean trajectories across all for conditions for locations 2 & 5.

First, we assessed the overall amount of curvature towards the center by calculating the
area under the curve for each trajectory (Miles & Proctor, 2011). This analysis focused on the
trajectories to locations that were shared across conditions, so we use the subscript “shared” to
indicate that the reported statistics are based on only these trials. Curvature was submitted to a
2 x 2 (stimulus x response) between-subjects ANOVA where stimulus, Fsnared(1,76) = 4.85, np? =
.060, f2=.064, p < .05, response, Fshared(1,76) = 17.00, ny? = .183, f2=.224, p < .001, and the
interaction were significant, Fshared(1,76) = 4.73, np? = .058, f2=.062, p < .05. The overall
curvature data mirror the error data in that the SC-RC condition resulted in more curvature
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toward a distractor than any of the other conditions (see Figure 4A), as revealed by paired-
samples t-tests: SC-RC vs. SC-RF t(38) =3.93,d =1.28, p <.001; SC-RC vs. SF-RC t(38) =
2.77,d =.90, p <.01; SC-RC vs. SF-RF t(38) = 3.79,d = 1.23, p < .001. Critically, the
interaction suggests that when both the stimulus and response dimensions were close, more
competition between the representations resulted in a overadditive increase error and curvature.
The overadditive interaction between stimulus and response similarity indicates that response
similarity had a much stronger effect on curvature when the stimuli were similar than when they
were dissimilar. This suggests that when both stimuli and responses are close, there is more
competition among S-R pairs.

To identify the point within the movement at which the differences between conditions
could be first detected, we divided the temporally-normalized movement into 10 equally-spaced
(in time) points and the deviation from straight at each time slice was submitted to a 2 x 2
between-subject ANOVA. To account for where the movement had been, all the previous time
slices up to that point in time were used as covariates. Both the 5" and 6™ time slices had a
significant stimulus x response interaction, Fshared(1,73) = 10.16, np? = .122, f2=.139, p < .01,
Fshared(1,72) = 7.11, np? = .090, f2=.099, p < .01, suggesting that the SC-RC condition was still

resolving competition later on in the movement compared to the other conditions.
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Figure 3. Panel A - Total curvature across conditions. Panel B - Deviation from a straight path x normalized time. S-C =
stimulus close, R-F = response far. Error bars are SEMs.
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For the RC conditions the shared locations were the extremes (i.e., the leftmost and
rightmost locations), whereas for the RF conditions they were not. Thus, a shared location in
the close conditions has all of its competitors on one side of it, whereas a shared location in the
far conditions has two competitors on one side and one competitor on the other (see Figure 1).
If the increase in curvature for the RC conditions (and the difference between the SC and SF
conditions) was solely due to the location of the competitors, then in the RF conditions there
should be more curvature in the SC-RF condition than the SF-RF condition at the endpoint
locations (locations 1 and 6). To rule out that the location of the competitors lead to the
interaction, we analyzed curvature to the endpoints (locations 1 and 6) for the RF conditions.
There was no difference in curvature between the SC-RF and SF-RF for locations 1 or 6, t’'s < 1,
and the mean difference between close and far stimuli for the RF conditions was 10 pixels
compared to 66 pixels difference between close and far stimuli in the RC conditions. Thus, the
location of the competitors does not affect the difference between the close and far stimuli.
Rather, the spatial distance between response locations appears to be the critical factor driving
the interaction.

Can the interaction between stimulus and response similarity on curvature result from
competition among central codes? The SF-RC condition had the second most total curvature
and had the same initial curvature as SC-RC condition (see Figure 4B). Therefore, it could be
the case that when the responses were close participants adopted the strategy of moving
straight towards the center of the set of possible responses before deciding on the target,
causing more curvature in the mouse trajectory. The implication of such an account is that the
angle of the initial movement should not differ for the two shared locations when the responses
are close, because movements to either location would begin by moving towards the center.

To test this, we identified the time point at which the angle of movement was statistically
different for movements towards locations two and five. Each trial’s trajectory was resampled at
40 Hz, and the angle of the movement was computed at each time slice. The mean angles
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were compared at each time slice for movements to locations two and five. The results
indicated differences in the angles of movement were found relatively early on (325 ms) for the
SC-RC and SF-RC, SF-RF conditions and at 400 ms for the SC-RF condition. Thus, even
though the SC-RC condition displayed the most curvature, the trajectories to the different
targets diverged as early as the other conditions, suggesting that the interaction found in the
curvature analysis was not the result of participants in the SC-RC condition using a strategy in
which they moved straight ahead at the onset of the stimulus and began deviating toward the
target later once the stimulus cue had been categorized. While participants may indeed adopt
such a strategy, it did not appear to be used to a greater degree by those in the SC-RC
condition; the trajectories differentiate as early in the SC-RC condition as any in the other
conditions.

To test whether the differences in curvature resulted from some participants in the SC-
RC condition moving forward before choosing a target, we removed individuals who did not
show significant differences in the angle of their movement to targets two and five in the first
10% of the normalized movement and re-ran the same stimulus X response x time analysis. We
did this to test whether participants who produced highly curved trajectories (potentially by
deciding late) were driving the difference between SC-RC and SF-RC conditions. This trimming
procedure left 16 participants in the SC-RC condition, 9 participants in the SF-RC condition, 11
participants in the SC-RF condition, and 17 patrticipants in the SF-RF condition. Even with only
these participants, the time x stimulus x response interaction remained significant, Fshared(8,472)
=4.77, np?> = .078, f2=.085, p < .001, and the stimulus x response interaction was significant for
the total amount of curvature, Fshaed(1,59) = 6.22, ny? = .095, f2=.105, p < .05.

