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Depending on several sensory and cognitive factors, multi ple stimuli might be identified
simultaneously just as well as a single stimulus can bé,
due to a processing capacity limit. There are gradatjon

processing, due to finite cognitive resources being shared

e presented simultaneously.

compete or interfere with each other. At the extreme, multiy

icularly important for situations

vd) and for complex tasks such

with hindered performance
of limited-capadity parallel

e w/f m:f)? )

Detween stimulil that might

ple stimuli might be processed Y

serially; for instance, if there is a central bottleneck in the bain for making a ¢ertain type

of judgement.

One of the most straightforward tools for evaluating
is the redundant target paradigm (e.g., van der Heijden €
revisit this paradigm and develop generalizations of three
task performance: standard unlimited-capacity parallel, fixe

models.
We then test these predictions with three experir

the target stimuli. These experiments assess how well

simultaneously. This is an important question because ¢

b

parallel processing capacity

t al., 1983). In this paper, we
classes of models that predict
d+

rcapacity paralle], and serial

ments that use written words as
two words can be recognized

pmpeting models|of natural

reading disagree as to whether multiple words are identi
fixation (Engbert et al., 2005; Reichle et al., 2006; Reilly &
2019b). The redundant target experiments presented heré di

they characterize the fundamental capacity limits that

they assess how well participants can process two w
encouraged to try. The redundant target paradigm comp
use dual-tasks or measure spatial attention effects tq i
(Johnson et al., 2022; White et al., 2018, 2020; White, Palnie:

iedl in parallel during each gaze
Radach, 2006; Snell i

Grainger,

fer from natural reading, but

*ments other apprc

readers cope with. Specifically,

rds at once when they are

aches that
vestigate word recognition

etal, 2019).




P arz' /'Z’-i P"}Hﬁj

5

o

\/éd, Astve

Fundamentals of redundant target effects

The redundant target paradigm grew out of a

investigate whether observers can process multiple stimuli presented simul

different visual field positions (van der Heijden, 1975)

display and report the presence or absence of stimuli

Non-target stimuli are termed “distractors.” On some #rial
other trials, multiple targets are presented simultaneously

redundant targets. The typical finding is a positive redyn

Studies that have used the redundant target paradi

broad categories. Studies in the first category seek ta

lar

The

that belong to a targ

model and a serial model (van der Heijden, 1975). They cor

displays that consist of two (or more) targets, versus displa)

ger visual search

observer’s task

one target is prs

ys that contain one

no other stimuli. Positive redundant target effects have

model in favor of the parallel model. (Exceptions in the

Studies in the second category seek to distinguish between ¢
those with separate activations caused by each stimulus,

“coactivations” (C. W. Eriksen et al., 1989; ] Miller, 1982; Md

li

W

4

literature to
aneously at
is to view a
et category.
psented. On

that is, the display contains
t target effect: a speeding of
target. Such a “redundancy

L can be divided into two
inguish between a parallel

are response times between

target and

ften been used to reject the serial
rature are reviewed below).
o flavors of parallel models:

sus those with [{gf

rdkoff & Yantis, 1991). To do

50, response times are compared between displays that

the serial model, which is the focus of the present study.

that contain one target and one distractor. These “mixed”

OTL

n d

Therefore, we focus on the comparison betwee

presented alone and displays with two targets.

rials are not useful

two targets and displays

for testing

isplays with a si

gle target

- -U



fBeEes As shown in Figure 1, contrasting prediction]
from a standard unlimited-capacity parallel model and

called “standard” models because of strong assumptions aby

1S f]

a s

Or]

randard serial mod

processes for each stimulus. Both standard models ass

hat search is self

the observer responds as soon as they detect a target (V
AN =

the Discussion Wl Mt we address how parallel and ser
A

odels can mimig

correct response time arise

lel. They are

ut the independence of the

terminating:

andt & Townsend, 1993). In

r each other

when made more complicated (Algom et al., 2015). In

three relatively simple models with plausible assumptic

accounting for errors as well as response times. To make| th

reject specific models that cannot account for performan

The standard, self-terminating parallel model assun

h

present, they are independently processed in separate
response. The completion time of each process is vari;
trials, the response time is determined by the faster of th
is faster on average than when only one target is present
self-terminating parallel model predicts a positive redus
correct responses.

