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Abstract

Word learning in young children requires coordinated attention between language

input and the referent object. Current accounts of word learning are based on spoken

language, where the association between language and objects occurs through simul-

taneous andmultimodal perception. In contrast, deaf children acquiring American Sign

Language (ASL) perceive both linguistic and non-linguistic information through the

visual mode. In order to coordinate attention to language input and its referents, deaf

children must allocate visual attention optimally between objects and signs. We con-

ducted two eye-tracking experiments to investigate how young deaf children allocate

attention and process referential cues in order to fast-map novel signs to novel objects.

Participants were deaf children learning ASL between the ages of 17 and 71 months.

In Experiment 1, participants (n = 30) were presented with a novel object and a novel

sign, along with a referential cue that occurred either before or after the sign label.

In Experiment 2, a new group of participants (n = 32) were presented with two novel

objects andanovel sign, so that the referential cuewas critical for identifying the target

object. Across both experiments, participants showed evidence for fast-mapping the

signs regardless of the timing of the referential cue. Individual differences in children’s

allocation of attention during exposure were correlated with their ability to fast-map

the novel signs at test. This study provides first evidence for fast-mapping in sign lan-

guage, and contributes to theoretical accounts of howword learning developswhen all

input occurs in the visual modality.
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1 INTRODUCTION

Children learn words by attending to and connecting the input they

perceive onto the objects and events around them.While this taskmay

sound simple, young word learners are faced with the daunting chal-

lenge of linking an ever-changing array of linguistic and referential cues

that may not align in space and time. The synchronous, multisensory

alignment of the child’s attention to linguistic information in the audi-

tory channel along with social referential cues in the visual channel

(e.g., gaze and pointing), can make referent mapping more transpar-

ent and support word learning (Baldwin, 1991; Gogate et al., 2000;

Suanda et al., 2016, 2019). Yet, for deaf children learning American

Sign Language (ASL), the task of mapping input to its referents is nec-

essarily asynchronous, as linguistic input, referential cues, and objects

are all perceived sequentially via the visual modality. Thus, children’s

ability to allocate attention in a way that enables them to connect
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language and its referents sequentially, rather than simultaneously, is

a typical and necessary aspect of word learning in ASL. Deaf children

learning ASL with early and rich exposure show vocabulary growth at

rates that match hearing peers (Caselli et al., 2020), thus raising the

question of how children learning ASL succeed at connecting asyn-

chronous linguistic and visual information to learn new words. We

address this question by focusing on how timing of referential cues in

the input impacts fast-mapping of novel ASL signs, and investigating

whether individual differences in children’s ability to allocate atten-

tion between multiple visual inputs predicts their ability to learn new

signs.

1.1 Allocation of attention to language
and referential cues

Infants learn to interpret the social referential cues of their adult inter-

locutors as meaningful connections between object labels and their

referents (Baldwin, 1993; Booth et al., 2008). Although infants will fol-

low gaze from a very early age, it is not until about 12 months that

infants reliably make the connection between an adult’s gaze and the

referential intent of theobject of their gaze (Woodward, 2003); andnot

until 18months that children use gaze reliably as an entry point to joint

attention (Baldwin, 1991; Moore & Corkum, 1998). Gaze continues to

be a powerful social cue for children across the first several years of

development (Yurovsky & Frank, 2017), and children rely on such cues

to resolve referential ambiguity.

Infants learning ASL have enhanced gaze control (Bosworth &

Stone, 2021), and deaf infants learning ASL have enhanced abilities to

follow thegazeof their interlocutors relative tohearing infants (Brooks

et al., 2020). By the age of two, deaf children acquiring ASL shift gaze

meaningfully and frequently when interacting with adult interlocutors

to connect language and visual information (Lieberman et al., 2014).

This enhanced gaze cueing persists into childhood (Pavani et al., 2019).

However, children learning ASL must learn when and how to best allo-

cate their own visual attention to perceive both linguistic and non-

linguistic input, particularly when following adult cues requires a shift

in attention from one locus to another.

Most current theories of joint attention describe children’s ability

to follow cues as an important milestone in development, but cannot

as easily account for children’s developing ability to evaluate multiple

sources of input and make in-the-moment decisions about whether

to maintain or shift gaze. Observing children who are learning ASL

can shine a light on this feature of development. Optimal attention

allocation would enable children to perceive linguistic input when it

is produced, and to attend objects and events during pauses in lin-

guistic input. We do not currently know how this attention allocation

develops. Additionally, we do not know whether or how individual

differences in children’s ability to allocate attention predicts word

learning in ASL, in much the same way that individual differences in

gaze following predict later vocabulary and other linguistic outcomes

in spoken language (Markus et al., 2000). These gaps are addressed in

the current study.

RESEARCHHIGHLIGHTS

∙ Investigated how young deaf children learning American

Sign Language learn novel words by flexibly allocating

visual attention between sign labels and objects.

∙ Deaf children between 17 and 71 months old partici-

pated in two eye-tracking experiments in which they were

exposed tonovel signs andvariably-timed referential cues.

∙ Children showed evidence for fast-mapping novel signs to

objects, regardless of the timing of referential cues. Indi-

vidual differences in attention allocation predicted word

learning.

∙ Findings advance understanding of word learning in the

visual modality and contribute to theoretical accounts of

the coordination of cues that effectively support word

learning.

1.2 Timing of referential cues relative to object
labels

The timing of referential cues is critical to infants’ ability to connect

the cue, the linguistic input, and the referent object. In child-directed

speech, parents often align their own speech with the toddler’s gaze

(Gogate et al., 2000), and this multisensory synchrony between lin-

guistic labeling and visual attention can support word learning (Yu

& Smith, 2012). Perreira and colleagues (Pereira et al., 2014) found

that toddlers were more likely to learn the names of objects when the

object being labeled was more centrally located and looming large in

the child’s view. Further, parent gesture towards an object just prior

to object labeling, and continuing after, appears to increase referential

transparency (Gogate &Hollich, 2010; Trueswell et al., 2016). Labeling

an object while the infant is directing attention to it, manipulating it,

touching it, or fixating can provide optimal moments for word learning

(Yu & Smith, 2012).

