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Abstract

The visual world paradigm is an eye-tracking experimental paradigm that in-
vestigates real-time spoken language processing by tracking and measuring fix-
ation patterns on visual objects. The theoretical foundation for applying this
paradigm to language comprehension research rests on eye-movement linking
hypotheses (e.g., cooperative interaction theory, goal-based linking hypothesis,
etc.), which establish meaningful associations between eye-movement trajecto-
ries and spoken language processing. Data acquired through the visual world
paradigm can provide precise temporal information for spoken language pro-
cessing, with commonly employed analytical methods including: time-region-of-
interest analysis of fixation proportions, divergence point analysis, growth curve
analysis, etc. This paradigm furnishes crucial evidence for studying issues such
as lexical spoken word recognition, syntactic ambiguity resolution, semantic
comprehension, and discourse-pragmatic information processing.
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Abstract

The visual world paradigm is an eye-tracking experimental method that investi-
gates real-time spoken language processing by tracking and measuring eye move-
ments to visual objects. The theoretical foundation for applying this paradigm
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to language comprehension research lies in linking hypotheses (e.g., the coordi-
nated interplay account, goal-based linking hypothesis) that establish meaning-
ful connections between eye movement patterns and language processing dynam-
ics. Data obtained using the visual world paradigm provide precise temporal
information about spoken language processing, with common analytical meth-
ods including analysis of mean fixation proportions within time windows, diver-
gence point analysis, and growth-curve analysis. This paradigm has provided
crucial evidence for research on lexical and phonological recognition, syntactic
ambiguity resolution, semantic comprehension, and discourse-level pragmatic
information processing.

Keywords: visual world paradigm; eye-tracking; spoken language processing

1. Linking Hypotheses Between Eye Movement Trajecto-
ries and Language Processing

The theoretical foundation of eye-tracking research using the visual world
paradigm rests on linking hypotheses that connect eye movement patterns to
the cognitive processes underlying spoken language comprehension (Allopenna
et al., 1998; Tanenhaus et al., 2000). Specifically, as listeners process spoken
information, they construct dynamic mental representations of the described
situations. Their attention to specific entities within these representations
shifts with the incoming linguistic input, and correspondingly, their fixation
points in visual space move accordingly (Altmann & Kamide, 2007). This
concentration and movement of attention, accompanied by changes in pupil
position, can be effectively measured through eye-tracking techniques, thereby
revealing the time course of spoken language processing.

Over the past two decades, researchers have proposed numerous specific linking
hypotheses to explain the relationship between eye movements and spoken lan-
guage processing, which are used to elucidate how visual attention is allocated to
referent objects (see review by Magnuson, 2019). This paper summarizes three
influential linking hypotheses to further clarify the theoretical basis for applying
the visual world paradigm to spoken language processing research. While these
hypotheses do not directly define the time course of specific linguistic elements,
they encompass several stages of spoken language processing and provide the
foundational premises for investigating processing time courses.

Knoeferle and Crocker (2006, 2007) proposed the coordinated interplay ac-
count, which divides visual scene-based spoken language comprehension into
three main stages: (1) integrating newly input words into the existing sentence
structure to form a new sentence interpretation, and using this new informa-
tion together with prior linguistic information and relevant world knowledge to
generate predictions about subsequent utterances; (2) searching working mem-
ory (which includes the previously viewed visual scene) for objects referred to
by words or objects predictable based on information from the first stage; and
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(3) mapping linguistic input (nouns, verbs, etc.) onto objects and actions in
the visual scene, revising previously formed sentence interpretations based on
visual scene information, and forming new predictions (Knoeferle & Crocker,
2006, 2007; Pyykkonen-Klauck & Crocker, 2016). Notably, although these three
processes are presented sequentially in the coordinated interplay account, the
theory does not preclude the possibility that they may overlap in time or occur
simultaneously. The coordinated interplay account highlights the importance
of visual scene information for spoken language comprehension; furthermore, al-
though these scenes gradually fade from working memory after the visual scene
disappears, memories of the scenes still exert significant influence on subsequent
sentence processing (Knoeferle & Crocker, 2007).

