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Abstract

Evidence that higher cognitive processes are coupled in a
graded and time-continuous way to sensory-motor processes
comes, in part, from mouse-tracking studies. In these, curved
mouse trajectories toward one of two fixed response locations
reveal the evolution of certainty about a cognitive task that par-
ticipants solve. We present a paradigm in which selection of
the response location is itself the cognitive task. From among
items in a visual scene, participants select a target that is de-
scribed by a spatial relation (e.g.,“the red to the left of the
green”), where one target item (here, “red”) matches the de-
scription better than alternative same-colored targets. In the
mouse trajectories, we find clear evidence for attraction to
the alternative targets, attraction to the reference item (here
“green”), and an early biasing influence of the spatial term.

Introduction

Over the last two decades, a major theme in cognitive science
has been that cognitive processing is graded in nature, unfolds
continuously in time, and is coupled to perceptual and mo-
tor processes (Schoner, Spencer, & the DFT Research Group,
2015; Spivey, 2007). Movement preparation, for instance,
was shown to occur in a graded and continuous form when
the time interval between imperative stimulus and response
was varied experimentally in the timed movement initiation
paradigm (Ghez et al., 1997). The theoretical account (Erlha-
gen & Schoner, 2002) linked this phenomenon to graded dis-
tributions of population activation in the motor and premotor
cortex (Bastian, Schoner, & Riehle, 2003; Cisek & Kalaska,
2005). That higher-level cognitive processes, such as under-
standing spatial concepts, interact with perceptual and motor
processes has been seen through interaction effects in reac-
tion time tasks that probed potentially overlapping perceptual
and motor representations (e.g., Richardson, Spivey, Barsa-
lou, & McRae, 2003). Mouse tracking and similar techniques
have been a major tool to study and establish this link be-
tween cognitive and sensory-motor processes (for review see
Freeman, Dale, & Farmer, 2011; Song & Nakayama, 2009).
In mouse tracking paradigms, participants are asked to
solve a cognitive task that may engage high-level concepts.
The response is usually ensured to begin early in relation
to the decision process, analogously to the timed movement
initiation paradigm. Typically, a computer mouse must be
moved toward one of two (sometimes a few) response lo-
cations. What varies over time is the certainty over the re-
sponse, which is reflected by the movement deviating some-
what into intermediate directions. A limitation of previous
mouse tracking research with respect to the interaction of
cognitive and sensorimotor processes is that the motor re-
sponses are usually fixed and assigned symbolically to the

solutions of the cognitive task (e.g., left button for “yes” and
right button for “no”). When a small number of possible
movement targets is known in advance, it is not the decision
itself that specifies the metrics of the required movement.

We developed an experimental paradigm in which the spa-
tial target of a mouse movement was directly specified by the
cognitive task and unknown in advance. Participants read a
target description invoking colors and spatial relations (e.g.,
“the yellow to the left of the green”) and then saw a complex
layout of colored objects (e.g., Fig. 1c). A selection decision
had to be made among multiple same-colored target items
(“yellow”), clicking the one best matching the spatial term.
Although some aspects of the visual arrays are tightly cou-
pled and impossible to vary independently, we were able to
unravel their effects by counter-balancing those aspects that
posed potential confounds, separately for each comparison.

We looked for three signatures of interaction among the
task’s cognitive and sensory-motor dimensions. First, the al-
ternate targets (i.e., distractors) were predicted to metrically
attract the trajectories, in analogy to the effect of alternate
but incorrect choice alternatives in classic mouse tracking re-
search. Second, while the reference item is never an alternate
target, it likely engages attentional focus during processing
(Franconeri, Scimeca, Roth, Helseth, & Kahn, 2012), which
we predicted to also cause attraction. Third, based on previ-
ous evidence (Tower-Richardi, Brunye, Gagnon, Mahoney, &
Taylor, 2012), we expected a bias into the direction described
by the spatial term. In our recent neural process model of
spatial language grounding (Richter, Lins, & Schoner, 2017),
discrete amodal representations of target, reference, and spa-
tial term guide activation in continuous perceptual representa-
tions. In the model, target and reference must become active
sequentially, because overlapping substrates are engaged to
spatially index the corresponding visual items. We thus ex-
pected some temporal displacement in the biases toward these
items. The spatial term, in contrast, impacts another substrate
and is active early and in parallel to target and reference. We
thus expected the spatial term effect to bias movement met-
rics globally and early on.