While deaf children are adept at responding to referential cues, the

timing of such cues that would most support word learning in ASL is

unknown. In sign language, simultaneous perception of the label and

the object is theoretically possible, but only when the parent has care-

fully positioned the object between themselves and the child. In addi-

tion, the “single, looming, object” described by Pereira et al. (2014) as

optimal for labeling is not compatible with ASL-based interactions—a

child cannot simultaneously have a single looming object in their visual

field and perceive the ASL label for that object. Similarly, the shift in

attention towards an object just prior to labeling,which has been found

to be an important predictor of referential transparency in spoken lan-

guage (Trueswell et al., 2016) would be problematic in an ASL interac-

tion if the shift in attention led the child to look away from the inter-

locutor. On the other hand, if children only fixate on the interlocutor,

theywillmiss the opportunity tomap input to its referents. Instead, the

child must perceive the object label and referent in sequence.
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1.3 Word learning in ASL

Deaf children acquiring ASL from birth acquire words at a rate and

manner that is largely parallel to spoken language development

(Anderson & Reilly, 2002; Caselli et al., 2020). Yet only two previ-

ous studies have examined novel word learning in ASL. Lederberg

and colleagues (Lederberg et al., 2000) studied word learning as a

function of children’s use of sign and spoken language. They found

that learning through direct reference with overt social pragmatic

cues preceded learning through indirect mapping that draws on

mutual exclusivity constraints. In a follow up study with deaf and

hard-of-hearing preschoolers (Lederberg & Spencer, 2009), they found

a similar developmental progression in which children who showed

evidence for learning via indirect mapping had already mastered

mapping via direct reference. In the direct reference conditions, the

experimenter gazed at, pointed at, and manipulated the object while

labeling it, and then handed it to the child to explore. The child’s gaze or

attention to the objects or the experimenter was not explicitly coded,

though the researchers “used eye gaze, pointing, and manipulation

to make reference clear while labeling the objects, and care was

taken to ensure the child attended to the object and to the linguistic

stimulus either simultaneously or in quick succession” (Lederberg &

Spencer, 2009, p. 51).

1.4 Current study

We sought to shed light on the conditions under which temporal align-

ment of attention supports word learning by carrying out two exper-

iments in deaf children acquiring ASL. We measured fast-mapping

skills (Carey & Bartlett, 1978; Halberda, 2003) by presenting children

with novel objects and novel ASL labels. During exposure, we varied

whether the referential cue occurred before or after the object label.

We reasoned that children might learn novel words better when the

sign label preceded the point, as this would enable them to perceive

both the word and the point prior to shifting gaze from the signer to

the object. We then assessed children’s fast-mapping abilities. Here,

we hypothesized that children would successfully fast-map a novel

sign to a novel object, and that there would be a positive correla-

tion between children’s age and performance both in terms of allocat-

ing attention at exposure and recognizing the target at test. Finally,

we asked whether deaf children’s allocation of attention between the

novel sign and object during the exposure phase would predict their

performanceon the fast-mapping task.Wepredicted that childrenwho

allocated attention most efficiently would show more robust mapping

of the target signs. Experiments 1 and 2 varied in the degree of ref-

erential uncertainty during exposure, by presenting an array of one

(Experiment 1) or two (Experiment 2) novel objects. We hypothesized

that novel word learning in two-object arrays would not only be more

challenging, but also might be more sensitive to the timing of refer-

ential cues with respect to the sign label, as the learner would be

more reliant on the signer’s referential cues to map the label onto the

object.

2 EXPERIMENT 1: FAST-MAPPING NOVEL ASL
SIGNS TO NOVEL OBJECTS

2.1 Methods

2.1.1 Participants

We recruited 41 deaf children between the ages of 17 and 69 months

(Mage = 43 months) who were learning ASL to participate in the

study. Participants were recruited from the Northeast and Midwest-

ernUnited States, through programs serving deaf children and through

social media. Of the recruited participants, nine children did not

complete any trials of the eye-tracking task. Two participants were

excluded for excessive trackloss (described below). The final sample

of participants (n = 30) was between 17 and 69 months (Mage = 44

months), with 22 males and 8 females. Reported race was White

(n = 22), Asian (n = 2), and more than one race (n = 4), with two par-

ticipants not reporting. Three participants reported Hispanic/Latinx

ethnicity, 25 reported not Hispanic/Latinx, and 4 did not report ethnic-

ity. Twenty-five children had deaf parents and five children had hear-

ing parents. The children with deaf parents were exposed to ASL from

birth; children with hearing parents were exposed to ASL between 0

and 36 months. All children attended an early intervention program

that used ASL at the time of testing.

2.1.2 Stimuli

Novel signs and objects

Stimuli consisted of six novel objects that were paired with six novel

signs. The novel signs were developed by deaf signing researchers and

obeyed the phonotactic constraints of ASL. Six novel objects were

selected from a novel object database (Horst & Hout, 2016), and set

against a white background square that measured 400 × 400 pixels

(approximately 4 in. square). Objects and signs were paired arbitrarily,

though we ensured that there was no iconic relationship between the

novel signs and their labels. The six novel objectswere thendivided into

three pairs. The assignment of object pairs to exposure condition was

counterbalanced across versions of the experiment. In addition to the

novel sign trials, children also saw trials with familiar sign-object pairs,

and these were interleavedwith the novel sign trials.