Altmann and Mirkovié (2009) proposed an alternative linking hypothesis that
similarly acknowledges that sentence processing is jointly influenced by linguistic
information (e.g., real-time linguistic input, contextual information) and non-
linguistic information (e.g., visual scenes, world knowledge). However, unlike
Knoeferle and Crocker’ s (2006, 2007) coordinated interplay account, Altmann
and Mirkovié (2009) argue that the processes of processing visual scene infor-
mation and comprehending linguistic input are temporally and psychologically
inseparable—because linguistic and non-linguistic information are stored in the
same system and together constitute the dynamic representation of the situa-
tion. When listeners receive a piece of information, the representation of an
object (including experiences and knowledge related to that object) becomes
activated. As listeners continuously receive information from different sources
(linguistic input, visual scenes, world knowledge, etc.), the representation of the
object constantly changes. When information from different sources overlaps,
the activation of the object representation strengthens. The different states of
this representational system manifest at the mental representation level as at-
tention allocation, which in turn influences eye movement patterns. In other
words, accompanying sentence input, participants’ fixations on visual objects
over time are influenced and driven by a unified representational system that
includes linguistic information, contextual information, visual scenes, and world
knowledge. Under this theoretical framework, information from different sources
has immediate effects on spoken language processing and is rapidly reflected in
eye movement trajectories.

Both of the above linking hypotheses adopt a language comprehension perspec-
tive, viewing changes in eye fixations during spoken language processing as the
result of joint action between linguistic input and visual information. These
hypotheses treat language processing as an independent task, unrelated to the
behavioral task goals in the experimental procedure. However, such language
comprehension-based linking hypotheses do not address the influence of the
actions required to complete the task itself on referential processing (Cham-
bers et al., 2004), nor do they consider that in visual search, eye movements
themselves are closely related to the goals of the behavioral task—that is, par-
ticipants fixate more on objects relevant to their task goals. To better explain
the relationship between language processing and eye movements, Salverda et
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al. (2011) proposed the goal-based linking hypothesis, which incorporates
the new dimension of “task goals” into eye movement linking hypotheses. Un-
like language comprehension-based linking hypotheses, the goal-based linking
hypothesis posits that not only context and linguistic input can constrain lan-
guage processing, but task goals themselves can also serve as constraints—visual
objects directly relevant to task execution attract more eye fixations, while ob-
jects irrelevant to goal execution do not. According to this hypothesis, spoken
language processing in visual contexts first involves a fundamental task of map-
ping linguistic input onto selectable objects in the visual scene, and eye fixations
serve this task goal by locking onto potential referent objects; objects that do not
afford the action are rarely fixated. For example, when hearing the instruction
“put the cube into the can,” only cans whose size can accommodate the cube
become target containers that are fixated (Chambers et al., 2004). Salverda
et al. (2011) argue that additional tasks such as clicking or moving objects to-
gether constitute the task goal structure in spoken language processing tasks
and influence eye fixations. For instance, when participants listen to sentences
with a truth-value judgment task, they show earlier and more significant predic-
tive fixations compared to listening to the same sentences without such a task
(Altmann & Kamide, 1999), locking onto referent targets more quickly in the
time course. The goal-based linking hypothesis introduces new requirements for
refining and hierarchically structuring task goals during language processing.

Research on spoken language processing using the eye-tracking visual world
paradigm is based on these linking hypotheses. According to how visual infor-
mation is utilized, studies can be divided into two main directions. The first
direction uses the visual scene as a backdrop for presenting objects—attention to
specific referents in the mental representation is projected onto the visual scene,
and listeners form fixations on referent objects accordingly; the eye movement
trajectories formed by fixating on objects in the backdrop reveal how different
linguistic components are processed in real time (e.g., Cooper, 1974; Cozijn et
al., 2011; Kaiser, 2016). The second direction treats visual information as a
contextual constraint, primarily exploring how information in the visual envi-
ronment (e.g., number of candidate objects, object size comparisons, depicted
event actions) itself influences language processing (e.g., Chambers et al., 2002;
Knoeferle et al., 2005; Tanenhaus et al., 1995). These two types of studies em-
ploy similar tasks, but at the theoretical level of linking hypotheses, the first
emphasizes the simultaneity and inseparability of the processes of comprehend-
ing visual scene information and comprehending linguistic input; the second
treats visual scene information processing as a relatively independent process,
emphasizing the role of the visual scene itself in spoken language processing.
The latest trend in eye movement processing research has begun to focus on the
potential role of task goals in language processing. Although linking hypothe-
ses that incorporate the goal dimension have completed preliminary theoretical
construction, research comparing processing effects under different task goals
remains scarce.
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2.1 Paradigm and Tasks