In sum, when both dimensions were close, there was more curvature and error in the
trajectories. This finding provides evidence that stimulus and response similarity affect
performance in a way that indicates that metrical properties of both the stimuli and responses
are represented during response selection. A novel aspect to our findings was that response
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similarity increased difficulty, as the RC conditions produced the most curvature. We propose
that competition among the S-R alternatives is sensitive to both stimulus and response features:
When either the stimulus alternatives or response alternatives were ‘far’ from each other, the
overall competition is less strong, as evidenced by less error and less curvature in the trajectory.
This finding is inconsistent with feed forward models of response selection and underscores the
role that the relationship between the stimulus and response properties plays in RS processes.

Initiation and Movement times. When appropriate, the analyses were performed two
ways: data averaged across all for locations (Fa or ta) and data averaged across only the
shared locations (Fshared OF tshared). We performed the shared-condition analyses because this
provides a measure of how the different conditions affected the trajectory of the movement to
the same spatial locations.

Initiation time was submitted to a 2 x 2 (stimulus similarity x response similarity)
between-subjects ANOVA. There was a main effect of stimulus similarity, Fai(1,76) = 5.58, ny? =
.068, f2=.073, p < .05, Fshared(1,76) = 6.21, ny? = .076, f2=.082, p < .05 as IT was faster for far
stimuli than close for all locations (Mt = 320 ms, Mcese = 346 ms) and shared locations (M. =
320 ms, Maose =349 ms), and a main effect of response similarity, Fai(1,76) = 9.61, ny,? = .112,
=.126, p < .01, Fshared(1,76) = 8.73, np? = .103, f2=.115, p < .01, as far responses had a slower
IT than close for all locations (Msar = 350 ms, Meese = 316 ms) and shared locations (M = 352
ms, Maose = 318 ms), but the interaction was not significant, Fai < 1, Fsharea(1,76) = 1.05, ny? =
.014, f2=.014, p = .309 (see Table 1 for means for the individual conditions). The similar
pattern of data between shared and all locations indicates that IT to the shared locations was no

different than when considering all the locations.
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Table 1. Mean initial times (IT) and movement times (MT) across the four conditions. SC = stimulus close; RF = response far.
Standard error of the mean (SEM) is presented in the parentheses.

IT (ms) MT (ms)
Stimulus Response
All Shared All Shared
SC RC 325 (10) | 326 (11) | 522 (11) | 529 (12)
SC RF 367 (14) | 373 (15) | 488 (13) | 484 (14)
SF RC 307 (10) | 309 (11) | 539 (9) 540 (9)
SF RF 333 (11) | 332(11) | 520 (10) | 521 (10)

Movement time was submitted to an identical ANOVA. There was a main effect of
stimulus similarity, Fai(1,76) = 5.59, ny? = .068, 2= .073, p < .05, Fshared(1,76) = 4.74, ny? = .059,
f2=.063, p < .05, as MT was slower for the far stimuli compared to the close stimuli for all
locations (Mrar = 529 ms, Mcese = 505 ms) and shared locations (Msar = 531 ms, Mciose = 507 ms),
a main effect of response similarity, Fai(1,76) = 6.50, np? = .079, f2=.086, p < .05, Fshared(1,76) =
8.56, ny? = .101, f2=.112, p < .01, as close responses had a slower MT compared to far
responses for all locations (Mrar = 504 ms, Mcose = 530 ms) and shared locations (Msr = 503 ms,
Maose = 535 ms) but the interaction was not significant, F1 < 1, Fsnarea(1,76) = 1.36, ny? = .018, 2
=.018, p = .247 (see Table 1 for values for individual conditions). Again, a similar pattern of
data emerged for shared and all locations. The IT and MT data indicate a tradeoff such that a
quicker IT resulted in a longer MT and vice versa, a pattern that is not surprising given the time

pressure placed upon participants.

Experiment 1b: Accuracy
In Experiment 1a, we forced participants to make their responses within one second of
the stimulus presentation to ensure that deviations in their trajectories reflected RS unfolding in
real-time. That is, we discouraged participants from withholding their movements until they

were completely planned. However, this instruction led to the need to reject a high proportion of
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movements because they were not clearly directed to one of the possible target locations (as
discussed above). Therefore, to alleviate this issue, we required participants to respond by
moving the mouse cursor to one of the response locations and ‘click’ the mouse. Further, the
time pressure was removed. This was done to ensure that the pattern of results found in
Experiment 1a was not due to task demands. Thus, Experiment 1b sought to determine how
task demands (speed vs accuracy) affected performance, specifically with regard to the

curvature of the trajectory.

Method
Participants

A total of eighty-eight University of lowa undergraduates participated for course credit.
Eight participants were dropped due to poor behavioral performance or an inability to finish the
experiment within the allotted time (60 mins). Ages ranged from 18-24 years old.
Procedure

The experiment followed the procedure presented in the General Method section with
one addition. Participants were no longer under time pressure but were asked to make a
response by pressing the left mouse button when the mouse cursor was over the appropriate
response location. Responses outside of a response location were not accepted and the trial
continued until a response was made in one of the four response locations. Participants were

instructed to respond as quickly and accurately as possible.

Results

Before the analysis, data were trimmed so that movements that had an IT less than 50
ms or greater than 1,000 ms (2%) and MT greater than 1,500 ms (7%) were removed. The
percent correct was high for all of the conditions SC-RC (87%), SC-RF (86%), SF-RC (98%)),
SF-RF (98%). When accuracy was submitted to a 2 x 2 (stimulus x response) between-subject
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ANOVA, there was a main effect of stimulus, F(1,76) = 82.44, n,? = .52, f*=1.08, p < .001, as
close stimuli were more difficult to discriminate than far stimuli, but neither response, F < 1, nor
the interaction, F < 1 were significant.

