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Abstract Target selection is often biased by an observer’s
recent experiences. However, not much is known about
whether these selection biases influence behavior across dif-
ferent effectors. For example, does looking at a red object
make it easier to subsequently reach towards another red ob-
ject? In the current study, we asked observers to find the
uniquely colored target object on each trial. Randomly
intermixed pre-trial cues indicated the mode of action: either
an eye movement or a visually guided reach movement to the
target. In Experiment 1, we found that priming of popout,
reflected in faster responses following repetition of the target
color on consecutive trials, occurred regardless of whether the
effector was repeated from the previous trial or not. In
Experiment 2, we examined whether an inhibitory selection
bias away from a feature could transfer across effectors. While
priming of popout reflects both enhancement of the repeated
target features and suppression of the repeated distractor fea-
tures, the distractor previewing effect isolates a purely inhib-
itory component of target selection in which a previewed color
is presented in a homogenous display and subsequently
inhibited. Much like priming of popout, intertrial suppression
biases in the distractor previewing effect transferred across
effectors. Together, these results suggest that biases for target
selection driven by recent trial history transfer across effectors.
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This indicates that representations in memory that bias atten-
tion towards or away from specific features are largely inde-
pendent from their associated actions.

Keywords Priming ofpop-out - Distractor previewing effect -
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Frequently, multiple objects compete for limited attention re-
sources. The selection of a single object can be guided by an
observer’s goals, such that attention is directed towards task-
relevant objects (e.g., Green & Anderson, 1956; Posner,
1980). However, sometimes task-irrelevant factors, such
as recent experience or physical salience, can instead deter-
mine the allocation of attention (e.g., Awh, Belopolsky, &
Theeuwes, 2012; Found & Miiller, 2010; Itti & Koch, 2001;
Theeuwes, 1992; Tipper & Cranston, 1985).

For example, Maljkovic & Nakayama (1994) asked ob-
servers to find a uniquely colored diamond target and press a
key to indicate which side of that diamond was chipped.
Targets were selected randomly on each trial to be either a
green diamond among red diamonds, or a red diamond among
green diamonds. Keypress response times were faster when
the target color was repeated on consecutive trials relative to
when it was switched. This occurred regardless of the strategic
value of adopting a bias towards recently selected features,
suggesting that this was not an explicit, goal-directed ap-
proach. This phenomenon, known as priming of popout
(PoP), suggests that attention is automatically biased towards
recently selected target features. PoP is not limited to psycho-
physical responses; eye and reach movements towards popout
targets are also speeded when target features are repeated on
consecutive trials (McPeek, Maljkovic, & Nakayama, 1999;
Song & Nakayama, 2006).
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In typical PoP studies, only two target features are used.
Thus, if the target color is repeated from one trial to the next,
the distractor colors are repeated as well. As a result, PoP often
reflects a combination of target enhancement and distractor
suppression (e.g., Maljkovic & Nakayama, 1994). However,
it is possible to isolate a component of intertrial target selec-
tion bias that is purely inhibitory. For example, Goolsby,
Grabowecky, & Suzuki (2005) had observers perform a sim-
ilar popout discrimination task. On some trials, however, no
target was present; instead, all objects were homogenously
colored, and thus no response was required. Responses on
the next trial were slower when the target matched the color
of the homogenous items, or “previewed color,” from the
previous target absent trial. Conversely, responses were faster
if the distractors matched the previewed color. Together, this
pattern indicates that the previewed color was suppressed, and
thus de-prioritized for selection on a subsequent trial. This
distractor previewing effect (DPE; see also; Ariga &
Kawahara, 2004; Lleras, Kawahara, Wan, & Ariga, 2008)
demonstrates a purely inhibitory effect in which selection is
automatically biased away from a recently seen feature.

Research on these types of selection biases is typically
focused on tasks requiring only a single response effector.
However, in the real world, dynamic behavior frequently re-
quires a mixture of multiple types of actions. For example,
tasks ranging from making a sandwich (e.g., Hayhoe,
Shrivastava, Mruczek, & Pelz, 2003) to driving a car require
a series of intermixed eye and hand movements towards a
variety of different objects.