A typical visual world paradigm experiment usually includes spoken language
instructions presented auditorily and visual objects presented as stimuli (either
in the real world or on a computer screen). While participants comprehend the
spoken instructions, the positions of their fixations on visual objects are recorded
in real time by the eye-tracker for subsequent analysis (see Figure 1 [Figure
1: see original paper]). Visual stimuli generally appear before the linguistic
instructions with a certain preview time; linguistic instructions are presented
at a relatively fixed playback speed. Previous research has found that factors
such as picture complexity, preview duration, speech rate, and task instruction
type (whether participants are explicitly told to predict target objects) all exert
certain influences on eye movement results (Huettig & Guerra, 2019; Ferreira et
al., 2013).

The visual world paradigm mainly includes two different experimental tasks:
First, active tasks (action-based experimental tasks) require participants to
make behavioral responses to linguistic instructions (e.g., grasping, moving, or
clicking objects; see Hanna & Tanenhaus, 2004; Tanenhaus et al., 1995). Second,
passive tasks (listen-and-look tasks) require participants to simply listen to
linguistic instructions and look at pictures or scenes without making behavioral
responses (Altmann & Kamide, 1999; Knoeferle et al., 2005). Regarding the
differences between these two tasks, Salverda et al. (2011) noted that in active-
task visual world paradigm experiments, participants direct a large number of
fixations to target objects before grasping, moving, or clicking them; passive-
task experiments do not exhibit such fixation patterns—this factor may lead
to differences in eye movement patterns between the two experimental tasks.
Pyykkoénen-Klauck and Crocker (2016) reviewed and compared eye movement
experimental results using both task types, concluding that some linguistic ef-
fects (e.g., word frequency effects) appear more sensitive in eye movement in-
dices in active tasks, with participants locking onto target objects faster and
demonstrating more rapid real-time language comprehension processes. Passive
listen-and-look visual world paradigm experiments, which do not require par-
ticipants to complete additional tasks, have relatively better ecological validity
(Huettig et al., 2011a) and can be used to examine which spoken language pro-
cessing effects are universal in language-vision interaction and which exist only
under specific experimental tasks (Huettig et al., 2011b).

The visual world paradigm has two main variants: the printed-word
paradigm (Huettig & McQueen, 2007) and the blank screen paradigm
(Altmann, 2004). In the printed-word paradigm, visual stimulus pictures are
replaced with words appearing on the screen. Participants hear speech input
related to the word while their eye movement fixation trajectories on each
letter are recorded for analysis. The printed-word paradigm can be used to
examine phonological recognition processes and investigate how orthographic
information is processed in real time. The blank screen paradigm is primarily
used to reveal the role of short-term memory in real-time language processing.
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After visual stimulus pictures are presented for a few seconds, a blank screen
appears (generally for 1 second), followed by spoken instructions. Experiments
using this paradigm can demonstrate that even after objects in the visual
stimulus picture disappear, participants still look toward the locations where
relevant objects were when hearing linguistic instructions (Knoeferle & Crocker,
2007). The blank screen paradigm provides evidence for mental representation:
once formed, mental representations can be temporarily stored in short-term
memory without relying on visual stimuli and participate in subsequent
language processing.

2.2 Data and Variables

Common dependent variables in visual world paradigm experimental data anal-
ysis include fixations and saccades. The most frequently used fixation index
is fixation proportion, which is the proportion of fixations falling within a
specific region of interest across all trials during a designated time window.
Common indices for saccade data include saccade proportion (the proportion of
saccades directed to the target region of interest across all trials) and saccade
reaction time (the time required to make a saccade to the region of interest
after the target word stimulus appears). Independent variables in the data
can be within-subject variables from the experimental design (e.g., experimen-
tal vs. control conditions, ambiguous vs. unambiguous sentences) or between-
subject variables (e.g., different language background groups, age groups).

The advantage of the visual world paradigm lies in the high temporal precision
of the data it produces. Current research-grade eye-trackers can achieve a sam-
pling rate of 1000 Hz, capturing eye position every millisecond and providing
accurate time course information. Taking fixation proportion as an example,
researchers can not only compare the mean fixation proportions of different
conditions within a specific time window across groups to identify an effect in
spoken language processing; more importantly, they can investigate when an ef-
fect emerges (i.e., when fixation proportions begin to differ significantly between
conditions) and how the effect changes over time.