Methods

Participants Twelve participants (5 female, 7 male, mean
age 27.4 years =+ 3.8 s.d., one left-handed) were recruited by
notices at the local department, receiving EUR 10 for partici-
pation. All were naive to the experimental hypotheses, native
German speakers, and had normal vision.
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Material The experiment was run using Matlab and the
Psychophysics Toolbox (Brainard, 1997) and presented on a
22” LCD screen (Samsung, 226BW; visible image 475 mm x
197mm) at a viewing distance of approximately 70 cm (sub-
tending approx. 40.4° x 16.2° of visual angle, v.a.). Tra-
jectories were collected using a standard computer mouse
(Logitech, M-UAE96, mean sampling rate 92.17 Hz). Mouse
speed was set such that movement on the tabletop translated
to cursor movement over the same distance, to make motions
more similar to natural arm movements and simplify cogni-
tive transformation from hand coordinates to screen space.

Procedure A trial began with a black start marker in the
bottom center of an otherwise gray screen. To proceed, the
participant moved the mouse cursor (a white dot) onto the
start marker. After resting there for 300 ms, a German spa-
tial phrase appeared at a position somewhat random around
the center of the stimulus region (up to +48mm/20mm
horiz./vert.), for instance, “Das Gelbe links vom Griinen.”
(“The yellow left of the green.”), denoting a target item by its
color and its position in relation to a reference item, which
was also specified by color. Display duration ranged ran-
domly from one to two seconds. The phrase then disappeared
and a beep signaled the participant to start moving the cur-
sor upwards within one second (if movement started too late,
the trial was aborted and appended at the end). Movement
onset was registered when a velocity of 20mm/s was ex-
ceeded. At that point, twelve colored items appeared above
the start marker (e.g., Fig. 1¢). Thus, movement was already
in progress when the selection process started. One of the
twelve items was the uniquely colored reference mentioned
in the phrase, one was the target, and one was the main dis-
tracter, which had the same color as the target but provided
a worse match for the spatial term, according to a spatial
template described below. The participant had to select the
item which in his or her opinion best matched the preced-
ing phrase (participants could select any item). If time since
movement onset exceeded two seconds, the trial was aborted
and appended at the end. Participants were instructed that
there were no incorrect responses, that items were not obsta-
cles, and that response time was limited such that they had
to respond promptly. After 13 practice trials, each participant
completed 446 trials in random order (one completed eight
more, to use the entire set of 5360 trials, described below).

Spatial phrases Spatial phrases were in German
and of the form “Das,,Griinegrechts vomg,Roten "
(“The, greento the right ofy,the red,;”), where art de-
notes the article, which was always “Das”, tgt denotes a
target component from the set {Rote, Griine, Blaue, Gelbe,
WeiBe, Schwarze}, ref denotes a reference component
from the set {Roten, Griinen, Blauen, Gelben, Weiflen,
Schwarzen} (“the {red, green, blue, yellow, white, black}
one”), and spr denotes a spatial term from the set {links
vom, rechts vom, iiber dem, unter dem} ({left of, right of,
above, below}). In all trials, the spatial phrase posed a valid

description of an item in the stimulus display.

Stimulus displays Visual items were irregular polygons
with an outer diameter of 16.4 mm (1.34° v.a.), each colored
in one of the six colors that also occurred in the spatial phrases
(red, green, blue, yellow, white, and black). Items were com-
bined into stimulus displays as described in the following.