Thus, in the present study, we examine whether selection
biases from recent experience transfer across effectors. There is
a great deal of evidence to suggest that attention and action
systems are tightly intertwined, both at the behavioral (e.g.,
Song & Nakayama, 2006; Spivey, Grosjean, & Knoblich,
2005) and neurophysiological level (e.g., Gallivan, McLean,
Smith, & Culham, 2011; Song, Rafal, & McPeek, 2011).
Furthermore, PoP shows similar effects for attention, eye move-
ments, and reach movements respectively, and even transfers
from one type of hand movement to another (Moher & Song,
2014). Thus, it is plausible that a shared, motor-unspecific prior-
ity map (e.g., Zehetleitner, Hengeloh, & Miiller, 2011; see also,
Song, Takahashi, & McPeek, 2007) is responsible for biasing
attention towards recently selected target features regardless of
the mode of action required. However, some theories of PoP
suggest that it is not just a target feature that is encoded in mem-
ory, but rather an entire set of events from a previous trial that is
encoded and biases subsequent target selection (e.g., Hillstrom,
2000; Huang, Holcombe, & Pashler, 2004). It could therefore be
the case that target selection generates event files in memory
(Hommel, 2004) in which features that bias subsequent selection
are bound together with their associated effectors. This would
result in intertrial repetition effects only when the same mode of
action was required on consecutive trials.
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We asked observers to either look at or reach to a uniquely
colored target object on each trial. The effector to be used (eye
or hand) was cued shortly before display onset, and these cues
were intermixed randomly. We examined whether PoP
(Experiments 1 and 2) and DPE (Experiment 2) transferred
across different effectors. In other words, do the properties of
stimuli seen on the previous trial affect selection on a
subsequent trial even when a different means of action is
required?

Experiment 1: Priming of popout transfers
across effectors

Method
Participants

Brown University undergraduates and community members
(7 female, 11 male, mean age: 19.1 years) participated in ex-
change for course credit or monetary compensation. All par-
ticipants were right handed with normal or corrected-to-
normal vision and normal color vision. The protocol
was approved by the Brown University Institutional Review
Board.

Apparatus

The methods for the current study were adapted largely from
that of Moher & Song (2013, 2014). Stimuli were projected
from behind a plexiglass display that was arranged upright on
a table perpendicular to the observer’s line of vision, facing
the seated observer at a distance of approximately 48 cm.
Three-dimensional hand position was recorded at a rate of
approximately 240 Hz using an electromagnetic position and
orientation recording system (Liberty, Polhemus; http://
polhemus.com/) with a measuring error of .03 cm root mean
square. A motion tracking marker was secured with a Velcro
strap near the tip of each observer’s right index finger. The
observer’s index finger was rested on a Styrofoam block
placed in front of them on the table, located 27 cm from the
screen along the z-dimension (i.e., the axis that is bounded by
the observer and the display). The finger was aligned with the
bottom of the display along the y-dimension (i.e. the axis that
is bounded by the top and bottom of the display), and the
horizontal midline of the display along the x-dimension (i.e.,
the axis that is bounded by the left and right sides of the
display). Simultaneously, eye position was recorded with a
head-mounted Eyelink II eyetracker (SR Research, Ottawa,
ON) at a rate of approximately 240 Hz. Stimulus presentation
was conducted using custom software designed with
MATLAB (Mathworks, http://uk.mathworks.com/) and
Psychtoolbox (Brainard, 1997).


http://polhemus.com/
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Stimuli

All stimuli appeared on a black background. A fixation cross
appeared at the center with a width and length of 0.7 cm (0.8°
of visual angle). Three diamonds appeared during each trial,
each with a 3 cm diameter (4.0°). On each trial, the diamonds
were placed at 4, 8, and 12 o’clock equally spaced on an
imaginary circle surrounding fixation with a radius of 11 cm
(13.1°), with an inter-item distance of 18.9 cm (measured from
center to center). The diamonds were rendered in either red or
green. The two colors were approximately equiluminant using
photometer calibration (green: 28.5 cd/m?, red: 32 cd/m?). On
each trial, one diamond appeared in the randomly selected
target color and the remaining diamonds were rendered in
the other color. The target location was selected randomly
on each trial.

Cues preceding each trial indicated the effector required on
the upcoming trial (Fig. 1). An equal number of trials for each
effector (eye and hand) were presented in a randomly
intermixed order in each block. Cues were either a cartoon
image of a pair of eyes (from http://www.proprofs.com/),
measuring approximately 1.9 cm vertically (2.3°) and 2.
7 cm horizontally (3.2°), or a cartoon image of a hand (from
http://www.clker.com/) measuring approximately 2.6 cm
vertically (3.1°) and 2 cm horizontally (2.4°).