Movement trajectory. Trajectories were analyzed in the same fashion as in Experiment
la. Overall curvature was first analyzed by submitting the data to a 2 x 2 (stimulus x response)
between-subject ANOVA. There was a main effect of stimulus, Fsharea(1,76) = 20.67, ny? = .214,
f2=.272, p <.001, of response, Fsharea(1,76) = 17.07, ny? = .183, f2=.224, p < .001, and
critically, the interaction was significant, Fsharea(1,76) = 5.41, np? = .066, f2=.071, p < .05, as the
SC-RC condition had more curvature than the SF-RC condition (see Figure 5a). The data
suggest, as with Experiment 1a, that when both dimensions were similar there was more
competition among the S-R alternatives.

We submitted every 10" time slice to a 2 x 2 (stimulus x response) between-subject
ANOVA and to control for where the movement had been the previous time slices were used as
covariates. Time-slice four (approximately 40% into the movement), Fshared(1,74) = 15.235, np? =
171, f2=.206, p < .001, time-slice five, Fsharea(1,73) = 13.965, ny? = .161, 2= .191, p < .001, and
time-slice six, Fsnareda(1,72) = 4.816, ny? = .063, f>=.067, p < .05 were significant, suggesting that
even during the middle of the movement there was significant competition in the SC-RC

condition compared to the others.
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Figure 4. Panel A - Total curvature across conditions. Panel B - Deviation from a straight path x normalized time. S-C =
stimulus close, R-F = response far. Error bars are SEMs.

As with Experiment 1 we wanted to rule out that the location of the competitors was not
the sole driver of the interaction. When the endpoints for the SF condition were considered,
there was no difference between the SF-RF and SC-RF conditions, t<1, again indicating that the
increase in curvature for the RC conditions was not solely the result of all the competitors being
located on one side of the shared location. We also attempted to rule out that the increase in
curvature for the RC conditions was not the result of a strategy of moving towards the center of
the screen before making a decision, as in Experiment 1. Again, we identified the time point at
which the angle of movement statistically differed for movements towards locations 2 and 5.
The pattern was similar; differences in the trajectory occurred relatively early on, 325 ms for the
SF-RC condition, 375 ms for the SF-RF condition, 425 ms for the SC-RC condition, and 450 ms
for the SC-RF condition. In short, even though the RC conditions resulted in the most
curvature, differences in the trajectories to targets 2 and 5 did not appear to emerge later than
the other conditions. This again suggests that the interaction found in the curvature data was
not due to participants deferring their choice of target until later in the movement.

Also as in the previous experiment, we removed participants who displayed the ‘move
first, decide later’ strategy from the trajectory analyses. These participants were identified as

those who did not show a difference in the angle of their movement to targets two and five in the
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first 10% of the normalized movements. A total of six participants were removed from the
analyses, one from the SF-RF condition and five from SC-RF condition. The stimulus x
response curvature interaction was marginally significant, Fsharea(1,70) = 3.38, np? = .046, f2=
.048, p = .07, though the time x stimulus x response interaction remained highly significant,
Fshared(8,560) = 6.00, ny? = .079, f2=.086, p < .001. Thus, as with Experiment 1a, the interaction
does not result from participants moving straight ahead and making their decision later.

It is worth noting that the overall magnitude of the curvature was higher in Experiment 1b
than in Experiment 1a. This difference was unexpected, given the relaxation of the time
pressure placed on participants. It was possible that forcing participants to be more precise
might have increased the criterion threshold for which response to make. Further, having no
time pressure resulted in movements that took more time to make (initiation time + movement
time). Requiring more evidence for a response to be made, along with an increase in the
movement’s total time might have led to prolonged competition, which led to the increase in
curvature. However, this will have to be directly tested to determine if it was the case.

In sum, the data from Experiment 1b replicate those from Experiment 1a, particularly
with regard to initiation times and trajectory curvature. Thus, Experiment 1b provides further
evidence that the interaction between stimulus similarity and response similarity on curvature
did not stem from participants moving towards the center of the configuration of responses
when they were under time pressure to respond. Instead, the results suggest that response
competition is greatest when stimuli and response are similar across a range of task demands.

Movement timing. Initiation time was submitted to a 2 x 2 (stimulus x response)
between-subject ANOVA. There was an effect of stimulus, Fai(1,76) = 20.40, n,? = .211, f°=
.267, p < .001, Fshared(1,76) = 21.32, np? = .219, f2=.280, p < .001, as close stimuli produced
longer ITs than far stimuli for all locations (M= 338 ms, Mcese= 412 ms) and shared locations
(Mtar= 338 ms, Mciose= 419 ms), and an effect of response, Fai(1,76) = 32.86, ny? = .302, f2=
433, p <.001, Fsharea(1,76) = 34.08, ny? = .310, f2=.449, p < .001, as far responses produced
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slower ITs than close responses for all locations (Msar= 404 ms, Mcose= 346 ms) and shared
locations (M= 411 ms, Maose = 346 mMS), but the interaction was not significant, Fai < 1,
Fshared(1,76) = 1.18, ny? = .015, f2=.015, p = .28 (see Table 2 for the individual values). Despite
the differences in the procedures, the data mirror those of Experiment la.