Video stimuli

Exposure videos. All videos featured a deaf, native ASL user signing the

stimuli sentences. Exposure consisted of an attention-getting sign, a

labeling utterance, a filler period, and then a second labeling utterance

(Figure 1). After the first labeling utterance, the signer returned their

hands to a resting position, then produced a filler sign (e.g., COOL or

WOW), then returned their hands to a resting position again before

producing the second labeling utterance. Each exposure video was

edited to be exactly 10 s long by removing extraneous frames from the

beginning and end of the video. We then identified a unique onset and

offset point for each novel sign label.We defined sign onset as the first
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F IGURE 1 Structure of exposure trial sign videos. The signer first produced an attention-getting sign, followed by a labeling utterance, a filler
period, and then a second identical labeling utterance. The sequence unfolded over 10 s

frame where the signer’s hands moved away from the previous sign,

and sign offset as the first frame where the signer’s hands transitioned

to the next sign. Similarly, we defined the onset of the filler period as

the first framewhere the signer’s handsmoved away from the final sign

in the first labeling utterance, and the offset of the filler period as the

first framewhere the signer’s hands transitioned to the first sign in the

second labeling utterance. Each videowas cropped to 400× 400 pixels

with the signer appearing against a white background.

Exposure trials consisted of three conditions. In the point-word con-

dition, the signer simultaneously pointed and gazed at the novel object

first, and then labeled it, for example: HEY! POINT WHAT? KOBA.

COOL!POINTWHAT?KOBA(“Hey!What’s that?That [point andgaze]

is a KOBA!Cool!What’s that? That [point and gaze] is a KOBA!”). In the

word-point condition, the gaze and point cue occurred after the object

label, as follows: HEY! KOBA WHAT? POINT. WOW! KOBA WHAT?

POINT (“Hey! A KOBA, what is it? It’s that [point and gaze]! Wow!

A KOBA, what is it? It’s that [point and gaze]!”). Finally, in the word-

only condition, the signer did not produce a gaze and point cue, but

instead used the word “see” while looking forward, as follows: HEY!

SEE WHAT? KOBA. WOW! SEE WHAT? KOBA (“Hey! Do you see it?

It’s a KOBA.Wow!Do you see it? It’s a KOBA.”). Note that ASL does not

include determiners, and the demonstrative pronoun “that” is realized

as a point.

Test videos. The test video stimuli were identical across conditions. The

video consisted of the signer producing the sentence WHERE KOBA?

(“Where is the KOBA?”). Stimuli were edited so that the WHERE sign

was 1000 ms and the object label was 1000 ms. The onset of the sign

was identified as the first frame when the signer’s hand transitioned

away from the final movement of the WHERE sign. The videos were

400×400pixels (4 in. square)with the signer appearing against awhite

background.

2.1.3 Procedure

Theprotocolwasapprovedby the InstitutionalReviewBoardatBoston

University. Parents provided informed consent. Parents and children

were seated in front of a 17-in. monitor and SR-Research Eyelink

1000+ eye-tracker that recorded eye movements at 500 Hz. A short,

animated movie was played to attract the child’s attention while the

experimenter affixeda small stickeron the child’s foreheadand focused

the camera. Next, a five-point calibration sequence was carried out.

The experiment consisted of alternating blocks of eight exposure tri-

als from a single condition followed by eight test trials. Both exposure

and test blocks included four novel object trials used in the current

experiment and four familiar object trials (not analyzed here). During

exposure trial blocks, each object was labeled four times (twice in each

of two trials). During test trial blocks, the same object pairs were pre-

sented four times, such that each object in the pair appeared twice as

the target and twice as the distractor. This allowed us to control for

the possibility that children could employ a strategy of attaching novel

labels to objects based on amount of exposure, as each object was seen

and labeled equally.

In the exposure trials, children first saw the picture of the novel

object on one side of the screen for 2 s. Then, the exposure video

appeared on the opposite side of the screen, while the novel object pic-

ture remained on screen (Figure 2a). The picture and video were 480

pixels (approximately 5 in.) apart on themonitor. Side placement of the

picture and video was counterbalanced across trials. In the test trials,

pairs of pictures consisting of a target and distractor first appeared on

each side in the lower quadrant of the screen. Next, a fixation cross

appeared centered in the top half of the screen. The cross was gaze-

contingent, such that when children fixated on the cross, this triggered

the onset of the video. The test video then played, and children had

2 s to fixate the pictures. The trial ended when the experimenter hit

a key on the keyboard following the 2 s period after the offset of the

test video (Figure 2b). Following each block of trials there was a break,

during which children saw an engaging animated video. Between each

trial, a small central imageappearedon screen, and theexperimentonly

advanced when the experimenter clicked on the image, allowing chil-

dren to take breaks as needed. Therewere three blocks in total, one for

each exposure condition. The order of blocks was counterbalanced.

2.2 Results

2.2.1 Approach to analysis

Analysis focused on gaze patterns during exposure and test trials, first

independently and then in relation to one another. All analyses were

done using R Verison 3.6.2 (R Core Team, 2019), with the lme4 (Bates
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F IGURE 2 Trial structure for (a) exposure trials and (b) test trials in Experiment 1. In exposure trials, participants first saw a single object on
one side of the screen for 2000ms. Then, the sign video appeared on the opposite side of the screen. In test trials, participants saw pairs of signs
comprised of a target and distractor. After 2000ms, a gaze-contingent fixation cross appeared. Once the child fixated the cross, the test video
appeared, directed the child to the target object

et al., 2015), and EyetrackingR (Dink & Ferguson, 2015) packages.

Following a trackloss analysis, we first examined gaze patterns dur-

ing the exposure trials to investigate how children allocated attention

between the novel sign and novel object, and whether attention to the

novel sign varied as a function of condition. Next, we analyzed the test

trials to determine whether children showed evidence of fast-mapping

novel signs. Finally, we analyzed whether children’s gaze patterns dur-

ing exposure predicted their performance on the fast-mapping task.