Procedure

Nine-point calibration was conducted for eye and hand posi-
tion, and drift correction for eye movements was executed
throughout the experiment as needed. Participants were
instructed to keep the index finger on their right hand in the
starting position and their eyes fixated at the center. Each trial
began with the presentation of the response cue informing
participants whether they should respond with an eye or reach
movement to the unique target on the upcoming trial. After
2 s, the three diamonds appeared (Fig. 1) and the response cue
remained onscreen. Participants either reached to or looked at
the uniquely colored diamond.
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Fig. 1 A sample sequence of two trials from Experiment 1. The target was
the uniquely colored object. The second trial in this example is an effector
switch, since the previous trial cued a reach movement response but the
current trial cues an eye movement response. The second trial is also a target
color repeat, because in both trials the target is a green color singleton

If the participant moved their eyes during a reach trial or
vice versa, or they did not respond within 1.5 s following
stimulus onset, the trial was counted as incorrect. The display
remained on the screen for an additional 200 ms after the
participant’s response to encourage participants to rest their
finger briefly on the target. Participants were given auditory
feedback following every trial—a high beep for accurate re-
sponses, low beep for inaccurate responses, two low beeps if
the time limit elapsed before a response was executed, and a
very low-pitched beep if they moved the wrong effector.
There was a 1-s intertrial interval during which a blank black
screen was presented

The experiment began with 24 practice trials, followed by 8
blocks of 50 trials each.' Each session lasted approximately
1 h.

Data analysis

When the participant’s finger came within approximately
1.3 cm of the display on the z-dimension and simultaneously
within approximately 2 cm of the target diamond on the x and
y dimensions within the 1.5-s time limit, a response was con-
sidered correct. If this threshold was passed for a non-target
diamond (a selection error) or no response was registered dur-
ing the time limit (a timeout error), the trial was counted as
incorrect.

Reach movement data were analyzed offline using custom
MATLAB (Mathworks) software. Three-dimensional resul-
tant speed scalars were created for each trial using a differen-
tiation procedure in MATLAB. These scalars were then sub-
mitted to a 2nd order, low-pass Butterworth filter with a cutoff
of 10 Hz. Movement onset was calculated as the first time
point on each trial after stimulus onset at which reach move-
ment speed exceeded 25.4 cim/s (consistent with previous re-
search in our lab; see e.g., Moher & Song, 2013, Moher &
Song, 2014). Movement offset was defined as the first subse-
quent measurement on each trial when speed decreased to
below 25.4 cm/s. Initiation latency was defined as the time
elapsed between stimulus onset and movement onset.
Movement time was defined as the time elapsed between
movement onset and movement offset. Similar measures were
calculated using 2D eye movement data with a speed thresh-
old for defining the beginning and end of a movement set at
35°/s (similar to Godijn & Theeuwes, 2004; Ludwig &
Gilchrist, 2002) using a 40 Hz filter cutoff for the
Butterworth filter (based on visual inspection of Butterworth
filter ranges, done blind to conditions, for minimum distortion
of event timing).

Trajectories for calculating curvature were measured in
two-dimensional XY space by calculating a line from the start

! Two participants in Experiments 1 and 2 completed only seven blocks
due to technical difficulties and/or discomfort.
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to the end point of the movement, and measuring the orthog-
onal deviation of the actual movement from that line at each
sample throughout the movement. Curvature was defined as
the maximum point of deviation (unsigned) in centimeters
divided by the length of the line from the start to the end points
of the eye or reach movement.

All dependent measures not including selection error rates
were calculated for correct trials only. For both eye and hand
movements, each individual trial was inspected visually (e.g.,
Song & Nakayama, 2006; Moher & Song, 2013, 2014) for
trials where the default threshold clearly missed part of the
movement or included substantial movement back to the
starting point. Thresholds were adjusted manually to more
appropriate levels when necessary (1.6 % of all trials in
Experiment 1, 1.4 % in Experiment 2).

In examining error responses, we focused exclusively on
selection errors and did not include timeout errors or device
errors as these were frequently attributable to drift in the
eyetracking camera, making those error types difficult to in-
terpret. We did not conduct drift correction in between trials
because we did not want to interfere with intertrial effects of
target color and response effector.

For all analyses, we removed all trials in which participants
used the wrong effector on the current or previous trial, trials
where the previous response was inaccurate, and the first trial
of'each block (16.6 % of all trials in Experiment 1 and 12.7 %
of all trials in Experiment 2). In addition, using a recursive
trimming procedure that defined outliers as at least 3.5
standard deviations above or below the mean within each
condition for each participant (exact number of standard de-
viations was determined dynamically according to the number
of observations per condition; adopted from Van Selst &
Jolicoeur, 1994), we removed any trial that was considered
an outlier in each experimental condition along measures of
initiation latency, movement time, or curvature for eye and
reach movements (3.7 % of all trials in Experiment 1 and
2.1 % of all trials in Experiment 2). Finally, we removed trials
for which a large number of movement samples were dropped
due to computer error (0.7 % of all trials in Experiment 1 and
0.3 % of all trials in Experiment 2). However, this criterion
was not applied to selection error analyses, as the online cal-
culation of accuracy was unaffected by missing data in the
trajectory of the movement.