We generated multiple three-item configurations of a refer-
ence item, a target item, and a distracter, differing in how tar-
get and distracter were situated relative to the reference. Their
positions were selected based on a spatial template, a fit func-
tion f(d,r) with the reference at [0, 0] that indicates how well
a given position, defined by angle ¢ and radius r, matches a
spatial term.! Fig. 1a (left panel) shows a plot over Carte-
sian coordinates for “right of”. The shape of the spatial tem-
plates is inspired by behavioral data (e.g., Logan & Sadler,
1996) which computational modeling work reproduced us-
ing similar functions (Lipinski, Schneegans, Sandamirskaya,
Spencer, & Schoner, 2012).

Targets were placed in a region where f(¢,r) > 0.6 and
where the outer radices of reference and target were separated
by at least 0.5 mm (0.04° v.a.; Fig. 1a, center panel). Within
this region, targets were centered on the junctions of a square
grid, resulting in sixteen evenly distributed target positions.
For each of the 16 target positions a separate set of distracter
positions was determined (out of which one distracter was
used per trial, paired with the respective target). These were
obtained with the same method as the targets, but the general
region for distracters was constrained by f(0,r) > 0.4 (green
outline in Fig. la, center panel), and as an additional con-
straint distracters’ fit had to be at least 0.03 lower than target
fit (min. border-to-border distance again 0.5 mm; see Fig. 1a,
right panel). Hence, the shape of distracter regions differed
between target positions so that distracter numbers differed
as well, varying from 16 to 25 (mean 20.9) per target posi-
tion. Colors for each three-item set were randomly picked,
with target and distracter being colored alike.

A set of 335 different three-item configurations was ob-
tained for each spatial term, differing between terms only in
orientation. We thus arrived at 1340 configurations, each of
which was presented at four different positions on the screen,
such that the target item of each configuration appeared once
in each of four different on-screen target locations (black X’s
in Fig. 1b). These were arranged in a square around the cen-

'In polar coordinates the function is given by
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where ¢ denotes polar angle, r is the radius, ¢ is the mean of a
Gaussian function over angle, 6, is its standard deviation, r and ©,.
are analogue parameters for a Gaussian over radius, B is the steep-
ness of a sigmoid function over angle, and ¢y, is the separation of
its inflection point from the mean of the Gaussian over angle. We
used 64 = 1.05, ry = 0mm, 6, =47mm, B =25, and Pge, = 1.45.
Parameter ¢, depended on the spatial term, with “right of”, “above”,
“left of”, and “below” corresponding to ¢ = {0, 5, , %Tc} rad.
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Fig. 1: (a) left panel: Spatial template for “right of”. (a) center panel: General item regions defined by fit and distance
constraints. White outline denotes outer radius of reference item. (a) right panel: One specific three-item configuration (target
in red, distracter in green). The green dotted line here shows the region where distracters were placed for that specific target
position. (b) Experimental screen area with regions and locations constraining stimulus placement; item arrangement for “left
of””. The red dot corresponds to the reference item, the closer green dot on the left corresponds to the target item, and the green
dot below that to the (main) distracter. The green dot on the right is the opposite distracter. Gray dots are fillers. Black X’s
are potential target positions, the yellow diamond marks the center of mass of all items, the dotted square denotes the region
generally eligible for item placement, and the dashed gray line illustrates the direct path to the target. The start marker is located
at the bottom center (black dot). (c) The stimulus arrangement from (b) as viewed by the participants.

ter of the stimulus region, at a distance of 28.3 mm (2.32° tion while excluding re-decisions in mid-flight and mouse-
v.a.) horizontally and vertically. Restricting target positions overshoots. Curvature was assessed by temporarily inter-
to a few fixed locations and having the stimulus array sample polating to a uniform segment length of 5mm and then ap-
space around those locations alleviated the common problem plying the osculating circle method (considering each vertex

of different movement metrics for different spatial locations. and its two neighbors). Trajectories exceeding a curvature of