As in the previous experiment, MT was submitted to an identical ANOVA. Unlike IT
there was no effect of stimulus, Fai(1,76) = 1.43, n,? = .018, 2= .018, p = .24, Fshared(1,76) =
3.35, ny? =.042, 2= .044, p = .071, no effect of response, Fai(1,76) = 1.70, ny,? = .022, 2= .022,
p =.196, Fsnared(1,76) = 3.09, ny? = .039, f2=.041, p = .083, and no interaction, Fai(1,76) = 1.15,
Np? = .287, 2= .403, p = .29, Fsharea(1,76) = 1.18, ny? = .022, f2=.022, p = .281 (see Table 2 for
individual values). The data suggest that the pattern observed in MT for Experiment 1a appears

to result from the time-pressure demand.

Table 2. Mean initial times (IT) and movement times (MT) for all four conditions across all and shared locations. Standard
error of the mean is presented in the parentheses.

IT MT
Stimulus Response
All (ms) Shared (ms) All (ms) Shared (ms)
SC RC 378 (9) 380 (9) 820 (29) 862 (36)
SC RF 447 (21) 459 (19) 752 (42) 756 (48)
SF RC 314 (12) 313 (12) 759 (24) 769 (24)
SF RF 362 (12) 363 (12) 769 (25) 763 (25)

Experiment 2: Size Discrimination
Experiments 1a and 1b demonstrated that endpoint error and trajectory curvature are
greater when both the stimuli and responses are similar. However, one consequence of the
stimulus similarity manipulation was that conditions with similar stimuli were more difficult

(because perceptual discrimination was more difficult). Thus, it is an open question as to the
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cause of the interaction, which might have resulted from the similarity manipulation or an
increase in the time to complete perceptual processing.

To test this possibility, we needed a manipulation that increases the time to identify the
stimulus without making possible stimuli more similar to each other. Stimulus intensity is known
to affect early perceptual processes and not interact with factors known to affect response
selection (see, e.g., Lien & Proctor, 2002; Pashler & Johnston, 1989; Sanders, 1980). We were
concerned that making the stimuli less intense by simply reducing their brightness might have
the unintended consequence of making them more similar, because we would in effect be
adding black or gray to the four colors, and thus, this manipulation might not be sufficiently
distinct from the stimulus manipulations used in the previous two experiments. Therefore, we
opted to manipulate stimulus size instead, which also affects the stimulus energy but does lead
to greater overlap among the features of the stimuli. That is, we assume that like similar stimuli,
small stimuli take more time to identify (e.g., Lingnau & Vorberg, 2005), but unlike similar
stimuli, small (dissimilar) stimuli do not activate competing S-R alternatives. If similarity leads to
competing central codes, but size does not, then the size of the stimuli should not affect the
shape of the trajectories. On the other hand, if the similarity manipulation affected curvature
primarily by increasing the difficulty of the task — by making the stimulus more difficult to classify
— then the size manipulation should produce the same effects; increasing the difficulty of
encoding and classifying the stimulus by making the stimulus smaller should lead to more
curvature in the trajectories.

To test between these alternative possibilities, we used a within-subject manipulation of
size based on the SF-RC condition. We used the SF condition so that the stimuli were not
similar in hue, and we used the RC condition because that condition produced the most
curvature. The difference between SF-RC and SC-RC drove the interaction, so we examined

whether the same differences occurred between stimulus large-RC and stimulus small-RC. If
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the stimulus x response interaction was driven by perceptual difficulty, then small stimuli should

produce the most curvature (compared to the large stimuli), similar to the SC-RC condition.

Method
Participants

Twenty University of lowa undergraduates participated for course credit. Three
participants were dropped due to poor behavioral performance or an inability to finish the
experiment within the allotted time (60 mins). Ages ranged from 18-24 years old.
Procedure

The experiment followed the same procedure as Experiment 1a. In particular,
participants ran in the SF-RC condition with the added factor that the filled-circle stimuli used to
cue the movements were either large (150 x 150 pixels) or small (15 x 15 pixels) in size,
compared to 100 x 100 pixels in Experiments 1a and 1b. Unlike the previous two experiments,
this was a within-subject design. The size was varied randomly from trial to trial and was
irrelevant for the correct response, which was based only on the stimulus color as in
Experiments 1a and 1b. As in Experiment 1a, participants had 930 ms to make their mouse
movements. We returned to the time-pressure requirement to ensure participants did not make

their decision before starting their movement.

Results
Before the analyses, the data were trimmed in the same manner as Experiment la.
Movement trajectory. The trajectories were analyzed in the same manner as in
Experiment 1a. We first considered error along the X-axis. There was no difference in error
between the large (6 pixels) and small stimuli (7 pixels), tai(13) < 1; t2(13) = 1.167,d =.64, p =
.264. Next, the total amount of curvature was analyzed. Again, there was no difference
between large and small stimuli, tsharea(13) = 1.10, d = .18, p = .287, (Miarge = 163, Msman = 153).
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This holds for the other two locations as well, t's < 1 (see Figure 6). The data were also
submitted to a 2 x 9 (size x time slice) within-subject ANOVA. There was a main effect of time,
Fshared (8,256) = 130.47, ny? = .803, f2=4.08, p < .001, but the interaction was not significant,
Fshared < 1. These data suggest that the interaction found in the previous two experiments was
not the result of a difficult discrimination. Instead, the pattern of results indicate that
manipulations of similarity along both stimulus and response dimensions extends into response
selection processing. Moreover, the metrical properties of a task matter and support the notion
that perception and action are not isolated events, but are fundamentally integrated in the

process of RS.
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Figure 5. Panel A: Total amount of curvature. The gray bars represent the SC-RC and SF-RC conditions from Experiment 1.
Panel B: Deviation from straight across normalized time for locations 2 and 5. Error bars are SEMs.