Results

Below we report the results of 2x2 ANOVAs for effector
(repeat vs. switch) and target color (repeat vs. switch) on ini-
tiation latency for eye and reach movement trials separately.
All direct comparisons involve measures from the same effec-
tor; in other words, responses on eye movement trials are
compared only to responses on eye movement trials. The re-
sults sections in the present manuscript focus primarily on
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initiation latency, as this is a measure that has been shown
consistently to be sensitive to variations in target selection
processes and intertrial priming effects across eye and hand
movements in previous studies (e.g., Caddigan & Lleras,
2010; McPeek, Maljkovic, & Nakayama, 1999; Moher &
Song, 2014). Furthermore, latencies fall along relatively sim-
ilar timescales for eye and hand movements, whereas mea-
sures of movement time and curvature differ a great deal in
magnitude between eye and hand movements (see e.g.,
Table 1). However, descriptive statistics and statistical out-
come for 2x2 ANOVAS for other dependent variables, in-
cluding movement time, curvature, and selection errors for
both eye and reach movements, are reported for both experi-
ments in Tables 1, 2 and 3.

Eye movement trials

Initiation latencies for eye movements were faster when the
target color was repeated from the previous trial (411 ms)
relative to when it was switched (437 ms), F(1,17)=38.7,
p<.001, np2=.70. There was no main effect of whether the
effector was repeated from the previous trial, F(1,17)=1.8,
p=.2. We did, however, find an interaction between effector
and target color, F(1,17)=4.5, p=.05, np2=.21 (Figure 2, top;
see Table 1 for more detailed description of data).

To further parse this interaction, we conducted simple main
effects analyses for target color repetition on effector
repeat and effector switch trials separately. Eye move-
ment initiation latencies were 32 ms faster on effector
repeat trials, F(1,17)=39.9, p<.001, np2=.70. Furthermore,
eye movement initiation latencies were 20 ms faster on effec-
tor switch trials, F(1,17)=15.6, p=.001, np2=.48. Thus, while
the interaction reflects a reduction in the magnitude of the
color repetition benefit on effector switch trials relative to
effector repeat trials, these simple main effects analyses
reveal that repeating the target color speeds eye move-
ments even when the effector was switched from the
previous trial. Thus, PoP transfers from reach to eye move-
ment responses.

Reach movement trials

A similar pattern of results was observed in the reach move-
ment data. Initiation latencies were faster on target color repeat
trials (446 ms) than switch trials (462 ms), F(1,17)=21.43,
p<.001,7,°=.25. Latencies were also faster when the previ-
ous trial also required a reach movement (448 ms) rather than
an eye movement (460 ms), F(1,17)=5.74, p=.028, np2=.56.
This suggests the possibility of a slight overall cost in
responding, regardless of target color, when switching effec-
tors from the previous trial.

For reach movement latencies, however, we found no in-
teraction between effector and target color, F(1,17)<1 (Fig. 2,
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Table 1 Data from Experiment 1. Error terms reflect standard error of the mean (SEM)
Dependent variable Response mode Color Main effects Interaction
Repeat Switch Effector Color
Eye movements
Initiation latency HoxK *
Repeat 404+14 ms 436+15 ms
Switch 418+15 ms 438+18 ms
Movement Time
Repeat 7242 ms 73£3 ms
Switch 7042 ms 7143 ms
Movement curvature
Repeat 0.043+.003 0.047+.005
Switch 0.044+.003 0.049+.007
Selection error rate wx
Repeat 0.7+£0.3 % 38+1.1 %
Switch 0.2+0.02 % 2.8+0.7 %
Reach movements
Initiation latency * ok
Repeat 439+10 ms 457+12 ms
Switch 453+12 ms 467+13 ms
Movement time
Repeat 450+11 ms 448+10 ms
Switch 452+11 ms 452+11 ms
Movement curvature *
Repeat 0.094+.006 0.103+.007
Switch 0.094+.006 0.102+.007
Selection error rate
Repeat 0 0
Switch 0 0

* p<.05, ** p<.01, *#** p< 001

bottom). Thus, for both eye and reach movements, biases
towards the color of a recently selected target impact behavior
regardless of whether the effector is repeated from the previ-
ous trial.