Nine filler items were added to each trial, each colored ran- 0.1 were discarded. We chose this approach over other val-
domly in one of the four remaining colors. Locations werere-  ues such as area under curve (Hehman, Stolier, & Freeman,
stricted to a square region of 184 mm (15.1° v.a.) side length, 2015), as these are less informative in a setup with multiple

whose midpoint was 200.8 mm (16.6° v.a.) straight above potential effect sources on both sides of the direct path.
the start marker. The center of mass (CoM) across all 12 vi-
sual items had to be congruent with the center of that region
(£0.8 mm) so that it was identical across conditions and posi-
tioned in the horizontal screen center, allowing to more easily
partial out a putative bias to either one (a bias to the horizontal
screen center was expected because the items appeared only
as soon as upward movement was detected). Fillers retained a
border-to-border distance of at least 0.5 mm. Locations were
random otherwise. Finally, as an additional incentive to eval-
uate the spatial relation, in some trials (27%) one filler was
turned into an additional distracter by giving it the same color
as target and (main) distracter. It had to be located on the side ~ Statistical analysis Mean trajectories were compared by
of the reference opposed to the spatial term, and separated  testing for differences between x-coordinates at each of the
from the reference along the term’s axis (e.g., horizontal for 151 time steps using two-tailed paired-sample t-tests with

Trajectory preparation Trajectories were trimmed to start
with movement onset and to end with the first data point after
crossing the target border. They were then translated to start
at [0,0] and rotated around that point by the angle between the
target’s position vector and the y-axis. Positive x-values thus
denote deviation from the direct path to the right, negative
values indicate leftward deviation. Trajectories’ spatial coor-
dinates were linearly interpolated over 151 equidistant time
steps to enable averaging (combining position data from iden-
tical values of elapsed proportion of total movement time).

“right of”) by at least 28.3 mm (2.32° v.a.). p < 0.01. Since data points in each mean trajectory are highly
The full stimulus set included 335 configurations x interdependent, and given the large number of tests, the in-

4 spatial terms x 4 target positions = 5360 trials, which were ~ formative value of each individual t-test is limited. To rem-
randomly assigned to the twelve participants. edy this, we used the bootstrapping procedure introduced by
Dale, Kehoe, and Spivey (2007), providing a criterion for how

Analysis many t-tests in sequence must yield significance before a dif-

ference between trajectories can be considered overall signif-
icant. A separate criterion with p < 0.01 was computed for
each comparison based on 10,000 artificial experiments each.

We analyzed only trials where participants selected the item
best matching the spatial phrase according to the fit function
(hereafter called target). We refer to the straight line from a

trajectory’s first point to the target item’s center as direct path. Balancing to isolate main effects To obtain unbiased es-
Sharply curved trajectories were discarded from analyses, timates of the individual effects of distracter, reference, and
in order to consider only trajectories exhibiting graded attrac- CoM position by comparing two conditions (e.g., all trials
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where the distracter was left versus right of the direct path),
the impact of the others (e.g., reference and CoM side) must
be taken into account. For this, we distinguished trials into
categories that indicated whether a potentially confounding
item was on the same or opposite side of the direct path as
the item of interest. There was a different set of four cate-
gories for each item of interest. For instance, balancing cat-
egories for the distracter effect were rs/cs, rs/co, ro/cs, and
ro/co, “r” denoting the reference, “c” the CoM, and “s” and
“0” denoting whether the respective item was on the same
or opposite side of the direct path as the distracter. Corre-
sponding categories for considering reference and CoM were
named analogously (“d” denoting the distracter). When com-
paring two sets of trials for one effect, balancing out the other
two then works by ensuring that each set is composed of an
equal number of trials from each relevant balancing category.
This requirement is not fully satisfied by our full set of tri-
als and some comparisons. To allow judging how imbalances
may have affected the respective data, Fig. 2 plots the distri-
bution of trial numbers over the relevant balancing categories
alongside each comparison. To further validate that observed
effects were not due to imbalances, post hoc balancing was
conducted: We did a second analysis for each comparison,
identical to the one performed on the full trial set, but before-
hand randomly discarded trials from over-represented cate-
gories such that a balanced distribution was obtained within
each condition and participant. We report when this substan-
tially changed effects. For the overall mean trajectory, cat-
egories were based on item sides relative to the direct path.
Category labels used the same letters as above, in addition to
“1” (left) and “r” (right; e.g., dr/rl/cl means that the distracter
was on the right and the other items on the left side).