While we present data visualizations as fixation proportions, prior to

analyzing fixations we first calculate log-gaze transformations, which

address specific limitations of raw proportions: first, raw proportions

are not linearly independent (i.e., greater looks tooneAOImeans fewer

looks to other AOIs); second, as raw proportions are fixed between

zero and one, they violate homogeneity of variance assumptions. This

approach has been used in our prior eye-movement studies with both

hearing (Borovsky, 2020; Borovsky et al., 2016) and deaf (Lieberman &

Borovsky, 2020;Wienholz & Lieberman, 2019) children.

2.2.2 Trackloss

We removed trials in which the child was not looking at any AOI for

at least 20% of the time across the trial, which led to exclusion of 38

exposure trials and 53 test trials. We excluded any participants whose

data did not include at least 25% of the experimental trials, which

led to exclusion of two participants. All subsequent analyses were

carried out on the remaining 322 exposure and 307 test trials from

30 participants.

2.2.3 Allocation of attention during exposure

We first plotted fixations to the video and image during the full 10 s

exposure video, to obtain a broad look at how children divided their

gazebetween thenovel object andASL input.We thenhomed inon two

critical points during the trial: the sign labelwindows, duringwhich chil-

dren needed to be fixating the sign video to perceive the sign, and the

filler period between labeling utterances, during which children could

fixate the novel object without missing critical linguistic input.

Full trial

We plotted the time course across the full exposure trial window (Fig-

ure 3) by condition. Children largely fixated the sign video throughout

the trial, with a sharp increase in looks to the novel object that coin-

cidedwith the filler periodbetween labeling utterances. Children spent

an average of 60% of the time fixating the sign video and 12.8% of the

time fixating the novel object across conditions.

Sign label

We analyzed fixations to the video during the novel sign label, that

is, the window of time between sign onset and sign offset, which was

uniquely identified for each trial. Therewere two instances of the novel

sign during each trial, and these were included as separate data points

because they occurred at different points in the trial. We fit a linear

mixed-effects model of sign fixations as a log-transformed proportion

of total fixations to the sign label [log(PropSign/1-PropSign)],with fixed

effects for condition and age and random effects for participant and

item (Table 1). There were no significant effects of condition, but there
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F IGURE 3 Experiment 1 timecourse of looking to video (signer) and target during exposure trials, by condition. Error bars indicate±1
standard error. Sample exposure sentences are overlayed, with shaded areas showing the analyzed sign labels (blue shading) and filler period
(orange shading)

TABLE 1 Experiment 1model output: Fixations (LogGaze
transformed) to the video during novel sign label as a function of
condition and age during exposure

Estimate

Standard

error df t p

Intercept 2.07 0.81 32.71 2.55 0.02

Point-worda 0.37 0.81 12.86 0.46 0.66

Word-pointa −0.59 0.81 12.75 −0.73 0.48

Age 0.11 0.04 27.10 2.90 0.007

aCompared to word-only condition.

were significant age effects. Older children fixated more on the sign

than younger children.

Filler period

The other critical window was the filler period, that is, the window

of time between the two labeling utterances during which the signer

returnedherhands toa restingposition, thenproduceda filler sign (e.g.,

COOL!). Fixations to the novel object during this windowwould enable

children tomap the recently provided label onto the sign.We fit a linear

mixed-effects model of log-transformed fixations to the novel object

with fixed effects for condition and age and random effects for partici-

pant and item (Table 2). There were no significant effects of condition,

but there were significant age effects. Older children fixated more on

the target picture during the filler period than younger children.

TABLE 2 Experiment 1model output: Fixations (LogGaze
transformed) to target object during filler period as a function of
condition and age

Estimate

Standard

error df t p

Intercept −2.86 0.42 14.67 −9.19 <0.001

Point-worda 0.97 0.59 15.01 1.64 0.12

Word-pointa −0.46 0.59 14.81 −0.78 0.45

Age 0.03 0.01 27.73 2.19 0.04

aCompared to word-only condition.

2.2.4 Allocation of attention during test

To determine whether children had successfully mapped the novel

signs onto the novel objects during test trials, we plotted the time-

course of looks to the target and distractor pictures starting from

the onset of the target word and continuing through the length of

the trial (Figure 4). Children generally fixated the sign video until

approximately 600 ms following sign onset, and then shifted gaze

to the target picture. Following convention from previous studies

of ASL lexical recognition (Lieberman & Borovsky, 2020; MacDon-

ald et al., 2018), we analyzed looks from 600 to 2500 ms following

sign onset, which we call the sign recognition window. However, given

that recognition of novel signs is a more difficult task than recogni-

tion of familiar signs and thus often occurs later in the timecourse

(Bion et al., 2013; Booth & Waxman, 2009; Borovsky et al., 2016;
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F IGURE 4 Experiment 1 timecourse of looks to target and distractor images during test trials starting at target sign onset. Boxes indicate the
sign recognition window (600–2500ms after onset) and the late window (2500–3500ms after onset)

Houston-Price et al., 2010; Mather & Plunkett, 2010), we analyzed a

second, late window, from 2500 to 3500 ms following sign offset. For

each window, we fit a linear mixed-effects model of fixations as a log-

transformed proportion of looking to the target relative to distrac-

tor [log10(ProportionTarget/ProportionDistractor)], with fixed effects

for trial condition and child age and random effects for participant

and item. In the sign recognition window, children looked to the tar-

get more than the distractor as indicated by a log gaze greater than

zero (M = 0.41, SD = 0.5), suggesting they had successfully mapped

the novel signs [t(29) = 4.47, p < 0.001, 95% CI (0.25, Infinite)]. In

the late window, log gaze to the target was again greater than zero

(M = 0.23, SD = 0.74), although the effect was smaller relative to the

early window [t(29) = 1.71, p = 0.049, 95% CI (0.002, Infinite)]. There

wereno significant effects of exposure conditionnor child ageon target

fixations.