Experiment 2: Distractor previewing effect transfers
across effectors

The results of Experiment 1 demonstrate that target selection
biases transfer across different response effectors. This sug-
gests that representations of target features are stored in mem-
ory largely independently from their associated actions. This
result builds on previous work in which we showed transfer of
PoP from one type of hand movement (a keypress) to another
(a reach movement; Moher & Song, 2014; see also Makovski
& Jiang, 2011).

However, while PoP is typically thought to reflect a bias
toward recently selected target features, it may also reflect

inhibition of recently non-selected distractor features when
distractor colors are also repeated, as in the present design
(e.g., Maljkovic & Nakayama, 1994). Although inhibition
plays a critical role in guiding attention and action (e.g.,
Moher, Abrams, Egeth, Yantis, & Stuphorn, 2011; Tipper,
Meegan, & Howard, 2002; Watson & Humphreys, 1997), less
is known about whether and how inhibitory biases transfer
when movement outputs differ from one moment to the next.

In Experiment 2, we examine whether exclusively inhibi-
tory biases reflected in the DPE transfer from eye to reach
movements and vice versa. The DPE has a number of
empirical characteristics that suggest it draws on distinct
mechanisms from PoP (e.g., Ariga & Kawahara, 2004).
Furthermore, whereas PoP appears to be driven by the atten-
tional selection made on the previous trial, DPE appears to be
independent of attention allocation on the preview trial (e.g.,
Goolsby & Suzuki, 2001; Goolsby et al., 2005). Thus, while
we might see similar transfer across effectors with the DPE as
we did with PoP, it is also possible that the mechanisms
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Table 2 Priming of popout (PoP) data from Experiment 2. Error terms reflect SEM

Dependent variable Response mode Color Main effects Interaction
Repeat Switch Effector Color
Eye movements
Initiation latency HoxE
Repeat 410+10 ms 44449 ms
Switch 434+14 ms 454+12 ms
Movement time
Repeat 70+4 ms 69+4 ms
Switch 67+4 ms 71+5 ms
Movement curvature
Repeat 0.050+.005 0.057+.007
Switch 0.047+.004 0.055+.007
Selection error rate
Repeat 0.4+£0.4 % 1.3£0.6 %
Switch 1.0+0.5 % 1.0+£0.4 %
Reach movements
Initiation latency e
Repeat 502+15 ms 53115 ms
Switch 506+17 ms 529+18 ms
Movement time *
Repeat 455+11 ms 447+10 ms
Switch 457+10 ms 458+11 ms
Movement curvature
Repeat 0.096=.006 0.104+.008
Switch 0.096+.005 0.098+005
Selection error rate
Repeat 0 0
Switch 0 0
* p<.05, ¥* p<.01, *** p<.001
involved in DPE might be more effector-dependent than those ~ Procedure

involved in PoP, precluding transfer across effectors. Because
the paradigm for DPE requires only occasional target absent
trials, Experiment 2 also provides an opportunity to directly
replicate the PoP results from Experiment 1.

Method

Except where otherwise noted, the methods were identical to
Experiment 1.

Participants

Brown University undergraduates and community members
(18 female, 5 male, mean age: 20.8 years) participated in ex-
change for monetary compensation or course credit. All par-
ticipants were right handed with normal or corrected-to-
normal vision and normal color vision. The protocol was ap-
proved by the Brown University Institutional Review Board.
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On 25 % of all trials, no target was present; all three objects
were instead rendered in the same color. There were eight
possible two-trial sequences used. In these sequences,
the first trial was either a typical trial (red or green
target) or a target absent trial (all red or all green),
and the second trial was always typical trial (red or
green target). Each block included four instances of each
of these eight sequences in completely randomized order,
resulting in 64 total trials per block. There were an equivalent
number of randomly assigned and intermixed eye and reach
movement trials in each block.

Four participants were removed from analysis be-
cause they were unable to complete at least seven
blocks of trials due to discomfort and fatigue. An ad-
ditional participant was removed for low overall accu-
racy (67 %, more than three standard deviations below
the mean).
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Table 3  Distractor previewing effect (DPE) data from Experiment 2. Error terms reflect SEM

Dependent variable Response mode Previewed color Main effects Interaction
Repeat Switch Effector Color
Eye movements
Initiation latency * *
Repeat 440+15 ms 469+12 ms
Switch 421£10 ms 435+£10 ms
Movement time
Repeat 70+5 ms 68+4 ms
Switch 70+4 ms 73+6 ms
Movement curvature
Repeat 0.052+.006 0.051+.005
Switch 0.052+.005 0.053+.007
Selection error rate
Repeat 0 0
Switch 0.3£0.3 % 0.7+£0.5 %
Reach movements
Initiation latency * oK
Repeat 524+17 ms 56520 ms
Switch 503+16 ms 541422 ms
Movement time kk
Repeat 454+11 ms 449+10 ms
Switch 464+9 ms 46711 ms
Movement curvature
Repeat 0.100+.007 0.111£.009
Switch 0.098+.007 0.090+.006
Selection error rate
Repeat 0 0
Switch 0 0