The standard self-terminating serial model, in cor
is identified at a time (Townsend & Nozawa, 1995; vai
target of two simultaneously presented targets is correa

time is on average the same as when only one target is pr

no effect on performance. Previous descriptions of this seria

explain in our new theory section below, a serial model {t

ns,

ce

(Ra:

1dan

itrast,
n d|
tly

£s¢

study, however,

in

e

able across trials. On

e tw

a

target effect: a

assumes that o
er

i

ki
| model stop ther

at i

a slowing of correct response times if the first target to be

search continues to process the second target correctly,

prpa

s that when two

lels that race to

D processes, so t}

Heijden, 1975)

—the redundanj

essed is misiden

word recognition ta:

targets are
roduce the
two-target

e observer

b, 1962). Thus, the standard,

S

peeding of

e stimulus
If the first
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slightly different, such as requiring a choice response on gach trial (Fournier & Eriksen,

1990; Grice & Reed, 1992; van der Heijden et al., 1983). One possibility is that letters are

processed in parallel, producing a positive redundant target effect, but that dffect can be

masked by later decision- or response-selection processes when the response tule is more

complicated. In other words, if conditions increase the degtee of limited capacity, then it

can reduce the redundant target effect.

We now turn the to# case explored in the expetime:

=

ts below: redundant target

effects for written words. Such effects can reveal the extent tb which higher-level semantic

or linguistic information about two stimuli can be processed in parallel. Of the handful

of studies that have taken this approach, most — but not all | conclude that twqd words can

be recognized in parallel. These studies have differed in four important respects: whether

the redundant targets in a single trial are identical words; whether the single-farget trials

also contain a ‘filler’ stimulus; what the task is (semanti¢ categorization |vs. lexical

decision), and how the subject responds (go/no-go vs. cH

oicp),.

We first summarize experiments that reported a pogitive redundant target effect

for word recognition. Shepherdson and Miller (2014) used a|semantic categorization task.

Words were presented to the left and/or right of fixation

in some experiments|and above

and/or below fixation in others. On each trial, the subject had to make a yes/np response

to report the presence of a word belonging to a targe
Importantly, the “single-target” trials also contained

pronounceable pseudo-word. The key result was tha

2t semantic category| (animals).

a Tfiller" stimulus that was a

L responses were faster in the

‘P‘

redundant target condition compared to this modified

Interpreting this experiment is difficult. The critig

self-terminating serial model predicts in terms of ife R’

conditions. It predicts 0 difference only if we make an a

g filler baseline.
Isﬁon is what the standard
erence between |these two

dditional assumption|about the




“target-filler” trials (a single target paired with a pseu

is always processed first and the pseudoword is never pr

dowo

trials). That seems unlikely, as the observer would have

to

m.

rd filler): the tar

ssed at all (at lea

get stimulus

st on correct

irst determine which stimulus

is a real word before beginning to process it. Alternatively, if we assume that the serial
process sometimes begins with the filler stimulus befgre m pving on to the farget word,

then the serial model predicts slower responses on the

se 1

+1.3

LAl

rget-filler trials than on two-

target trials. The serial model thus predicts the same

positive redundant target effect). Thus, we conclude tha this

& Miller (2014) does not strictly test the standard self-
wish to test. %,;f i:;aﬂ of the broader set of experime;
to test co-activation models.

We must go further back in time to find studies
model for word recognition by comparing displays ¢

containing one word and nothing else. In the four exp

nts

S

termi

th

th|

pritail

at

ne

ling as most parallel models (a

experiment by Shepherdson

nating serial mqdel that we
at use a mixed-pair baseline
did test the standard serial
ning two words to display

nts reported by Mullin and

Egeth (1989), words were presented above and/or belo
instruction was to make a go/no-go response to the
contained 1 distractor alone, 1 target alone, 2 distractors

?

experiments with a semantic categorization task, the

significantly differ from 0. The results varied surprisingly

a lexical decision task: targets were real English

pseudowords. When the redundant targets were two id

there was a significantly positive redundant target, consiste]

similar result was reported by Egeth et al., (1 989). Other s

effects for lexical decision with identical words present

Hasbrooke and Chiarello (1998) and Mohr and colleague

W |

red

ent

fixation, and the p

articipant’s

p
alg

Wi

ence of any target. Trials

brie, or 2 targets alpne. In two

undant target effect did not

in two experiments that used

ords and distractors were

ical copies of the same word,

stuC

to

s (M

ntwith parallel processing. A
lies found consiste
the left and right

ohr et al., 1994, 1

mt positive
of fixation:
996).