2.2.5 Relationship between gaze patterns
at exposure and test

Finally, we conducted an analysis to determine whether children who

allocated attention between the sign label and the object most effi-

ciently would show greater evidence of word learning. We predicted

that children who were more adept at allocating attention during

exposure would show greater fixations to the target during test. For

each child, we created two exposure trial predictors: (1) log-adjusted

proportion of total looking time to the object label during the sign label

window, for all instances of sign labeling across trials and conditions,

and (2) log-adjusted proportion of total looking time to the target

picture during the filler period, across trials and conditions. In the

test trials, we averaged the log-adjusted proportion of total looking

time to the target picture across trials and conditions in the sign

recognition window. As fixations to specific locations are calculated

as a proportion of total fixations to any AOI, this analysis controls

for children’s overall likelihood of fixating the screen. We conducted

TABLE 3 Experiment 1model output: Proportion of fixations
(LogGaze transformed) to the video during sign label windows and to
the novel object during the filler period as predictors of target looking
(600–2500mswindow) at test

Estimate SE t p

Intercept −3.2 0.99 −3.21 0.003

Fixations to video during

sign label

0.25 0.09 2.87 0.007

Fixations to target object

during filler

0.24 0.24 0.99 0.33

a linear regression using each of the two critical exposure windows

to predict proportion looking time to the target during test (Table 3).

Proportion of looking to the video during the sign label, but not to the

object during the filler period, was a significant predictor of looking

at test (full model R2(27) = 0.23, p = 0.01). Children who allocated

gaze such that they were fixating the signer when the novel label was

produced were better at mapping the novel sign to the novel object

at test.

2.2.6 Summary of Experiment 1

Our results illustrate how deaf children learning ASL divide atten-

tion between ASL input and visual stimuli. Children were drawn to

the dynamic ASL input, and waited for a natural pause in the input to

shift gaze away from the signer and towards the object. Contrary to

our initial hypothesis, the timing of the referential gaze and point cue

relative to the object label did not have a significant impact on chil-

dren’s gaze patterns. Children instead waited past the cue until the

filler period, and then shifted gaze to the object. Our analysis of target

fixations during test trials revealed that children successfully mapped

the novel object onto the novel label. Critically, the only significant pre-

dictor of target looking at test was children’s fixations to the signer
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when the novel sign was produced during exposure; neither age nor

exposure condition predicted fixations at test. This pattern suggests

that children are rapidly assessing the structure of the input sentences,

which are consistent in overall prosodic cadence, and then strategically

allocating attention during natural prosodic breaks. Children who do

this most effectively—that is, those who allocate attention such that

they perceive the novel sign label—are better able to learn the novel

words.

Experiment 1 allowed us to determine how children allocate visual

attention in a highly simplified visual scene. However, the fact that

there was only a single object presented with the novel label raises the

possibility that children were simply ignoring the referential cue. That

is, theobject-signpairingwas such that childrendidnotneed toprocess

the direction of the gaze and point, as therewere no competing objects

on the screen. If children are indeed ignoring the referential cues, then

we would expect that when there is more than one potential referent

during the exposure phase that children would not map the novel sign

onto the novel object. In contrast, if children are processing the refer-

ential cues, then they would still show evidence of fast-mapping even

when more than one potential referent is presented during exposure.

To address this possibility, in Experiment 2, we investigated the effects

of referential cue timing when the referential cue is necessary in order

to identify the target object.

3 EXPERIMENT 2: FAST-MAPPING NOVEL ASL
SIGNS WITH REFERENTIAL AMBIGUITY

We used an identical paradigm to Experiment 1, with one exception:

during exposure to the novel sign, children saw two novel objects on

the screen. Thus in order to map the novel sign label onto the cor-

rect object, children had to attend to the referential cues. This mod-

ification allows us to determine what factors children consider when

decidingwhen andwhere to shift gaze.We consider two possibilities: If

children strategically allocate their attention based solely onmoments

of semantically light linguistic content and prosodic pauses, then they

might not make use of the referential cue to guide their looking behav-

ior. Such a strategywould potentially negatively impactmapping of the

novel object-label pairing. In contrast, if children are strategically using

the best cues that are available in themoment, as we predict, then they

will make use of the signer’s point to reduce referential uncertainty in

a two-referent condition, and will successfully map the novel sign onto

the novel object.

3.1 Methods

3.1.1 Participants

We recruited 35 deaf children between the ages of 18 and 71 months

(Mage = 43.5 months) to participate in the study. Of these, two partic-

ipants did not complete the eye-tracking task, and one participant was

excluded for excessive trackloss. The age range of the remaining 32

children was 18–71 months (Mage = 44 months). There were 21 males

and 11 females. Reported race was White (n = 27), or more than one

race (n = 1), with four participants not reporting. Eight participants

reported Hispanic/Latinx ethnicity, 22 reported not Hispanic/Latinx,

and 2 did not report ethnicity. Twenty-eight children had deaf parents

and four children had hearing parents. Children with deaf parents

were exposed to ASL from birth, and children with hearing parents

were exposed to ASL between 0 and 36 months. All children attended

an early intervention program that used ASL. Seven children had pre-

viously participated in Experiment 1, with at least 6 months between

testing sessions.

3.1.2 Stimuli

The novel object signs and videos were a subset (four out of six) of

those used in Experiment 1. In Experiment 2, there were two condi-

tions: word-point and point-word.

3.1.3 Procedure

The procedure and trial structure were identical to Experiment 1,

except for the following: during exposure trials, two novel objects (a

target and a distractor) were displayed on either side of the screen, and

the sign video was displayed in the center. In order to accommodate

two pictures, we used a 24-in. monitor. During exposure, the images

and video, each of whichwere 400× 400 pixels (4 in. square), were dis-

played on the same horizontal plane, spaced approximately 7 in. apart

(Figure5). Theobject pairswere consistent betweenexposure and test;

that is, the target and distractor objects that appeared during exposure

were the same pairs that appeared during test. There were two blocks

each of exposure and test trials. The block order was counterbalanced

such that half the children saw the point-word condition first, and the

other half saw the word-point condition first.