* p<.05, ** p<.01, *** p< 001

Results

Below we present two analyses each for eye and reach move-
ment data. The first is identical to the PoP analyses presented
in Experiment 1. The second is a 2% 2 ANOVA with factors of
previewed color (target vs. distractor) and effector (repeat vs.
switch) on initiation latency. The latter analysis is only exam-
ining two trial sequences in which the first trial was a target
absent trial.

Eye movement trials
Priming of popout

We again found faster eye movement initiation latencies when
the color repeated (422 ms) than when it did not (449 ms),
F(1,17)=20.7, p<.001, np2=.55. We again found no cost for
switching effectors, F(1,17)=2.4, p=.14. Unlike in
Experiment 1, we found no interaction between effector and

target color, F(1,17)=2.4, p=.14 (Fig. 3a, top; see Table 2 for
more detailed description of data). However, the pattern of
results was similar; there was a greater magnitude benefit on
eye movement initiation latencies for repeating the target color
when the effector was repeated (34 ms) than when it was
switched (20 ms). Furthermore, we conducted a cross-
experiment ANOVA with within-subject factors of effector
and target color, and a between-subject factor of experiment.
This revealed an interaction between target color and effector,
F(1,34)=6.0, p=.019, T]p2:.15, but no three-way interaction
with experiment, F(1,34)<1. Thus, we largely replicated the
eye movement results of Experiment 1, demonstrating a trans-
fer of PoP across effectors, though with a reduced magnitude
when the effector is switched relative to when it is repeated.

Distractor previewing effect

Saccade initiation latencies were faster when the previewed
color appeared on the next trial as the distractor color (431 ms)
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Fig. 2 Eye movement initiation latencies (fop) and reach movement
initiation latencies (bottom) for Experiment 1. Data are separated by
effector (repeat or switch from the previous trial) and target color
(repeat or switch from the previous trial). Error bars Within-subject error
term (Loftus & Masson, 1994)

Reach latency (ms)

than as the target color (452 ms), F(1,17)=6.8, p=.018,
np2:.29. Consistent with the previous literature on the
distractor previewing effect, this supports the notion that the
previewed color, to which observers must withhold a re-
sponse, is subsequently inhibited for eye movements
(Caddigan & Lleras, 2010). This makes it harder to select a
subsequent target in that color and easier to ignore subsequent
distractors in that color.
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Fig. 3 a, b. Data from Experiment 2. a Comparison of movement
latencies for eye movements (fop) and reach movements (bottom) as a
function of effector (repeat vs. switch from the previous trial) and target
color (repeat vs. switch from the previous trial). b Comparison of
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We also found that responses were slower when the effec-
tor was repeated (455 ms) than when it was switched
(428 ms), F(1,17)=7.5, p=.014, np2=.31. This suggests that
when a trial requires withholding a response, not only is the
color that appears inhibited, the cued effector is inhibited as
well. Thus, if a reach movement response is cued and no target
appears, it is easier to make a subsequent eye movement to a
target than if an eye movement cue had appeared on the pre-
vious target absent trial.

Finally, we found no interaction between effector and pre-
view color, F(1,17)<1 (Fig. 3b, top; see Table 3 for more
detailed description of data). This indicates that the DPE trans-
fers from reach to eye movements. Thus, inhibitory biases
away from colors appearing on target absent trials transfer
from reach to eye movements.

Reach movement trials
Priming of popout

The reach movement data also largely replicated Experiment
1. Responses were faster on color repeat trials (504 ms vs.
530 ms), F(1,17)=30.0, p<.001, np2=.64. Unlike
Experiment 1, we found no main effect of effector repetition,
F(1,17)<1. The lack of effector repetition effect in
Experiment 2 might be attributable to the inclusion of trials
in which a movement had to be withheld because no target
was present, which may have changed overall response strat-
egies. Indeed, overall reach movement latencies were longer
in Experiment 2 (517 ms) relative to Experiment 1 (454 ms),
#(34)=3.3, p=.002. Finally, as in Experiment 1, we found no
interaction between effector and target color, F(1,17)<1
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trial) and previewed color (distractor vs. target). Error bars Within-
subject error term (Loftus & Masson, 1994)
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(Fig. 3a, bottom). Thus, across both experiments, for both eye
and reach movement responses, repeating the color of a
popout target on consecutive trials sped responses regardless
of whether the effector was also repeated from the previous
trial.