2.3 Analyzing Data Using Temporal Information

Temporal precision is the most important characteristic of visual world paradigm
data, and how to utilize temporal dimension information is key to data analysis
in this paradigm. Based on how temporal information is used, existing analyt-
ical methods can be categorized into three types: (1) comparing mean fixation
proportions within designated time windows; (2) analyzing the time course of
effect emergence and duration; and (3) analyzing curve patterns of effects over
time. To better illustrate the application scenarios and analytical logic of these
three methods, this paper selects schematic diagrams of experimental objects
(Figure 2 [Figure 2: see original paper|) and fixation proportion data graphs
(Figure 3 [Figure 3: see original paper]) from Allopenna et al. (1998) as exam-
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ples (detailed discussion of this study appears in Section 3.1).

The first analytical method, the most commonly used and intuitive approach
for visual world paradigm data, involves comparing mean fixation proportions
within designated time windows—for example, comparing listeners’ fixation pro-
portions on several objects in Figure 2 from the onset to the offset of the target
word “beaker” (approximately 375 ms). This analytical method treats fixation
proportion, duration, or saccade indices as dependent variables and within- and
between-subject variables as independent variables, using statistical methods
such as t-tests, ANOVA, or linear mixed-effects models to compare differences
in fixation proportions between different objects or between different condition
groups. Compared to t-tests and ANOVA, mixed-effects models are currently
the most widely used analytical method, as they can incorporate random effects
for participants and items, achieving more accurate modeling and testing of ef-
fects (application examples: Gardner et al., 2021; Griiter et al., 2020). It should
be noted that such statistical methods typically require normally distributed
data, while fixation proportions range between 0 and 1 and generally require
prior log or logit transformation (Ito & Knoeferle, 2022). Analyzing mean fix-
ation proportions within designated time windows is the simplest method for
visual world paradigm data analysis and is suitable for most experimental de-
signs. Its main disadvantage is that the artificially set time window reduces the
temporal precision of the data and cannot well capture trends in fixation propor-
tions over time; a compensatory approach is to include different time windows
as independent variables in the analysis model to test whether the time window
variable itself significantly affects fixation proportions.

The second analytical method involves analyzing the time course of effect emer-
gence and duration. This approach fully utilizes the precise time course informa-
tion of the visual world paradigm and can be used to investigate the exact time
when a spoken language processing effect emerges. Divergence point anal-
ysis divides the time period when a potential effect might emerge into several
small time windows (e.g., 20 ms) and compares fixation proportions between
two condition groups within each small window to identify when they begin
to differ significantly, thereby finding the earliest time point when two fixation
proportion curves begin to diverge. For example, in Figure 3, the fixation pro-
portion curve for the target referent “beaker” and the cohort competitor “beetle”
diverge at approximately 400 ms, later than the divergence point between the
target referent and the rhyme competitor “speaker.” Divergence point analysis
can statistically calculate the specific time point when different curves begin to
diverge significantly.

Simple divergence point analysis can only identify when an effect begins (the
divergence point of curves under two conditions) but cannot test the temporal
interval of the divergence point or compare whether two divergence points dif-
fer statistically across conditions. Advanced divergence point analysis based on
bootstrapping can provide confidence intervals for each divergence time point,
enabling cross-condition comparisons (Stone et al., 2021; application example:
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Corps et al., 2021). Advanced divergence point analysis provides an effective
analytical tool for comparing the time courses of real-time language process-
ing across different populations. For example, first-language (L1) and second-
language (L2) learners may not differ in the effect size of a particular language
processing effect (e.g., predictive processing), but they may differ in when the
effect begins (Kaan & Griiter, 2021). Using this analytical method can effec-
tively test whether L2 learners’ predictive processing begins significantly later
than that of L1 speakers. In addition to divergence point analysis, cluster-based
permutation analysis (Barr et al., 2014) and bootstrapped differences of time-
series (Seedorff et al., 2018) can both be used to identify when data from two
condition groups begin to differ significantly (see review of eye movement data
analysis methods: Ito & Knoeferle, 2022). However, these analytical methods
cannot analyze how effects change over time across conditions, requiring the
third type of method to analyze changing curves.