Movement Timing. There was a small but statistically significant difference between the
percentage of correct trials, t(13) = 5.165, d = .23, p <.001, with large stimuli resulting in more
correct trials than small stimuli (Miarge = 0.85, Msman = 0.83). Next we analyzed the temporal
components of the movement. There was a significant difference in IT as large stimuli had a
lower IT than small stimuli, ta(13) = 7.816, d = .37, p < .001, (Miarge = 276 MS, Mgmai = 287 ms);
tshared(13) = 8.335, d = .39, p <.001, (Miarge = 282 ms, Msman = 294 ms). However, the large
stimuli had a higher MT than the small stimuli, tai(13) = 8.064, d = .30, p < .001, (Miarge = 557

mS, Msmall = 549 mS), tshared(lS) = 6923, d = 31, p < 001, (Mlarge = 552 mS, Msmall = 544 mS)
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These results confirm that the size manipulation did affect difficulty in that it took longer to
initiate a movement when the stimulus was small compared to when the stimulus was large.
Both Experiments 1a and 1b revealed an interaction between stimulus and response
similarity, but it remained an open question as to whether or not the interaction was due to
similarity causing competition among central codes. Experiment 2 demonstrates that an
alternative manipulation of the time to process the stimulus that was designed to avoid
increased competition among codes produced very different patterns of results: The size
manipulation clearly affected the temporal aspects of the movement but resulted in no
differences in the end-point error or the amount of curvature. Taken together, these results
suggest that the interactions found in Experiments 1a and 1b were due to similarity increasing
the competition among S-R representations that include metrical properties of both the stimuli

and responses.

General Discussion

To investigate how stimulus and response similarity affect central operations, we asked
participants to move a computer mouse to target locations depending on the identity of the cue.
The two forms of similarity produced an interaction, such that there was more end point error
and curvature when both stimulus and response were similar, indicating that RS processes are
sensitive to the features of the stimuli and responses. These findings were replicated when
instructions emphasized accuracy, making it unlikely that this interaction stems from task
demands. Further, the interaction does not appear to result from participants deferring the
selection of the appropriate response location or the configuration of the responses. Not only
were there observable differences early in the trajectory, but these differences were apparent
when ‘late deciders’ were removed from the analysis. Moreover, to rule out the possibility that
the interaction resulted from differences in the time to complete perceptual processing, we ran a
third experiment in which the similarity manipulation was replaced with a stimulus size
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manipulation (see, Sanders, 1980). Although size affected initiation time, it did not impact the
amount of curvature, indicating that slowing perceptual processing per se does not increase in
the curvature of the trajectories.

These data have broad implications for theories of RS. To account for the ability to pair
any stimulus modality with any response modality, the dominant accounts of RS assume that
central operations are performed by a generic set of processes that operate over
representations that are stripped of metric information (amodal representations; Anderson et al.,
2004; Pashler, 1994). In these models, RS processes essentially operate as a look-up table
(Hawkins et al., 1973) that receives a categorized stimulus as an input and returns an abstract
response code as output. This type of model, in which RS operates on representations only of
the task relevant stimulus features, cannot produce an interaction between stimulus and
response similarity. Attempts to reconcile these types of models with other S-R phenomena,
such as the Simon Effect, have relied on direct activation of the response codes based on a
correspondence between particular stimuli and responses (Lien & Proctor, 2002). Because
there is no correspondence between the stimuli and responses in the present experiment, it is
difficult to see how the direct pathway could be driving the pattern of results. Furthermore, the
present data underscore that RS operates over representations that contain both stimulus and
response information.

The overadditive interaction suggests that competition was driven by partial activation
among the S-R alternatives and that the partial activation was dependent on both stimulus and
response similarity (see Wifall, McMurray & Hazeltine, 2014). One account of RS that is
consistent with this finding is the Dynamic Field account of Buss, Wifall, Hazeltine and Spencer
(2013). Building on findings in the developmental literature that children have the ability to
successful switch tasks depends on metrical properties of both the stimuli and responses (Buss
& Spencer, 2014; Fisher, 2011), the researchers modeled RS as the activation of peaks within
two-dimensional stimulus-response fields (see Figure 7). One dimension was tuned to a
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continuous stimulus dimension (e.g., color) and the other dimension tuned to a continuous
response dimension (e.g., space). Stimulus-response alternatives compete in the process of
forming a stable peak of activation, which is the basis for a response. Thus, RS in this model is
represented by the binding of stimulus and response information as peaks of activation.

In the Buss et al. (2013) model, S-R alternatives are represented in terms of both their
stimulus and response properties, so the degree to which a given stimulus activates a
competitor depends on the similarity between both the two stimuli and the two responses. As
depicted in Figure 7, overlap among the representations of the S-R alternatives depends on
both stimulus and response similarity. The SC-RC condition lead to the most curvature
because when a close stimulus was presented it coactivated the other stimulus-response
mappings, creating more competition between the S-R alternatives and thus, more curvature.
The other conditions only overlapped along one dimension, thus leading to less competition and
indicating that both stimulus and response information were critical for RS.