Distractor previewing effect

Previous work has focused largely on the distractor
previewing effect in keypress responses and eye movements.
Here, we examine whether target absent trials produce feature
inhibition in goal-directed action.

The reach movement data largely mirrored the eye move-
ment data. Movement initiation latencies were faster when the
previewed color became the distractor (513 ms) than when it
became the target (553 ms), F(1,17)=14.2, p=.002, np2=.46.
This demonstrates that the DPE occurs in goal-directed action,
producing inhibition of a previewed feature for a subsequent
visually guided reach movement. As with the eye movement
data, initial latencies were also slowed when the effector was
repeated vs. switched (545 ms vs. 522 ms), F(1,17)=8.2,
p=.011, np2:.33.2 Therefore, when a reach response is
withheld on a target absent trial, subsequent reach movement
initiation is delayed. Finally, we again found no interaction
between response mode and preview color, F(1,17)<1 (Fig,
3b, bottom), indicating transfer of the DPE from eye to reach
movements.

Together, both the eye and reach movement data suggest
that the distractor previewing effect transfers across effectors.
That is, target absent trials in popout search generate inhibito-
ry tags of the previewed color, and this inhibition affects sub-
sequent responses regardless of the mode of action used.

General discussion

In two experiments, we found that initiation latencies of both
eye and reach movements were faster when popout target
colors were repeated from the previous trial relative to when
they switched, even when the response effector was not re-
peated from the previous trial. Additionally, we found that
previewing the target color slowed both eye and reach move-
ment responses; again, this effect persisted even when the
mode of action was switched. Together, these results suggest
that intertrial biases towards and away from target features

2 We note that an opposite effect was observed in the movement time data
(see Table 3), with shorter movement time on effector repeat trials
(451 ms) relative to effector switch trials (466 ms), F(1,17)=31.0,
p<.001, np2:.65. Thus, there is a tradeoft following target absent trials
during goal-directed action, in which initiation latency is slower when the
effector is repeated, but subsequent movement times are faster, presum-
ably because target selection has reached a later stage prior to movement
initiation due to longer initiation latencies (e.g., Song & Nakayama, 2008).

transfer across effectors. In other words, both PoP and DPE
transfer from eye to reach movements and vice versa.

In a previous study (Moher & Song, 2014), we found that
PoP transferred from keypress responses to reach movements
and vice versa. The current results expand on this finding in a
number of ways. First, the previous study examined two dif-
ferent types of responses that both involved the hand. Here,
we found transfer across two different effectors (eyes and
hands), suggesting that biases towards recently selected target
features transfers across effectors as well. Second, to our
knowledge, the present study provides the first demonstration
of the DPE in a visually guided reaching task. This may pro-
vide a useful basis for future studies, particularly since move-
ment trajectories can provide insight into otherwise internal
cognitive processes involved in inhibition (e.g., Song &
Nakayama, 2009). Third, we found that inhibitory biases
away from a recently seen feature, as indexed by the DPE,
transfer across modes of action. This provides clear evidence
that inhibitory biases in target selection are largely indepen-
dent from their associated action responses. Furthermore,
because the DPE and PoP involve at least partially distinct
mechanisms (e.g., Ariga & Kawahara, 2004; Goolsby et al.,
2005), these results suggest that the transfer of selection biases
across effectors is a relatively robust phenomenon.

Finally, we found that response initiation latencies were
slower when the effector was repeated on consecutive trials
if the first of those trials was a target absent trial requiring no
response. In other words, if a mode of action is cued, and then
a trial occurs in which no response is required, that effector is
inhibited and thus harder to initiate relative to a new mode of
action on a subsequent trial. These results have several inter-
esting implications. Firstly, even if a given mode of action is
not executed, the preparation cue is sufficient to generate a
representation in memory that affects subsequent responses.
Second, the withholding of a response on target absent trials
not only generates inhibition of the previewed feature, but also
of the cued effector. This result indicates that while the effec-
tor is not bound in memory with its associated target feature, it
is nonetheless represented in memory at some level and is
capable of influencing subsequent responses. Thus, much like
target selection history, action history can impact behavior.
Whether this impact is automatic in the way that selection
history is understood to be is one of many important issues
that future research can address.