Our goal in building this new theory is to comp

are

the various models: whether they predict positive, ne

e
L.

ivé

he qualitative predictions of

2, or zero redundant target

effects on response time and accuracy. Our goal is not to quantitatively fit mgdels to our
data; that is a different endeavor that we leave for the future (see also Cox & (riss, 2019).
For now, it is sufficient to generate qualitative predictions {that allow experimental data
to rule out some models.

Figure 2 illustrates the typical range of predicted redundant target efferts for each
class of model that incorporates errors. The standard serial model : . { predicts
negative effects. The standard unlimited-capacity parallel model alfpfiffs predicts positive
effects. The standard fixed-capacity parallel model can predict either negative|or positive
effects. These results of the new theory are described fin more detail in the following
paragraphs.
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Figure 2: Model predictions. For each type of model, we p

target effects on correct response times. For all models we as
errors occur on 5% of trials and the mean correct response tir

encompasses the smallest and largest effects that we coul
described at the end of the Appendix.
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always positive: it is the difference between two produycts, and the first is always larger.

‘This must be the case, as is clear when examining each part of the two products

separately. First:

(2 - p.f_v) 2 (z ftpt)

E[Dt,coi“r’ect] > E[mln{D ti.corrects 4

because 0<pi<1. Second:

\J

ta c::rrect}]

because the mean difference between two identically distributed (non-negative) variables

is always less than the mean of one of those variables aloné.

An illustration of this prediction is the middle barr
we used predictions of two specific models described in

in Figure 2. For this jillustration,
the Appendix. The upper point

is for a diffusion model with parameters that generate large redundant target|effects. The

lower point is for a linear ballistic accumulator model

with parameters that generate

relatively small redundant target effects. While not strict limits, these model outputs

illustrate the range of predictions from the standard, self

parallel model. They are always positive.

Predictions of Our Fixed-Capacity, Parallel Models

The parallel model that can most mimic a serial model is one that

capacity. The limited capacity slows processing when

reduces and possibly eliminates the redundant target effect; Unfortunately, thi

so general that it does not make very specific predictions,

of the limited-capacity parallel model: the fixed-capaci

terminating, unlimited-capacity

there are two stimuli and thus

Here, we consider a special case

ty,| parallel model. The idea of

fixed capacity is that a set of parallel processors extract the same total amount of

information from multiple stimuli as they do from a si
fixed set of “resources’ between multiple stimuli introdug

ngle stimulus. s, [splitting a” v

es 4 dost. Most of the prior work

14




These models\an also make predicti

including their overall ¥ariance. Parallel shce models pry

pns about the di

A c;*“""’hk

istributions of res

dard serial model
Ts on two-target

1g stops, and other|

correctly identified. Thus, :
distributions.

‘These model predictio 1

explored further in thefpresent article, p\imarily because

designed to test thegh. They were conductkd online with

relatively few trial per participant, which p

Predictions About Errors

Our last result concerns the usefulness of models t

relat

events detailed

that

models described above predict a positive redundant targgt

lly after the secom

a |particular shapy

tu
the ¢

e

xperiments belg

!

i1

effect on accur:

¥

fewer errors on trials with 2 targets than on trials with 1
typical parallel models that have been investigated

accuracy alone (Graham et al.,, 1978). What is new is that {]

serial model, even though that model predicts slower €8P0

reason is that when two targets are present and proces

targe

t). This is not a

in | summation expe

his result also occ

chances to correctly detect target presence, so accuracy if

1 target is present — even though doing so takes more tirr

for errors does not dlsungmsh between the serial and

result that is specific to errors and that is not accounted fo

ses compared to

n average. While
arallel models, it in

- by pure response tin

ponse times,
ct smaller RT variance for two-
predicts the
trials are a

trials when

d target is
of the RT

investigations, but were not

W were not

e sizes and

| analyses of RT distributions.

ncorporate errors. All of the

cy (that is,

rprise for

riments of

irs for our

se times for two targets. The

sed sequentially, there are two

when only
this result
froduces a

1e models.
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published case of a negative redundant target effect was in a lexical decision task with

non-identical redundant targets (Mullin & Egeth, 1989).

the design of the prior study that provides the strongest foundation for the present

investigation (Mullin & Egeth, 1989). This clearly differs|from the standard format of

reading English from left to right, but it allows both words| to be close to fixation and

easily legible. We also sought to avoid a strong difference in performance acrbss the two

locations, which is known to be significant for 43¥%2 fl presentationy of words L
a .
"lef;(ﬂght of fixation (reviewed by Yeatman & White, 2021).