A strength of Dynamic Field Theory (DFT) is the ability to link to the rich structure
inherent in mouse-trajectory data. DFT simulations capture the moment-to-moment unfolding of
a decision through real-time neural dynamics. These decision dynamics can be reciprocally
coupled to a motor system (see, e.g., Sandamirskaya & Schoner, 2010; Sandamirskaya, Zibner,
Schneegans, & Schoner, 2013; Steinhage & Schdner, 1997) that, for instance, moves a virtual
mouse cursor as the model engages in the task in real-time. In this way, the explanation offered
by the model can be constrained by multiple aspects of behavior—the qualitative accuracy of
the response, the quantitative details of the response timing, and the qualitative measure of

curvature at each moment during the execution of the response.
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Figure 6. Conceptual framework of the relationship between stimuli and responses.

Relation to other paradigms

We were not the first to investigate how moving a mouse cursor or making a reaching
motion is impacted by competitor items. In selective reaching tasks (Howard & Tipper, 1997;
Welsh et al., 1999; Welsh & Elliot, 2004), participants make reaching movements to a target in
the presence of a non-target stimulus. The results from mouse tracking studies and selective
reaching tasks demonstrate how competitors or irrelevant information affect performance as
trajectories can veer towards or away from competitors depending on the similarity and location
of the competitor compared to the target. The present results are consistent with the notion that
competitors are partially activated to the degree they match the stimulus with similar competitors

affecting the mouse trajectory to a greater degree than dissimilar competitors.
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Although the current data are consistent with previous mouse tracking studies and
selective reaching tasks in demonstrating the influence of competitors, there are three key
differences between these paradigms and the present one. First, the current paradigm contains
manipulations of both stimulus and response similarity. By contrast, in previous mouse tracking
studies, only stimulus similarity was manipulated (e.g., see a piece of candy and a candle vs
see a piece of candy and a jacket) but not response similarity. And, in some of the previous
selective reaching studies, response similarity was manipulated (e.g., manipulating the distance
between the non-target stimulus and target) but not stimulus similarity. Second, the stimulus
was separate from the response location, forcing participants to remember the S-R mappings.
Finally, previous studies have also had the competitor displayed on each trial. This was not
explicitly the case here as the response locations were marked, but only one stimulus was
presented on a given trail. Thus, the competitive interaction was the result of non-displayed
stimuli coupled with displayed response locations. We note here, however, that the interaction
was not entirely driven by the displayed response locations, but instead by the coactivation of S-
R alternatives by similar stimuli. In this way, the results suggest that the competitor does not
necessarily need to be present to introduce competition.

Finally, the present data do not resolve the issue of whether RS operates in a discrete or
continuous manner. As noted in the introduction, Miller (1988) points out there are a variety of
ways a representational system can be continuous or discrete. Information can be represented,
transformed (abruptly or gradually), and/or transmitted in a continuous or discrete manner. This
debate has typically focused on how information is transmitted from process to process, and in
this sense, a strictly feedforward discrete mechanism cannot account for the present data
because it does not permit an interaction between stimulus and response information. Recall
that in such models, stimulus similarity is only hypothesized to affect encoding and response

similarity is only hypothesized to affect motor output. A model that transmits information
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continuously can more readily account for these data in that co-activation of multiple
representations and competitive effects extend to post perceptual motor processing.

The goal of this paper was to explore how stimulus and response similarity affected RS.
We manipulated stimulus and response similarity as participants moved a computer mouse to
the same spatial locations. We found an interaction between stimulus and response similarity
indicating that RS operates over representations that contain both types of information, which
run counter to many theories of RS. Thus, the data here provide further evidence that even
“simple” behaviors like moving a mouse cursor to a target location is a complex dynamic

process that is sensitive to both stimulus and response properties.

35



Reaching into response selection 36

References

Anderson, J. R., & Lebiere, C. (1998). The atomic components of thought. Mahwah, NJ:
Erlbaum.

Anderson, J.R., Bothell, D., Byrne, M. D., Douglass, S., Lebiere, C., & Qin, Y. (2004). An
integrated theory of the mind. Psychological Review, 111, 1036-1060.

Barsalou, L. W. (2008). Grounded cognition. Annual Review of Psychology, 59, 617-645.

Buetti, S., & Kerzel., D. (2009). Conflicts during response selection affect response
programming: Reactions toward the source of stimulation. Journal of Experimental
Psychology: Human Perception and Performance, 35, 816-834.

Buss, A. T. & Spencer, J. P. (2014). The emergent executive: A dynamic field theory of the
development of executive function. Monographs of the Society for Research in Child
Development, 97 (2).

Buss, A.T., Wifall, T., Hazeltine, E., & Spencer, J.P. (2013). Integrating the behavioral and
neural dynamics of response selection in a dual-task paradigm: A dynamic neural field
model of Dux et al. (2009). Journal of Cognitive Neuroscience, 26, 334-351.

Cisek, P., & Kalaska, J. F. (2005). Neural correlates of reaching decisions in dorsal premotor
cortex: Specification of multiple direction choices and final selection of action. Neuron,
45, 801-814.

Chen, S., & Melara, R. D., (2009). Sequential effects in the Simon task: Conflict adaptation or
feature integration? Brain Research, 1297, 89-100.

Coles, M. G. H., Gratton, G., Bashore, T. R., Eriksen, C. W., & Donchin, E. (1985). A
psychophysiological investigation of continuous flow model of human information
processing. Journal of Experimental Psychology: Human Perception and Performance,
11, 529-553.

De Jong, R., Liang, C.-C., & Lauber, E. (1994). Conditional and unconditional automaticity: A
dual-process model of effects of spatial stimulus—response correspondence. Journal of
Experimental Psychology:Human Perception and Performance, 20, 731-750.

Duran, N. D., Dale, R., & McNamara, D., (2010). The action dynamics of overcoming the truth.
Psychonomic Bulletin & Review, 17, 486-491.