We found that PoP effects were reduced, but still signifi-
cant, when the effector was switched on eye movement trials.
In all other comparisons, we found no significant interactions
between effector and target color. However, we must be cau-
tious in interpreting null effects, as it may be the case that there
are small reductions in the magnitude of intertrial effects when
the effector is switched that might be revealed in future studies
targeted at this issue. Furthermore, across all experiments, the
magnitude of PoP or DPE was greater when the effector was
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repeated relative to when it was switched for both eye and
hand movement initiation latencies. In a previous study exam-
ining transfer of PoP from hand movements to keypresses and
vice versa, we found a similar pattern (Moher & Song, 2014).
That is, while we did not find significant interactions between
the mode of action and the target color, we did find a consis-
tent reduction in magnitude in PoP when the mode of action
was switched across trials. Thus, while we can confidently
claim that PoP and the DPE transfer across effectors, and that
the effect appears to be largely effector-independent, we can-
not rule out the possibility that there is a small effector-
dependent effect that the present study cannot reveal.

Methodology and future research

In our previous work (Moher & Song, 2014), we found trans-
fer of PoP from a no-go trial to either a keypress or hand
movement trial. There, we did not find strong evidence for
suppression of the mode of response following no-go trials;
however, that study did not involve switching across effectors.
Those results, combined with the present results, have impli-
cations for understanding motor inhibition as often studied in
paradigms requiring the withholding of a response, such as the
stop-signal paradigm (e.g., Logan et al., 1984) or go/no-go
paradigm (e.g., Rubia et al., 2001). Specifically, it suggests
that a representation of the inhibited response effector, but
not necessarily the specific type of response cued for that
effector, affects subsequent behavior. Furthermore, examining
intertrial effects following withheld responses as we have
done in the present study may prove useful in untangling brain
activation associated with motor inhibition from activation
involved in higher-level attentional processes, which has pre-
viously been a challenge in traditional stop-signal and go/no-
go paradigms (e.g., Criaud & Boulinguez, 2013). In other
words, the present paradigm might prove useful because we
have demonstrated that a withheld response on a single trial
can produce measurable behavioral effects that reflect inhibi-
tion of a specific effector on a subsequent trial; for example,
we found that inhibiting a hand movement on one trial result-
ed in slower responses on the next trial if a hand movement
(rather than an eye movement) response was required. Thus,
this approach allows for temporal separation of the act of
motor inhibition itself from higher-level cognitive processes
that arise from that inhibition.

More broadly, using the present approach in future studies
may prove useful in identifying the underlying neural sub-
strates involved in effector-independent target selection.
Previous work has identified a number of brain regions, in-
cluding intraparietal sulcus (IPS), frontal eye fields (FEF), and
the superior colliculus (e.g., Gallivan et al., 2011; Song &
McPeek, 2015; Song et al., 2011), that are involved in
effector-independent target selection. However, it is not
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known whether these same regions encode selection history.
Similar regions, including the IPS and FEF, do encode
target selection history in a simple keypress response task
(Kristjansson, Vuilleumier, Schwartz, Macaluso, & Driver,
2006). Thus, it may be the case that effector-independent tar-
get selection history involved in reach and eye movements is
encoded in similar regions. Action history, however, is repre-
sented quite broadly in the brain (e.g., Gallivan & Culhmam,
2015), and thus there may be many candidate areas that en-
code action history independently from effector-independent
target selection history. These questions remain open, and are
critical to our understanding of the link between brain and
behavior for target selection across different modes of action.

Finally, there are additional behavioral questions that might
be addressed using the current paradigm. For example, in a
recent study (Moher & Song, 2013), we found that the trajec-
tory of a reach movement to a popout target on a single
trial predicted movement trajectory on subsequent re-
sponses. Specifically, movements that were deviated towards
distractors, referred to as partial errors, were likely to be
followed by similarly curved movements, though only when
the task context (i.e., target color) was repeated. Because we
examined only reaching movements, we were unable to dis-
tinguish whether these trial history effects were influencing
performance at the level of target selection, or whether they
simply reflected a tendency to reproduce similar motor output
on consecutive trials. However, if a partial error on a hand
movement trial affected performance on an immediately fol-
lowing eye movement trial, we could infer that intertrial ef-
fects of partial errors reflect disruption of the target selection
process. Thus, the methodology used in the current experi-
ments has the potential to distinguish between these kinds of
competing theoretical explanations.

Conclusions

The results of the present study build on an expanding litera-
ture that examines the role of action in target selection.
Specifically, we emphasize the intertwined roles of action his-
tory and target selection history in guiding behavior, finding
that target selection history biases subsequent performance
across effectors. Continued research in understanding this re-
lationship is critical, as everyday behavior frequently involves
a dynamic mixture of action responses to objects in the sur-
rounding world.
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