In each experiment, we also measured performance |in three different tasks (color

detection, lexical decision, and semantic categorization), The color_task required

participants to judge a low-level visual feature of the words, and served ad a positive

control condition for which we expected positive redundant target effects, EEENATE

nnd aPO Tive e It rrek a)eq10 Hidicate that 1If ﬁ i

1€Te gre Sensory

rettens Between two words presented at once, or ii partiCipant carmat ateend to
D l‘ .‘IAI Y, DOUL Wi Jal " ,-"-"""- B _' vagiv [y 'A‘a\ii' mﬁo"-—-wn'——j
REARIHIBEE COLICEINS dfc MINIMIZevwiincre aaibine ' innthessoloraiemk | The lexical

decision task requires the subject to distinguish real English word tafgets from
pseudoword. distractors. The 4 e en

requires categorizing words
either as targets that belong to a category of “living things” and distractors thaft belong to
a category of “non-living things”. The semantic and lexical tasks might tap into different
levels of linguistic processing, and have both been used in prior redundant tar pet studies

(Egeth et al,, 1989; Mullin & Egeth, 1989). In sum, within edch of our three experiments,

we carry out a side-by-side comparison of redundant target effects that arise in three tasks

using the same stimuli. The tasks differ in which they|require low-

- feature

detection, lexical access, or semantic categorizatiop/ Akoget

e

t‘[‘isfdﬁ_ji\fé bt 7‘4'5 V.2



overlapping, with means 19.7 and 14.5, respectively. Each

3.7 times within the experiment.

Analysis: We computed two measures of performang
response time on correct trials, and the percent of trials witl
In most cases we focus on trials with targets, because only th
that assume self-terminating search for targets. For both
means on trials with two targets to trials with one target w|
values were corrected for false discovery rate across the|9 t
the entire study (Benjamini & Hochberg, 1995). We also us
confidence intervals (CI) of each mean difference. Lastly,

tests with Bayes factors (BFs), which quantify the stren

two means differ) relative to the probability of the data un
there is no difference). A BF of 10 would indicate that the
under the alternate hypothesis than the null. BFs betwe
BEs

evidence. Conversely, BFs between 1/3 and 1/10 are consid

substantial evidence for the alternate hypothesis, and

rord was repeated

ose measures test
measures, we corn
ith paired t-tests. 4

2sts done for each

bootstrapping ts

* supplement oy

b

on average

re in each condition; the mean

1 incorrect responges (errors).

pur models
npared the
All t-test p-
easure in
b get a 95%

Ir pairwise

th of evidence (Rouder et al.,
2009). The BF is the ratio of the probability of the data under the alternate hypothesis (that
er the null hypothesis (that
ata are 10 times more likely
3 and 10 are regarded as

greater than 10

as strong

ed substantial evidence for

the null hypothesis;, etc. We computed BFs using the HayesFactor toolbgx by Bart

Krekelberg (https://doi.org/ 10.5281/zenod0.4394422).

differences the judgment of the two single-target conditi
1988). Such differences are the rule in multisensory (e.g.

but even occur with two visual stimuli at isoeccentric locatipns. For example, in the

current experiments, single words at the top location were j

quickly (see results below).

Without such a difference between locations, the red

Mordkoff,

litory-visual) experiments,

dged more accurately and

ndant target effedt can be

simply estimated by taking the difference between the two-1 arget condition and the

24




average of the one-target conditions (the “averaging baseli

known difference between locations, a better estimate rt igl

the two-target condition and one-target condition from j
g e '?&Jfa};giﬂjna ; |
faster responses in the mea'r}< This approach, waitk

the size of the estimated redundant target effect. Convetsel
baseline can overestimate the size of the redundant target
fastest-ﬂ% baseline as being more conservative for the
positive reduhdant target effects predicted by many parallel

a yet more conservative baseline of the average of the fastest

separately (Miller & Lopes, 1988).