Results

A total of 5245 trajectories was obtained (115 were lost due to
technical problems) and participants selected the best-fitting
item in 4710 (mean 89.82% + 3.3 s.d.). Of these, 446
(9.47%) exceeded curvature threshold, leaving 4264 (81.3%)
for analysis. Mean movement time was 1061 ms (+ 116
s.d.); noteworthy differences occurred only between upper
and lower target positions (1140ms + 119 s.d. and 977 ms
+ 114 s.d.). Participants reported not to have noticed that
target positions were limited to four locations.

Fig. 2 shows mean trajectories for all comparisons, along
with trial distributions over balancing categories for each con-
dition. The overall mean trajectory (Fig. 2a) slightly curved
rightwards, likely reflecting kinematic bias. To provide an
idea of this bias in relation to other effects, dotted gray lines
in each panel of Fig. 2 show the mean over trials from the
compared conditions. As expected based on the task instruc-
tions, a strong bias toward the CoM was evident (Fig. 2b).

We report statistical test results in this form: 46/8, 5-50%,
providing the number of successive significant time steps (46)
along with the bootstrap criterion for overall significance (8),
followed by the percentages of elapsed movement time at the

start and end of the sequence (5-50%). Considering all tri-
als, there was a significant bias away from the reference side
in the first half of the movement (57/6, 1.3-38.4%; Fig. 2¢)
and a significant bias in reference direction in the second half
(52/6, 66.2-100%). Assessing the effect of reference side
separately for trials with horizontal-axis spatial terms (“left”
and “right”) and for vertical ones (“above” and “below”)
showed that the bias away from the reference was driven by
the horizontal term trials (69/30, 1.3—46.4%; Fig. 2d). Note
that in these trials deviation away from the reference is con-
gruent with spatial term direction. Correcting for the over-
represented distracter-opposite trials (cs/do, co/do) by post
hoc balancing did not remove the effect (70/47, 1.3-47%;
Fig. 2f). The later bias toward the reference was driven by
the vertical spatial term trials (94/31, 38.4-100%; Fig. 2e).
Post hoc balancing showed that it was not due to the over-
represented distracter-same trials and resulted in an earlier
onset of the reference effect (102/31, 33.1-100%; Fig. 2g).

As shown in Fig. 2h, there was a sustained, significant
bias in distracter direction for the whole trial set (100/15,
33.4-100%). Assessing the effect separately by spatial term
axis showed that the effect’s early component was driven ex-
clusively by horizontal term trials (140/6, 8—100%; vertical:
86/33, 43.7-100%; Fig. 2i,j). These included a pronounced
majority of reference-opposite trials (ro/cs, ro/co), suggest-
ing that the distracter effect’s early component may in fact
be a bias in spatial term direction (i.e., away from the refer-
ence), as reported above. Post hoc balancing indeed reduced
the distracter bias to the second half of the movement (81/8,
47-100%; Fig. 2k). Post hoc balancing the vertical term trials
left the effect largely unchanged (89/11, 41.7-100%; Fig. 21).

Post hoc balanced vertical term trials (Fig. 2g) provide the
most unbiased estimate of the reference effect. Comparing its
onset in these trials to that of the distracter effect in the anal-
ogous comparison (Fig. 21) shows an earlier onset of the ref-
erence effect by 8.6% of movement time (equaling 91.1 ms,
based on mean movement time in these trials).