Eimer, M., Hommel, B., & Prinz, W. (1995). S-R compatibility and response selection. Acta
Psychologica, 90, 301-313.

Eriksen, B.A., & Eriksen, C. W. (1974). Effects of noise letters upon the identification of a target
letter in a nonsearch task. Perception & Psychophysics, 16, 143-149.

Eriksen, C.W., & Schultz, D. W. (1979). Information processing in visual search: A continuous
flow conception and experimental results. Perception & Psychophysics, 25, 249-263.

36



Reaching into response selection 37

Farmer, T., Anderson, S., & Spivey, M. J. (2007). Gradiency and visual context in syntactic
garden-paths. Journal of Memory and Language, 57, 570-595.

Farmer, T., Cargill, S., Hindy, N., Dale, R., & Spivey, M. J. (2007). Tracking the continuity of
language comprehension: Computer-mouse trajectories suggest parallel syntactic
processing. Cognitive Science, 31, 889-909.

Farmer, T. A., Liu, R., Metha, N., & Zevin, J. (2009). Native language experience influences
perceived similarity of second language vowel categories. In N. Taatgen & H. van Rijn
(Eds.), Proceedings of the 28" Annual Conference of the Cognitive Science Society (pp.
2588-2593). Austin, TA: Cognitive Science Society.

Fisher, A. V. (2011). Automatic shifts of attention in the dimensional change card sort task:
subtle changes in task materials lead to flexible switching. Journal of Experimental Child
Psychology, 108, 211-219.

Freeman, J. B., & Ambady, N. (2009). Motions of the hand expose the partial and parallel
activation of stereotypes. Psychological Science, 20, 1183-1188.

Freeman, J. B., & Ambady, N. (2010). MouseTracker: Software for studying real-time mental
processing using a computer mouse-tracking method. Behavioral Research Methods,
42, 226-241.

Freeman, J.B., Ambady, N., Rule, N. O., & Johnson, K. L. (2008). Will a category cue attract
you? Motor output reveals dynamic competition across person construal. Journal of
Experimental Psychology: General, 137, 673-690.

Freeman, J. B., Dale, R., & Farmer, T. A. (2011). Hand in motion reveals mind in motion.
Frontiers in Psychology, 2, 1-6.

Gold, J. I., & Shadlen, M. N. (2001). Neural computations that underlie decisions about sensory
stimuli. Trends in Cognitive Science, 5, 10-16.

Gold, J. I., & Shadlen, M. N. (2007). The neural basis of decision making. Annual Review of
Neuroscience, 30, 535-574.

Ghahramani, Z., Wolpert, D. M., & Jordan, M. I. (1996). Generalization to local remappings of
visuomotor coordinate transformation. The Journal of Neuroscience, 16, 7085-7096.

Hawkins, H. L., MacKay, S. L., Holley, S. L., Friedin, B. D., & Cohen, S. L. (1973). Locus of the
relative frequency effect in choice reaction time. Journal of Experimental Psychology,
101, 90-99.

Hazeltine, E., & Schumacher, E. H. (2016). Understanding central processes: The case against
simple stimulus-response associations and for complex task representation. In B. Ross
(Ed.), Psychology of Learning and Motivation (Vol. 64, pp. 195-245).

Hommel, B. (1998). Automatic stimulus-response translation in dual-task performance. Journal
of Experimental Psychology: Human Perception and Performance, 24, 1368-1384.

37



Reaching into response selection 38

Howard, L. A., & Tipper, S. P. (1997). Hand deviations away from visual cues: Indirect evidence
for inhibition. Experimental Brain Research, 113, 144-152.

Huette, S., & McMurray, B. (2010). Continuous dynamics of color categorization. Psychonomic
Bulletin & Review, 17, 348-354.

Kerzel, D. & Buetti, S. (2012). Approach and avoidance movements are unaffected by cognitive
conflict: A comparison of the Simon effect and stimulus-response compatibility.
Psychonomic Bulletin and Review, 19, 456-461.

Kornblum, S., Hasboucq, T., & Osman, A. (1990). Dimensional overlap: Cognitive basis for
stimulus-response compatibility — A model and taxonomy. Psychological Review, 97,
253-270.

Lien, M.C. & Proctor, R. W. (2002). Stimulus-response compatibility and psychological
refractory period effects: Implications for response selection. Psychonomic Bulletin &
Review, 9, 212-238.

Lingnau, A., & Vorberg, D. (2005). The time course of response inhibition in masked priming.
Perception & Psychophysics, 67, 545-557.

Lu, C.-H., & Proctor, R. W. (1995). The influence of irrelevant location information on
performance: A review of the Simon and spatial Stroop effects. Psychonomic Bulletin
and Review, 2, 174-207.

Magnuson, J. S., Dixon, J. A., Tanenhaus, M. K., & Aslin, R. N. (2007). The dynamics of
lexical competition during spoken word recognition. Cognitive Science, 31, 133-156.

McClelland, J. L. (1979). On the time relations of mental processes: An examination of
systems of processes in cascade. Psychological Review, 86, 287-330.

Meyer, D. E., & Kieras, D. E. (1997). A computational theory of human multiple task
performance: The EPIC information-processing architecture and strategic response
deferment model. Psychological Review, 104, 1-65.

Miles, J. D., & Proctor, R. W., (2011). Colour correspondence effects between controlled
objects and targets. The Quarterly Journal of Experimental Psychology, 64, 2044-2064.

Miller, J. (1988). Discrete and continuous models of human information processing: Theoretical
distinctions and empirical results. Acta Psychologica, 67, 191-257.