The goal of the current study is to investigate possible|negative redund

t the location that |

ne” approach). Byl

ntibe the differenc

Y, using the avera

ffect. Many autho

models. Some at

response for eac|

E with a
s between

broduces

ey reduces

ping

rs use the

purpose of estimating the

1thors use

h subject

lant target

effects. In this context, the fastest baseline produces estimated that are biased 10 be more

negative than the averaging baseline. Thus, for detecting ndgative effects, the
baseline is more conservative. We use this estimate throughout this article.
To compare across tasks across experiments, we also
models to single-trial data, with fixed effects of the task, t
random intercepts and slopes by participant, and random effects for individual stimulus

items. All p-values for a certain test were corrected for f;

tests done in the study.

- set size (number

discovery rate a

fit linear mixed effect (LME) )

@veraging

of words),

rross the 9

M e




orrelated stimuli)

Redundant target effects in Expt. 1 (Go/No-Go, a
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Color Lexical Semantic Color

Task

Figure 4: Redundant target effects in Experiment 1. These bar P
2t
wel
bars are + 1 SEM. Asterisks indicate that the mean effect is

in (A) mean correct response time (RT) and in (B) accuracy for
mean performance levels from which these difference scores

(***p<0.001, **p<0.01, FDR-corrected).
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Results

Response times: Figure 4A shows that in the dolor

redundant target effect: a speeding of correct responses

by 32 ms on average. However, in the semantic task, the

effect (a slowing of responses) of 11 ms on average. In the le
no effect of redundant targets. Table 3 lists the statistic

response times in each individual condition (rather than the

two targets) are shown in the top row of Figure 5.

To compare the redundant target effects across

Compared to the color task, both the lexical and semantic

that were marginally different (F(1, 15475)=3.86, p=0.056).

to 1

re

tas|

(]
)

Lexical Semantic
Task
t,ts show the mean {

gets compared to ]
ignificantly diff

5

tasks, we also fit 4

mixed-effect models to single-trial correct response times

WO targets compa
W

X

differences betwes

ks
redundant target effects (both F>36, p<10+). The lexical and semantic tasks yielq

task, there was

cal decision task|

on each effect.

(target-present ty
had significantl

mprovement
target. The

derived are in Fju:e 5. Error

ent from 0

le | o

a positive

red to one,

ras a significantly negative

there was
The mean

on one and

iree linear
ials orly).
y different
led effects
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Task Effectmean | Effect SEM [95%CI | |¢ lp | BE
Correct response time (ms)
Color 31.98 2.49 | [27 36] 12.67 | 6.35x1012 | 1.09x10%
Lexical 0.1 353 | [-68] 0.03 0.98 0.20
Semantic -10.67 3.53 | [-17 -6] 3.60 0.002 27.69
| Errors (percent)
Color 7.95 2:10 | [4.54 13.23] 3.72 0.001) 35778
Lexical 2.12 0.80 | [0.62 4.02] 2.59 0.017 | 3.22
Semantic 1.90 0.86 | [0.49 4.12) 2,19 0.038 1.54

Table 3: Statistics on redundant target effects in Experi

sities) vs. 2-tar»et dls'la s. R

of freedom for the t-tests was 27. For each measure (res];

are corrected for false discovery rate across all 9 comparison

in the study. BF = Bayes Factor.

improvement in response times and error rate, contrasting 1-ta

irage 19, 32, a

D

target effect down, rendering even the lexical task’s effe¢
-15 ms, p=0.001) while maintaining a significantly positive ¢

= 24 ms, p=2x10”). Given that we are most interested i
predicted by our generalized serial model, in the prima

mcludmg all 3 ex

ingle-target trials

or targets at the top location

spectively (SEMs

1e lexical task, -

1id 16 ms faster

=5 ms, all

igls with two targets and trials
timates of the mean redundant /
t significantly negatiye (mean = v
ect in the color task (mean
ecting the negative effects
anialyses above (Thble 3) we

vl /F ‘1‘7'&7"”{‘3
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significantly different (F(1, 15141)=2.61, p=0.11). See the top row of Figure 7 for mean

correct response times in each condition separately.