Discussion

We have described a mouse tracking paradigm in which un-
known spatial targets were specified by the task through a
relational description and demonstrated how influences from
multiple effect sources in such a setup may be disentangled.
As predicted, distracters attracted mouse paths, similar to
decision alternatives in classic mouse tracking studies (e.g.,
Dale et al., 2007). The predicted attraction toward reference
items was observed as well, for the spatial terms “above” and
“below”. Moreover, as hypothesized, a bias in spatial term di-
rection was present from early on for horizontal-axis spatial
terms. We interpret this as a spatial term effect rather than re-
pulsion from the reference based on the very early onset (note
that the spatial term was not predictive of absolute target lo-
cation in the paradigm) and in line with previous evidence
(Tower-Richardi et al., 2012). Its apparent absence in vertical
term trials is unsurprising, as it would act orthogonally to the
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Fig. 2: Mean trajectories and comparisons between conditions. Trajectory plots show the distance from the direct path to the
target (x=0) against the proportion of elapsed movement time. Negative values indicate leftward deviation and vice versa.
Conditions compared within a panel differ with respect to the position, relative to the direct path, of either the center of mass
(CoM), the reference item (Ref), or the distracter (Dtr). Blue and red circles in the top of each plot indicate the direction in
which the item of interest was situated for the trajectory in the same color. Gray dotted lines represent the mean across all
trajectories in the two compared conditions. Color-coded p-values and effect sizes (absolute Cohen’s d) for each time step
are shown on the left and right side of each plot. The black line on the left side of each plot indicates individual significant
t-tests (p < 0.01) at the spanned time steps. Asterisks next to these lines indicate overall significance (p < 0.01) for a given
sequence of individually significant time steps (based on bootstrap criterion; see Methods for details). A bar graph below
each trajectory plot shows the distribution of trials over categories relevant for counter-balancing in the respective comparison;
bars correspond to trajectory lines of the same hue. (a) Mean across all trials. (b) Means by CoM side, (c) by reference side,
across all trials, (d) by reference side, only including trials with spatial terms “left” and “right”, (e) by reference side, only
including trials with spatial terms “above” and “below”; (f) and (g) show the same comparisons as (d) and (e), but with a post
hoc balanced set of trials. (h) Means by distracter side, across all trials, (i) by distracter side, only including trials with spatial
terms “left” and “right”,(j) by distracter side, only including trials with spatial terms “above” and “below”; (k) and (1) show the
same comparisons as (i) and (j), but with a post hoc balanced set of trials.
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axis along which deviation was assessed. This may also ex-
plain why reference attraction is visible only in vertical term
trials: If the spatial term effect impacts the entire length of
trajectories as hypothesized, the two effects may cancel each
other out in the late portion of horizontal term trials.

The attraction to the reference item confirms that it engages
spatial attention during relational processing (e.g., Franconeri
et al., 2012), even when it is unique in color. This may hint
that spatial indexing (Logan & Sadler, 1996) of its position
is mandatory for grounding. It further suggests that computa-
tionally relevant non-targets can impact the motor level.

The observed distracter attraction is reminiscent of reaches
to average locations under target uncertainty (e.g., Chapman
et al., 2010). Aspects specific to relation grounding may as
well play a role, though, for instance, through locations in a
neural map being differentially activated by a relational tem-
plate. A hint at this interpretation is the small extent of dis-
tracter attraction compared to a mean distracter distance to the
direct path of 20.59 mm, calling into question mere averag-
ing. The latter aspect, as well as the early spatial term effect,
the mandatory reference selection, and the offset time courses
of reference and distracter attraction, parallel our neural pro-
cess model of grounding, in which item positions are sequen-
tially stored in distinct neural substrates to apply a concur-
rently active, graded relational template (Richter et al., 2017).

There is ample room for new research in the direction sug-
gested here. One step may be to clarify in how far distracter
attraction is specific to relational processing. The temporal
order of effects must be probed more formally. Finally, higher
cognitive processes may further be unraveled through addi-
tional variations of spatial phrase structure or visual displays.

Conclusion

As participants perceptually ground spatial phrases such as
“the red to the left of the green”, they attend to potential tar-
get objects (here, red ones) and typically select the one best
matching the spatial relation. Mouse trajectories toward the
ultimately selected target reveal transient biases in multiple
directions. First, they show attraction to the alternative tar-
gets, consistent with previous evidence. Second, an attraction
to the reference object (“green”) begins somewhat earlier and
may reflect allocation of spatial attention. Third, a bias in spa-
tial term direction is present from early on. Overall, this study
frames motor responses as direct reflections of the perceptual
grounding of spatial phrases, bringing evidence for the cou-
pling of cognitive to sensory-motor processes to a new level.
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