The third analytical method primarily focuses on analyzing curve patterns of
effects over time in the visual world paradigm. Among these, growth-curve
analysis models and analyzes the curves of fixation proportions over time for
key regions of interest under different conditions, testing whether the patterns of
fixation proportion curves differ across conditions and thereby verifying whether
effects change over time (Mirman, 2014; Mirman et al., 2008). Unlike the first
analytical method, growth-curve analysis includes not only linear models with
time as a variable but can also incorporate quadratic and cubic terms of time
variables to simulate fixation proportion curves that change parabolically over
time. For example, in Figure 3, the fixation proportion for the cohort competitor
“beetle” shows a parabolic trend of first rising and then falling, with a different
slope than the rhyme competitor “speaker,” a pattern that can be analyzed
using growth-curve models containing quadratic time variables. During spoken
language processing, fixation changes over time are often not linear increases or
decreases; modeling and comparing changing curves can more precisely analyze
the temporal development of language comprehension (application examples:
Henry et al., 2022; Koring et al., 2012; Wei et al., 2019). It should be noted that
growth-curve analysis suffers from autocorrelation issues, where adjacent time
windows show high correlation in fixation positions, increasing the likelihood of
Type I statistical errors (false positives) (Huang & Snedeker, 2020). Therefore,
it often needs to be combined with the first and second types of analytical
methods to jointly verify effects.

Generalized additive mixed models can also be used to model nonlinear
data curves, using thin plate regression splines to more flexibly simulate chang-
ing curves and reduce statistical autocorrelation, partially compensating for the
disadvantages of growth-curve analysis (Porretta et al., 2018).
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3. The Visual World Paradigm and the Time Course of
Spoken Language Processing

Early debates in the field about the time course of language processing primar-
ily focused on the issue of processing immediacy. FEarly experiments mainly
used lexical recognition, cued recall, and self-paced reading tasks, with evidence
tending to support delayed integration processing (e.g., Garnham et al., 1996;
Stewart et al., 2000), suggesting that language users process language by delay-
ing integration until the end of the sentence (delayed-integration interpretation;
Millis & Just, 1994). However, with the popularization of measurement methods
such as eye-tracking and event-related potentials (ERP), precise measurement
of reading times and electrophysiological signals became possible, and increas-
ing evidence supported the immediacy of language processing—that is, language
users process encountered information immediately as language input unfolds
(incremental interpretation; Traxler et al., 1997; Cozijn et al., 2011; Koornneef
& van Berkum, 2006). For visual world eye-tracking measurements, although ap-
proximately 200 ms is required from receiving auditory language signal stimuli
to making an eye movement response (Matin et al., 1993; Saslow, 1967), nu-
merous spoken language experiments using the visual world paradigm have still
found effects of eye fixations on target objects after test word onset but before
the next word begins, demonstrating that language users process information
in spoken language immediately (see Sections 3.1-3.5).

On the basis of widely recognized immediate processing, recent discussions of
language processing time courses have focused on when language users utilize
contextual information to understand language. Language users may combine
the semantics of test words with prior context for processing immediately as
the test word appears, or they may engage in predictive processing of the test
word’ s phonology, semantics, or even syntactic structure during context process-
ing before the test word appears (expectation-based account; Levy, 2008). In
detecting predictive effects, the visual world paradigm has distinct advantages
over reading paradigms and ERP measurements (Huettig & Guerra, 2019). Most
studies using the latter methods can only capture effects produced by the consis-
tency between test word semantics and contextual information at the test word
position, whereas the visual world paradigm can test the influence of context on
participants’ fixation patterns in the visual scene before the keyword appears,
providing crucial evidence for predictive processing in spoken language. The
following sections focus on analyzing how the visual world paradigm addresses
time course issues at different levels of language processing, including phonology,
semantics, syntax, discourse, and pragmatics. It should be noted that informa-
tion at different levels is not independent in spoken language processing but
rather mutually influential (see review: Kuperberg & Jaeger, 2016); this paper
separates each level for review purposes only.
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3.1 Lexical Recognition and Phonological Prediction

In the visual world paradigm, when listeners hear a word, they search for its
referent within the visual domain. Based on this characteristic, the visual world
paradigm can be used to test lexical recognition processes and investigate how
listeners use available information to predict phonological forms. Allopenna
et al. (1998) used this paradigm to test whether the matching process between
phonological input and lexical representations in spoken word recognition occurs
incrementally over time. If this matching process is incremental, it can be
predicted that the cohort competitor “beetle”of the target referent “beaker”would
produce stronger interference effects than the rhyme competitor “speaker” (see
Figure 2), because “beetle”overlaps phonologically with “beaker”at the beginning
of the word, while the overlap between “speaker” and “beaker” occurs later. The
visual world paradigm eye-tracking results from Allopenna et al. confirmed this
hypothesis: fixation proportions on the target object “beaker” and the cohort
competitor “beetle” both increased early in phonological processing (see Figure
3), while fixation proportions on “speaker” increased only at later times in word
processing, and the magnitude of increase was relatively smaller. The fixation
proportion data provided by the visual world paradigm effectively revealed the
matching process between phonological input and lexical representations in word
recognition.