3.2 Results

3.2.1 Approach to analysis

Analysis followed the same structure as Experiment 1.

3.2.2 Trackloss

We removed any individual trials in which the child was not looking

at any AOI at least 20% of the time across the trial, which resulted in

exclusion of 18 exposure trials and 27 test trials. Next, we excluded any

participants whose data did not include at least 25% of the experimen-

tal trials, which led to exclusion of one participant. All subsequent anal-

yses were carried out on the remaining 238 exposure and 229 test tri-

als from 32 participants.
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F IGURE 5 Schematic of exposure trials in
Experiment 2. During the preview period, the
target and distractor were presented on opposite
sides of the screen for 2000ms. This was followed
by the exposure video, which was presented in
the center of the screen

F IGURE 6 Experiment 2 timecourse of looking to sign video, target, and distractor during exposure trials, by condition. Error bars indicate±1
standard error. Sample exposure sentences are overlayed, with shaded areas showing the analyzed sign labels (blue shading) and filler period
(orange shading)

3.2.3 Allocation of attention during
exposure phase

Full trial

As in Experiment 1, children largely fixated on the sign video through-

out the trial,with a shift to thenovel object that coincidedwith the filler

period (Figure 6). Over the full trial window, children spent an aver-

age of 72% of the time fixating the video, 10% of the time fixating the

novel object, and 4% of the time fixating the distractor object [target

vs. distractor: t(31) = 5.87, p < 0.001, 95% CI = (0.04, 0.08)]. Children

were clearly perceiving and processing the referential cues despite

the fact that they did not immediately shift their gaze to follow the

cues.

Sign label

To analyze fixations to the novel signs, we fit a linear mixed-effects

model of sign fixations as a log-transformed proportion of total fixa-

tions to the video, with fixed effects for condition and age and ran-

domeffects for participant and item (Table 4). Therewereno significant

effects of condition nor age.

Filler period

To analyze fixations to the target object during the filler period

between labeling utterances, we fit a linearmixed-effectsmodel of log-

transformed proportion of total fixations to the target picture, with

fixed effects for condition and age and random effects for participant

and item (Table 5). There were no significant effects of condition, but
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F IGURE 7 Experiment 2 timecourse of looks to target and distractor images during test trials starting at target sign onset. Boxes indicate the
sign recognition window (600–2500ms after onset) and the late window (2500–3500ms after onset)

TABLE 4 Experiment 2model output: Fixations (LogGaze
transformed) to the video during novel sign label as a function of
condition and age during exposure

Estimate

Standard

error df t p

Intercept 3.46 0.53 12.67 6.49 <0.001

Word-pointa −1.08 0.59 5.39 −1.83 0.12

Age 0.04 0.03 27.04 1.64 0.11

aCompared to point-word condition.

TABLE 5 Experiment 2model output: Fixations (LogGaze
transformed) to target object during filler period as a function
of condition and age

Estimate

Standard

error df t p

Intercept −3.8 0.3 230 −12.57 <0.001

Word-pointa 0.54 0.42 230 1.29 0.2

Age 0.04 0.01 230 2.99 0.003

aRelative to point-word condition.

there were significant age effects. Older children fixated more on the

novel object during the filler period than younger children.

3.2.4 Allocation of attention during test

We plotted the timecourse of looks to the video, target, and distrac-

tor pictures starting from the onset of the target word and continu-

ing for 3500 ms (Figure 7). The data visualization revealed that looks

to the target and distractor did not diverge until almost 1000 ms after

sign onset, and that looks to the target picture continued to increase

throughout the trial, with greatest looks occurring between 2000 and

3500 ms following sign onset. We conducted a linear mixed-effects

regression with log-transformed ratios of target to distractor looking,

with fixed effects for exposure condition and child age, and random

effects for participant and item for both the sign recognition (600–

2500 ms) and late (2500–3500 ms) windows. In both the sign recog-

nition and late windows, children looked to the target more than the

distractor [sign recognition: t(31) = 4.2, p < 0.001, 95% CI (0.29, Inf),

M = 0.49, SD = 0.66; late: t(31):3.36, p = 0.001, 95% CI (0.24, Inf),

M = 0.48, SD = 0.81], suggesting they had successfully mapped the

novel signs. Therewere no significant effects of exposure condition nor

age in either window.

3.2.5 Relationship between gaze patterns
at exposure and test

To determinewhether children’s looking patterns during exposure pre-

dicted performance at test, we used two predictors from the exposure

trials: fixations to the sign video during the sign label windows, and

fixations to the target picture during the filler period. We conducted

a linear regression using the log-transformed proportion looking to

sign during the sign window, and log-transformed proportion looking

to target picture during the filler period, to predict log-transformed

proportion looking time to the target picture during test trials (Table 6).