Redundant target effects in Expt. 2 (Choice, cofrelated stimulj)

A 45 B 12»(
Yededr g
a > Hkph
E 30 g gl
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g g 3 i dedede
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- ik g
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Color  Lexical Semantic Color | Lexical Semantic
Task ‘ask

Figure 6: Mean redundant target effects in Experiment 2, Format as in Figure|4.

Accura

i Figure 6B plots the mean improvements in accliracy caused by|redundant

targets, which were significant in all three tasks (as alsq reported in Table 4)] The mean
{misge s .

percent error;\ in eachcondition are plotted in the botto réw of Figure 7. Compared to

the color task, both the lexical and semantic tasks had smaller redundant target effects on

accuracy (both F>21, p<107%). The redundant target effects did not differ significantly
between the lexical and semantic tasks (F(1, 16689)=0.05, p=.82).
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Performance in each task of Expt. 2 (Choice, correlated stimuli)
A Color Lexical Semantic
- 1000
2 - =0~ - Distractors , ,
S 900 —4— Targets $----- ¢ PP $
£ ¢ —
o 800%
2
(o] :
. 700 =
g 7o ==
o
600
B 15
12 6\’
9
& 9F N} p..--d
©O 6
T
3
0 - .
1 2 1 2 1 2
Set size Set size Set size
Figure 7. Mean performance in each task of Experiment 2. Format as in Figure 4.
Task Effect mean | Effect SEM | 95% CI t | p || BF
Correct response times (ms)
Color 28.29 3.26 | [22 35] 1852 1.3x104% [ 4.1x108
Lexical | -4.51 5,51 | [-15 6] 0.80 0.48 0.27
Semantic -17.50 4,38 | [-26 -10] -3.92 0.001 57.8
Errors (percent)
Color 8.14 114 [ [6.0410.85] | | 7.02| 1.1x106| 1.2x10°
Lexical 3.10 0.71 | [1.71 4.70] 4.30 0.001 142.9
Semantic 245 0.60 | [1.26 3.55] 4.03 0.001 74.8
Table 4: Statistics on redundant target effects in Experiment 2, formatted as in Table 3.
The degrees of freedom was 28 for the color task and 27 for fthe others.

and 32 ms faster for single targets the top location in the colg

respectively (SEMs = 7, 10 and 6 ms, all #<0.01). Error ra tes

rere 8, 7, and 3% lower for
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Table 5: The probability of stimulus pairings at the |
Experiment 3. The word at each location was either absen
green shading highlights conditions when 2 words were
stimuli were uncorrelated and independent: the condition
being a target given that the other was a target was 0.5.

and bottom locations in
distractor, or a target. The
esent. In this design, the two
1iprobability of one stimulus

Analysis: We analyzed these data in the same way as Experiment 1 and|2, focusing
on the comparison between trials with two targets apd trials with a single target

A
presented alone, which provide the best test of .ou;’self- ermninating models of parallel or

serial processing. The mean percentages of trials excluded for sluggish response times

(>4 SDs above each participant’s mean) in the color, lexiral and semantic tasks were

0.48%, 0.56%, and 0.61%, respectively.
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Performance in each task of Expt. 3 (Choice, \ungotrelated stimuli)

A Color Lexical Semantic
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Figure 9. Mean performance in each task of Experiment 3. Format as in Figujes 5and 7,
except that here we add the ‘mixed’ trials that contained 1 target and 1 distractor. That
mixed-pair condition is represented by the single diamond with medium fill in each
panel.

ant targets on accurpcy, which

were significant in all three tasks (see Table 6). None of the pairwise comparisons of these
iple comparisons (color vs.
lexical: F(25111)=3.45, p=0.095; color vs. semantic: F(25105)=4.10, p=0.077; | lexical vs
semantic: F(25114)=0.10, p=0.821). The mean percenta dition are