Regarding whether language users can predict the phonological information of
upcoming words through contextual information, existing ERP studies have
yielded divergent results and have not obtained stable, replicable phonological
prediction effects (DeLong et al., 2005; Nieuwland et al., 2018), while the visual
world paradigm provides strong evidence for investigating phonological predic-
tion. Ito et al. (2018) used visual world paradigm eye-tracking experiments and
found that in highly predictable contexts (e.g., “The tourists expected rain when
the sun went behind the-"), listeners not only predictively fixated on the target
object ( “cloud” ) but also fixated more on the phonological competitor of the
target object ( “clown,” which shares the initial syllable with “cloud”). This find-
ing confirmed the existence of phonological form prediction. More importantly,
this predictive effect in the visual world paradigm emerged 500 ms before the
target word appeared, providing strong evidence that prediction of phonologi-
cal forms in language processing is proactive. Compared to results from other
paradigms that only capture integration effects at the target word position, the
visual world paradigm provides more direct evidence for language prediction.
Furthermore, the visual world paradigm provides empirical evidence for the
mechanism of phonological prediction: like semantic prediction, the mechanism
behind phonological prediction is based on association—by processing context,
language users activate corresponding semantic and phonological forms in the
mental lexicon, thereby forming expectations about upcoming words (Kukona,
2020; comparison of phonological and semantic prediction see: Karimi et al.,
2019). Notably, phonological prediction research using Western languages faces
an unavoidable problem: target words (e.g., “cloud” ) and their phonological
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competitors (e.g., “clown” ) overlap not only phonologically but also in ortho-
graphic information. Li et al. (2022) used Mandarin Chinese, where phonolog-
ical and orthographic information are relatively separate, and through visual
world paradigm experiments also found similar phonological form predictions,
verifying the universality of phonological prediction.

3.2 Syntactic Processing

The visual world paradigm makes two main contributions to research on the time
course of syntactic processing. First, the paradigm can be used to analyze the
process of ambiguity resolution in ambiguous sentences, such as garden-path sen-
tences. Tanenhaus et al. (1995) were the first to use the visual world paradigm
to investigate the processing of structurally ambiguous English sentences and
the influence of visual scenes on sentence disambiguation. For example, “Put
the apple on the towel in the box” is structurally ambiguous before “in the box”
appears: “on the towel” can be interpreted either as the direction of the action
“put” or as a locative modifier for “the apple.” Using visual world paradigm
eye-tracking, Tanenhaus et al. found that when there is only one apple in the
visual scene, listeners are more likely to interpret “on the towel” as the direction
of the action (eye movements move directly from the apple to the towel); when
there are two apples in the visual scene, listeners are more likely to interpret it
as a locative modifier for “the apple” (after fixating on the apple on the towel,
they look directly at the true target location—the box).

Second, the visual world paradigm provides new evidence for when different
levels of information are processed in syntactic processing. FEarly two-stage
accounts held that in sentence comprehension, syntactic structure analysis pre-
cedes the processing of other non-structural information (including lexical se-
mantics, world knowledge, discourse, etc.) (initial syntactic analysis, Frazier,
1987), whereas constraint-based accounts argued that sentence processing in-
volves joint constraints from multiple levels of information (Trueswell et al.,
1994) that influence syntactic structure analysis early in sentence processing.
Visual world paradigm experimental research supports the latter hypothesis.
For example, Snedeker and Trueswell (2004) studied ambiguous prepositional
phrase structures ( “Choose the cow with the stick” vs. “Tickle the pig with the
fan” ). The phrase “with the stick/fan” can be interpreted either as a modifier
of the object or as an instrument for completing the action. They found that in-
formation in the visual scene (number of objects) and verb biases (verbs biased
toward modifier interpretation like “choose” vs. verbs biased toward instrument
interpretation like “tickle” ) both influence syntactic structure analysis early in
sentence processing, manifesting as listeners looking at different target objects
depending on the number of objects and verb bias. Furthermore, Chambers et
al. (2002, 2004) found that world knowledge information related to object shape,
size, and properties in the visual scene also influences syntactic structure anal-
ysis, and these influences all occur at the very beginning of sentence processing,
refuting the theoretical hypothesis that syntactic structure analysis is primary.
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3.3 Semantic Predictive Processing