Looking to the target picture during the filler period was particularly

important as children had now been provided the referential informa-

tion necessary to identify which of the two pictures was the target,

which they did not have during the preview period. As target looking

at test was significant in both the sign recognition window and the

late window, we repeated the model with both outcome measures

(i.e., target looking in sign recognition and late windows). In the sign

recognition window, looking to the object during the filler period, but

not looking to the video during the sign label, predicted proportion

looking time to the target picture at test (full model R2(29) = 0.16,

p=0.033). In the latewindow, the resultswere evenmore pronounced:

both exposure trial looking variables were robust predictors of target

recognition at test (full model R2(29) = 0.38, p < 0.001). Children who

allocated attention in a way that enabled them to perceive the target

label and follow the referential cues to map the label onto the correct



LIEBERMAN ET AL. 11 of 15

TABLE 6 Experiment 2model output: Proportion of fixations
(LogGaze transformed) to the video during sign label windows and to
the novel object during the filler period as predictors of target looking
at test in (a) sign recognition (600–2500ms) and (b) late
(2500–3500ms) windows

(a)

Estimate SE t p

Intercept −1.85 0.95 −1.95 0.06

Fixations to video during

sign label

0.06 0.12 0.52 0.61

Fixations to target object

during filler

0.56 0.22 2.56 0.02

(b)

Estimate SE t p

Intercept −0.09 1.13 −0.08 0.94

Fixations to video during

sign label

0.38 0.15 2.58 0.02

Fixations to target object

during filler

.82 0.26 3.15 0.004

object were more successful at novel word learning as evidenced by

target recognition during test.

3.2.6 Summary of Experiment 2

Children successfully mapped a novel ASL sign onto a novel object, as

illustrated by increased looks to the target versus distractor pictures in

the test phase. As with Experiment 1, the timing of the referential cues

that accompanied the novel sign labels (point-word vs. word-point) did

not have an effect on target recognition during either exposure or test.

Although the timing of these gaze shifts did not differ by condition, the

children were clearly attending to and interpreting the referential cue,

as indicated by increased fixations to the target versus the unnamed

distractor during the exposure trial. Once again, children’s ability to

successfully allocate and alternate attention between the sign video

and target picture robustly predicted their ability to learn new signs.

Specifically, in the exposure phase, children’s attention to the signer

during the object labels and children’s attention to the target picture

during the filler period each predicted overall attention to the target

picture at test.

4 DISCUSSION

There is a growing consensus that early word learning is supported by

aligning synchronous cues in the visual and auditory domains (Gogate

et al., 2000; Tomasello & Todd, 1983; Yu & Smith, 2012, 2013). How-

ever, it is clear that children can show typical rates of vocabulary

growth even when these cues appear sequentially in the visual domain

only, as is the case in deaf children learning ASL (Caselli et al., 2020;

Lillo-Martin, 1999). What consequences do de-coupling synchronous

social referential and linguistic cues into sequential, but temporally

adjacent events have on early language learning? We sought to gain

insight into this question in two studies, where we measured how deaf

children learn words by allocating visual attention between linguis-

tic and referential cues that varied in sequential ordering. We pre-

sented children with a novel object and paired it with a novel ASL

sign, to determine whether and how children would map the label to

the object. Children successfully mapped the novel sign onto the novel

object in both experiments, providing a first demonstration that fast-

mapping can be used to map ASL signs onto their referents. Age was

a significant predictor of fixation patterns during exposure but not

at test.

We varied the timing of the referential cues relative to the object

label during exposure. Contrary to our expectations, timing of the

referential cue did not impact gaze patterns during exposure nor

target fixations at test. Our results revealed a different story: regard-

less of when the cue appeared, children maintained fixation to the

signer throughout the labeling utterance and only shifted gaze to the

target object during a prosodic pause that contained minimal input.

Crucially, children varied in how effectively they allocated attention

during exposure to perceive the target sign, and—in Experiment 2—the

target object, and these individual differences in allocation predicted

performance at test. Thus, while children as a whole showed evidence

for fast-mapping novel words, individual children’s effective allocation

of attention when exposed to new words predicted their success in

mapping those words onto their referents.

4.1 Allocation of attention to signers and objects

Children learning new words in ASL must alternate attention strate-

gically to perceive the sign label, referential cues, and the referent

object. Although linguistic input is dynamic, structured, and highly

salient, children must either shift away from ongoing input or wait

for pauses in the input to connect the linguistic content to the sur-

rounding visual scene. Recentwork has shown that youngASL-learning

children rapidly appraise the incoming language and shift gaze away

from linguistic input and towards a target precisely when they have

sufficient information to identify the target (MacDonald et al., 2020).

Our work adds to this growing compendium that children learning ASL

are exquisitely attuned to the temporal dynamics of the communica-

tive context, and that they can leverage this attentional flexibility to

support language acquisition. Children’s ability to allocate attention

improved with age; we speculate that vocabulary would be an equally

if not more powerful predictor of this ability.

Children used a unique strategy to decide when to shift gaze: chil-

dren encoded the referential cue when it was presented, but main-

tained gaze on the unfolding linguistic input until there was a prosodic

break in the input. Only at this point did children shift gaze from the

signer to the referent object. In the case of Experiment 1, a possi-

ble explanation for the observed pattern of results is that children

ignored the referential cue completely. However, this is unlikely, given

the salience of these referential cues for both hearing (Baldwin, 1993;

Deák et al., 2014; Houston-Price et al., 2006; Moore, 2008) and deaf
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children (Brooks et al., 2020). In addition, our findings from the expo-

sure phase of Experiment 2, in which children fixated the target more

than the distractor, indicate that children did in fact encode the refer-

ential cue. Thus, unlike in spoken language, where children use visual

referential cues tomake an immediate gaze shift to the target (Berten-

thal et al., 2014; Brooks & Meltzoff, 2005), children with exposure to

ASL waited for optimal moments to shift gaze such that they did not

miss any meaningful linguistic input, potentially demonstrating inhibi-

tion of gaze shift.

The fact that children successfully learned words even when the

linguistic and referential cues were decoupled and presented sequen-

tially requires an expanded understanding of the necessary conditions

for language learning. There is robust evidence from spoken language

that children learn words best when labels and their referents line up

in time and space (Chen et al., 2020; Yu & Smith, 2013, 2017). The cur-

rent results provide initial evidence that childrenmay learnequallywell

when linguistic and referential cues occur in direct sequence. Children

who are learning language under typical circumstances, as the major-

ity of deaf children in the current study were, can adapt to variations

in sensory experience: instead of sustained visual attention to objects,

children in the current study alternated visual attention, and did so in

a way that enabled them to encode and process all of the meaningful

information in the input.