Effect Effect
Task mean SEM 95% CI t p BF
Correct response time (ms)
Color 33.07 9.73 | [21 72] 3.4 0.0032 15.2
Lexical -41.53 9.67 | [-71 -28] 4.22 0.0006 116.5
Semantic -73.90 | 8.74 | [-93 -58] 8.30 2x1038 1.9x10¢
Errors (percent)
Color 2.06 0.38 | [1.34 2.76] 5.35 5.3x10%5 1.8x10°
Lexical 111 0.27 | [0.62 1.58] 4.08 0.001 83.5
Semantic 0.77 0.26 | [0.26 1.34] 2.87 0.010 5.6
Table 6: Statistics on redundant target effects in Experiment|3, formatted as fin Table 3.
This table only reports performance on trials with 2 target T compared to trials with 1
targets (trials with distractors are not included here). The degrees of freedom for the t-
tests was 27.
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In any case, the literature is dominated by reports
effects (Townsend, 1990; van der Heijden et al., 1983). In this

as a positive control condition to demonstrate the expected

visual feature task. What we highlight is the existence
effect with the same stimuli in the semantic task. This i

by our updated models which incorporate errors. P

In contrast to our key result, some prior studies have

target effects for word recognition. However, several of those

off
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study the color
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Not all studies agree, however (Snell & Grainger, 2019a). Varieties of|the “flanker

paradigm” (Eriksen & Eriksen, 1974) have demonstrated that judgments gf one target

word are influenced by the characteristics of nearby, task-irrelevant words|(Snell et al.,
2017; Snell, Mathét, et al., 2018; Snell & Grainger, 2018, but see Broadbent & Gathercole,

1990). That is true even when the whole display is flashe

| ifor 50 ms and then masked

s differ from the redundant

(Smell, 2024). It is important to note that these experi:
target experiments reported above in at least two key ways: (1) the target word was
fixated directly and flankers were arranged horizontally to|the left and right; (2) only one
word was task-relevant. Serial models n:'y’gcc*.ountfor these results by serigl switching
from one stimulus to another, especially when the absence of post-masks leaves
unconstrained the time available to process the display. Eyen if that is controlled, there
is the possibility of selection errors: a flanker is processed instead of a target on some
trials, which impairs accuracy only when the flanker is incon gruent with the farget. Such
selection errors could produce flanker effects even under & gerial model (see| discussion

in Snell, 2024).

Also relevant is the “sentence superiority effect”: wHen the words that are flashed
along with the target form a sentence, the target is reported more accurately {than when

the word order is scrambled (Snell & Grainger, 2017; Wen et al., 2019). One interpretation

of these results is that the words in each display were alljprgcessed simultanequsly (Snell
& Grainger, 2019b). However, similar concerns about rje‘ctir‘mg the serial modgl apply to

these data as to the flanker effect studies summarized above.

Thus, prior research on the capacity for processing of multiple words Has yielded
some inconsistent results. The data reported in the present article add to|that prior

research in several ways. The redundant target paradign

a

omplements the dual-task

paradigm because the words do not have to be post-masked, and the observer needs not

make independent judgements about two words simultandously. Moreover, the effects
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on response time can be compared to specific quantitative models. Altogether| our results

so far are consistent with the dual-task studies in supporting the serial thodel. It is

important to note, though, that we have tested only displays with words placed above

and below the fixation point, rather than in more naturalistic arrangements.

multiple words, as is assumed by some models of reading (S

It is possible to assume such parallel processing of letter

subsequent lexical or semantic stage is serial, word by word. That could
positive redundant target effects when the two targets b
benefit from parallel letter identification (Hasbrooke & Chia
Mullin & Egeth, 1989). Such parallel orthographic pr
interference between the processing of multiple words

perhaps explaining the negative effects of redundant targd

This explanation is essentially a non-standard parallel mg

each stimulus process. If it produces strong interference bet

contain different letters, then a real reader would be

strategy: attend to one word at a time to minimize that interference.

Relation to accounts'sf the equivalence of parallgl and

nat'some very general parallel and

iscussion, see Townsend, 1990).

In this article, we distinguisl/more specific versions of parallel and serikil models.

11, van Leipsig, et al., 2018).
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processing of each stimulus, which is independent ¢f the other. The capacity assumptions

are what distinguish the models (unlimited-capafity, fixqdrcapacity, and serial), which

are still general in ¥he sense that they assumfe no |particular stochastic

process or

distribution. These “standard” models are not efjuivalent and
To

models mimic each other\one must relax the i depender

is not inconsistent with the ‘“model mimicry” fresults,

assumptions (Little et al., 2015; Townsend & 4 hby, 1983). Such very generallmodels can
mimic one another while thestandard versiohs of the models cannot. Some p4rallel-serial
mimicry can also be accomplithed if certainfmodels assume exhaustive search|rather than
self-terminating search, but the\self-terr

inpting assumption has been found more tenable

in most conditions (Townsend & Nozawad 1995, 1997; Vian [Zandt & Townsend, 1993).