Miller, J. (1993). A queue-series model for reaction time, with discrete-stage and continuous-
flow models as special cases. Psychological Review, 100, 702-715.

Pashler, H. (1991). Shifting visual attention and selecting motor responses: Distinct attentional
mechanisms. Journal of Experimental Psychology: Human Perception and
Performance, 17, 1023-1040.

Pashler, H. (1994). Dual-task interference in simple tasks: Data and theory. Psychological
Bulletin, 116, 220-244.

38



Reaching into response selection 39

Pashler, H., & Johnston, J. C. (1989). Chronometric evidence for central postponement in
temporally overlapping tasks. Quarterly Journal of Experimental Psychology, 41A, 19-45.

Roberson, D., Hanley, J. R., & Pak, H. (2009). Thresholds for color discrimination in English and
Korean speakers. Cognition, 112, 482-487.

Rosenbaum, D. A. (1980). Human movement initiation: Specifications of arm, direction, and
extent. Journal of Experimental Psychology: General,109, 444-474.

Salvucci, D. D., & Taatgen, N. A. (2010). The multitasking mind. New York: Oxford University
Press.

Sandamirskaya, Y., & Schéner, G. (2010). An embodied account of serial order: how
instabilities drive sequence generation. Neural Networks, 23(10), 1164—79.

Sandamirskaya, Y., Zibner, S. K. U., Schneegans, S., & Schoner, G. (2013). Using Dynamic
Field Theory to extend the embodiment stance toward higher cognition. New ldeas in
Psychology, 31(3), 322—-339.

Sanders, A.F. (1967). Some aspects of reaction processes. Acta Psychologica, 27, 115-130.

Sanders, A. F. (1980). Stage Analysis of Reaction Processes. In G. E. Stelmach & J. Requin
(Eds.), Tutorials in Motor Behavior (pp. 331-354). Amsterdam: North-Holland Publishing
Company.

Scherbaum, S., Dshemuchadse, M., Fischer, R., & Goschke, T. (2010). How decisions evolve:
The temporal dynamics of action selection. Cognition, 115, 407-416.

Simon, J. R. (1969). Reactions towards the source of stimulation. Journal of Experimental
Psychology, 81, 174-176.

Simon J. R., & Rudell, A. P. (1967). Auditory S-R compatibility: The effect of an irrelevant cue
on information processing. Journal of Applied Psychology, 51, 300-304.

Song, J. H. & Nakayama, K. (2006). Role of focal attention on latencies and trajectories of
visually guided manually pointing. Journal of Vision, 6, 982-999.

Song, J.H., & Nakayama, K. (2008). Target selection in visual search as revealed by movement
trajectories. Vision Research, 48, 853-861.

Song, J.H., & Nakayama, K. (2009). Hidden cognitive states revealed in choice reaching tasks.
Trends in Cognitive Science, 13, 360-366.

Spivey, M., Grosjean, M., & Knoblich, G. (2005). Continuous attraction toward phonological
competitors: Thinking with your hands. Proceedings of the National
Academy of Sciences, 102, 10393-10398.

Spivey, M. J., Dale, R., Knaoblich, G., & Grosjean, M. (2010). Do curved reaching movements

emerge from competing perceptions? Journal of Experimental Psychology: Human
Perception and Performance, 36, 251-254.

39



Reaching into response selection 40

Steinhage, A., & Schdner, G. (1997). Self-calibration based on invariant view recognition:
Dynamic approach to navigation. Robotics and Autonomous Systems, 20, 133-156.

Sternberg, S. (1969). The discovery of processing stages: Extensions of Donders’ Method.
Acta Psychologica, 30, 276-315.

Tipper, S. P., Howard, L. A., & Houghton, G. (1998). Action-based mechanisms of attention.
Philosophical Transactions: Biological Sciences, 353, 1385-1393.

Tosoni, A., Galati, G., Romani, G. L., & Corbetta, M. (2008). Sensory-motor mechanisms in
human parietal cortex underlie arbitrary visual decisions. Nature Neuroscience, 11,
1446-1453.

Van der Wel, R.P.R.D., Eder, J., Mitches, A., Walsh, M., & Rosenbaum, D., (2009). Trajectories
emerging from discrete versus continuous processing models in phonological competitor
tasks. Journal of Experimental Psychology: Human Perception and Performance, 32,
588-594.

Welsh, T. N., Elliott, D., & Weeks, D. J. (1999). Hand deviations toward distractors: Evidence
for response competition. Experimental Brain Research, 127, 207-212.

Welsh, T. N., & Elliott, D. (2004). Movement trajectories in the presence of a distracting
stimulus: Evidence for a response activation model of selective reaching. The Quarterly
Journal of Experimental Psychology, 57, 1031-1057.

Wifall, T., McMurray, B., & Hazeltine, E. (2014). Perceptual similarity affects the learning curve

but not necessarily learning. Journal of Experimental Psychology: General, 143, 312-
331.

40



Reaching into response selection 41

Acknowledgments
The authors wish to thank Bob McMurray and three anonymous reviewers for their
helpful comments on earlier versions of this manuscript. This project was supported by NIH

Grant R0O3 DA031583-01A1 awarded to EH.

41



Reaching into response selection 42

Footnotes

1 For the more lenient criteria we used a 95 pixel cutoff from the final mouse position to the correct target.
This resulted in only throwing out 24% of the trials. Even with this more lenient criterion the stats and
pattern of data are nearly identical to the stricter criterion (reported in the paper). The only difference was
in the 2 x 2 curvature analysis where the effect of stimulus was no longer significant with the more lenient
criteria, Fshared(1,76) = 2.16, np? = .028, p = .146.
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