4.2 Individual differences

Children’s gaze patterns during exposure trials were correlated with

their ability to fast-map the target item at test. In Experiment 1, chil-

dren’s fixation to the novel sign label within the labeling utterance pre-

dicted target looking at test. In Experiment 2, fixation to the novel sign

label as well as fixation to the target picture during the filler period

each predicted unique variance to target looking at test. Our findings

reveal that it is not just attending to the input, but rather attending to

the right type of stimulus (language vs. object) at the right moments

that helps childrenmap the referents effectively.

While previouswork on deaf children’s development of visual atten-

tion has typically included small participant samples (Chasin & Har-

ris, 2008; Harris & Mohay, 1997; Lieberman et al., 2014), the larger

sample here allowed us to explore individual differences in attention

allocation. Our results provide initial evidence that word learning is

enhancedwhen children strategically alternate attention between lan-

guage and objects. These findings are a first step in understanding

how children vary in their ability to allocate attention optimally. Our

study highlights several avenues for future inquiry as to when and how

language learning and attentional allocation interact in development.

Children may exhibit flexible development of attention based on the

specific demands of their input modality. One likely source of atten-

tion development is parental scaffolding during early interactions. In

particular, deaf parents are known to structure early interactions in a

way that supports children’s perception of linguistic input. At the ear-

liest ages, such scaffolding takes the form of modified signs and overt

attention-getters to direct the child’s attention (Lartz & Lestina, 1995;

Pizer &Meier, 2008; Spencer & Harris, 2005). However, by 18months,

parents are less likely to rely on these directive behaviors and instead

wait for children’s spontaneous gaze shifts to provide input (Swisher,

2000). With this scaffolding, children become adept at shifting gaze

between linguistic and visual input such that they make rapid gaze

shifts and respond to subtle linguistic andprosodic cues todecidewhen

to do so (Lieberman et al., 2014; Pavani et al., 2019).We speculate that

experienceparticipating in interactionswith skilled adult interlocutors,

along with the child’s developing skills in evaluating and responding to

cues in the input, are two likely contributors to children’s ability to allo-

cate attention optimally.

4.3 Word learning in ASL across development

While fast-mapping is a known and robust phenomenon among chil-

dren learning spoken language (Bion et al., 2013; Carey & Bartlett,

1978; Halberda, 2003; Horst & Samuelson, 2008), the current study is

the first toourknowledge todemonstrate that children can rapidlymap

and retain word meanings, irrespective of the sensory modality of lin-

guistic input. Across both experiments, there were increased fixations

to the target picture relative to the distractor picture at test, both in

a sign recognition window that has been established in previous stud-

ies of sign recognition in deaf children (Lieberman & Borovsky, 2020;

MacDonald et al., 2018), as well as in a later window. The late window

provided more robust target fixations in Experiment 2, which likely

reflects the more difficult nature of the task relative to Experiment 1.

In Experiment 1, children only had to encode that an object and label

were paired, whereas in Experiment 2, children saw the same object

pairs during exposure and test trials, and thus had to retain not only an

association between the sign and object, but the mapping of the spe-

cific sign-object pair through the use of referential cues. The pattern

of fixations in Experiment 2 is also consistent with prior studies that

report a more extended time course of novel (as opposed to familiar)

word recognition in spoken language (Bion et al., 2013; Booth &Wax-

man, 2009; Borovsky et al., 2016; Houston-Price et al., 2006;Mather &

Plunkett, 2010). Our findings shed light on mapping over the course of

the experiment; future work should focus on retention of these associ-

ations that support robust word learning over time.

Given the broad age range of the children in the present study, it

is likely that children can leverage additional word-learning strategies

as they get older and gain more experience linking objects to their

referents across situations. Specifically, though even very young chil-

dren are capable of encoding and retrieving long termmemories, these

skills improve significantly across childhood (Lukowski & Bauer, 2013).

These cognitive mechanismsmay interact with children’s performance

on the task, and likely account for some of the age-related differences

observed in the current study. Similarly, the child’s own experiences

with ASL input might influence their abilities. Deaf children, particu-

larly those with hearing parents, have highly variable early language

learning environments, as parents may be learning ASL alongside their

children. Emerging evidence suggests that deaf children with hearing

parents can acquire ASL at age-appropriate rates (Caselli et al., 2021),
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yet it remains unknownhow the processes andmechanisms underlying

word learning are affected by variable exposure to non-native input.

We speculate that many of the mechanisms that support word learn-

ing in spoken languagewould be equally supportive of word learning in

ASL.

5 CONCLUSION

Word learning is a complex phenomenon, and yet children seem-

ingly accomplish this task with ease. Sign language input, unlike spo-

ken language, competes with the visual input through which children

encounter objects in the world. Instead of perceiving multi-modal

information simultaneously, children acquiring ASLmust interpret and

connect sequential information to map labels onto objects. Therefore,

the study ofword learning processes in deaf children acquiringASL can

enrich our understanding of how all learners adapt fundamental mech-

anisms ofword learning. The findings presented here demonstrate that

children can evaluate and connect the unfolding input to the surround-

ing visual world by strategically and actively allocating visual attention

across time and space. Simultaneity of linguistic and attentional cues

is therefore not a requirement for successful word learning. Our find-

ings suggest that recent accountsof languageacquisition that prioritize

temporal synchrony of linguistic and referential cues may need refine-

ment. We find that learning may be similarly supported by sequential

and temporally adjacent cues and the learner’s own ability to optimize

attentional flexibility given the sensory landscape of the learning envi-

ronment. That is, word learning can proceed successfully even in a case

where language input and the objects to which it refers are perceived

sequentially, attesting to the remarkable adaptability of children’s abil-

ity to divide attention in order to connect word to world.
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