In this article, we focus on fedundant target effedts 4nd whether they are positive
or negative. We also improve the mpdejs to include errors, Previous attempts to model
redundant target effects have ignoré errors and thus

only considered positive (or 0)

effects. They were also focused on dis ' yguishing coactivation versus separate activation
models (as reviewed in the Introducti¢n) Nevertheless, |it i5 very likely that equivalence
can be found between the standard splf-teymi ating serial model and standard parallel

models with (very) limited capacity. JOur stdndard fixed;capacity parallel model makes a

related point because it can have eitfer negati¥e or positiveredundant target

Given model mimicry, whatfcan we learn fyom testi

there is evidence against the standard parallel modkl, one

some addition. The use of multfple behavioral paradig
section on word recognition, cgn result in a need fo\seve
patches are required, the modgl becomes less plausible L%

simpler model is preferred fin this case, the standard

judgements of written words].

=

specific models?

ral such patches

pffects.

Each time

st “patch” the model with

3, as reviewed above in the

As more

| less useful. Ultimately, the
Nerial model for
N

semantic
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In summary, we focus o ident and testing relatively general standard
models that have three advantages: rward to implement and interpret;

b s]

. $ome of these models can be

correspondiglg predictions about

parallel models.

Relation to previous theory on response time and accur:
Most previous work has followed one of two patHs.

response time theory that ignores errors (e.g.,, Townsend

Nozawa, 1995). This work has also been general in nof

processes or response time distributions. The second

stochastic process such as the diffusion process or the linear
described in the Appendix; see Luce, 1991, for an introdud
Greenlee & Gondan (2014) built on the diffusion process to

effect. The strength of this path is the integrated treatmen

Here we sought to expand the general response tin

ized for. The sta

The ¢
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eNAdditional theoretical wiord

fwo-target respon

R distributions from
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accuracy.
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showed a negative redundant target effect. This is not pre

pure response time model.

This work complements other recent effects tq g¢
models. In particular, Little et al. (2022) extended part of t

technology to include errors. They examine the predi

analysis of exhaustive search models was general to condit]

neralize pure res|

icted by the con

lons with errors

responding

ponse time

e theory of systems factorial
tion of the double-factorial

paradigm to distinguish parallel and serial processes. They showed that the previous

However,

they did not find a similar general result for self-terminating search models. Irlstead, they

examined two special cases and showed that the analysi
generalize to those cases. This is important progress, but if

this method of distinguishing parallel and serial models

terminating models with errors.

In summary, a critical development is the creation

response time and accuracy. We have developed such a th¢o

paradigm.

This study makes two contributions: first, we gener
, e gt
of the redundant target effect, which yielded new roswits, By|accounting for errors as well

as response time, the standard, self-terminating serial mo

 for pure response time did

remains to be determined if

holds for all standard, self-

Fon

el predicts that

of general theories of both

ry for the redundant target

lized three standdrd models
ptpr

redundant

targets can slow correct responses, even when they increase accuracy. In contrast, the

standard, self-terminating, unlimited-capacity parallel mox
redundant target effects, even when allowing for errors.

examples of standard, self-terminating, fixed-capacity parallel

predict negative redundant target effects.

Second, we presented experimental tests of thesd prec

words. When the task required judgment of the letter colors, a

del always pr-ed’imté positive
We also developed specific

models, some ofwhich can

lictions for judgements of

positive redundant target
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effect rejected the standard self-terminating serial |mddel. This is the
commonly observed in the redundant target literature.

= ol

result most

but when the task required

judgments of the words’ meaning, a negative redundpnt target effect rejected the

standard, self-terminating, unlimited-capacity parallel model and wegre instead

consistent with either the standard self-terminating serial imodel or some variants of the

standard fixed-capacity parallel model. This stands in contrast to most prevj

._h

of word recognition that found positive redundant target pffects and argued
standard serial model.

In sum, the primary contribution of this work is the demonstration

redundant target effects do occur. We provide a simple serial model that

account for them, and we demonstrate that they are also

) mﬁ(
all) limsibed-capacity parallel models. Be
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