A major contribution of the visual world paradigm to semantic processing re-
search is revealing that semantic processing is not only immediate but in many
cases even predictive (Altmann & Kamide, 1999; Kamide et al., 2003; theo-
retical review see: Pickering & Gambi, 2018). Altmann and Kamide (1999)
were the first to use the visual world paradigm to study the time course of verb-
argument integration: compared to the unrelated verb “move,” listeners hearing
the verb “eat” in “the boy will eat--” fixated earlier on the cake in the visual
scene. This demonstrates that verb semantic information (i.e., “eat” requires an
edible argument) helps listeners predict the referent of the argument. Kamide
et al. (2003) summarized the main characteristics of semantic processing in sub-
sequent research: (1) the combination of verb and subject promotes semantic
prediction—for example, the combination of subject “the man” and verb “ride”
predicts the high-probability object “motorbike” ; (2) besides verbs, case mark-
ers attached to arguments also activate predictive processing—for instance, in
verb-final Japanese, listeners can predict upcoming argument referents through
case markers before the verb appears.

Research using the visual world paradigm on semantic processing is not limited
to verb-argument structures. Chow and Chen (2020) used this paradigm to
study the integration of classifier information and world knowledge in context
in Mandarin Chinese, finding that Mandarin speakers can form expectations
about upcoming nouns based on world knowledge in context early in processing,
and these expectations are influenced by classifiers and further revised later in
processing. Additionally, Griiter et al. (2020) found in their study of classifier
processing in L1 and L2 speakers that both L1 and L2 speakers are sensitive
to the grammatical collocational information contained in classifiers and use
this information for predictive processing. However, L2 speakers rely more on
semantic information in processing (e.g., the classifier “tido” collocates with long,
thin objects), showing that when a distractor that does not conform to classifier
collocational rules but matches the semantic property of being long and thin
appears in the visual scene, L2 speakers fixate more on the distractor.

3.4 Discourse-Level Processing

The visual world paradigm can be used to investigate two important issues in
discourse comprehension: referential relations and connective relations. First,
eye-tracking in the visual world paradigm can effectively test the establishment
process of referential relations between pronouns and antecedents. It is generally
believed that when listeners hear a pronoun that has a co-referential relationship
with previous discourse and fixate on a related object, it indicates that the
object is considered a potential target referent (Runner et al., 2003). Based
on this mechanism, researchers have used the visual world paradigm to explore
numerous time course issues in referential processing. For example, Arnold
et al. (2000) were the first to find that both gender cues and the order in
which referents are mentioned have immediate effects on referential resolution:
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listeners can use gender-marked forms (e.g., English third-person singular “he”
or “she” ) to lock onto target referents early in processing; simultaneously, the
first-mentioned person in a sentence (e.g., the subject in an SVO sentence) is
more likely to be interpreted as the referent. In research on the influence of
implicit causality on pronoun resolution, Pyykkonen and Jarvikivi (2010) found
that implicit causality effects appear immediately after the verb—listeners fixate
more on referents biased by the verb after hearing it. For example, in “John
frightened Bill because:--,” the verb “frightened” is more biased toward the first
person, so when listeners hear “frightened,” they fixate more on John; whereas
in “John feared Bill because:--,” the verb “feared” is more biased toward the
second person, and when the verb appears, listeners fixate more on Bill. This
finding demonstrates that referential processing occurs immediately and even
predictively, rather than through delayed integration (see also: Cozijn et al.,
2011).

The visual world paradigm also provides rich empirical evidence for the estab-
lishment of connective relations in real-time language comprehension. Wei et
al. (2019) used the visual world paradigm to investigate the processing of subjec-
tive causal relations (argument-argument) and objective causal relations (cause-
effect) and the role of Chinese conjunctions. The study found that when listeners
heard the subjective causal conjunction “kéjian”(“it can be seen that”) as opposed
to the objective causal conjunction “yin’ ér” ( “therefore” ), they fixated more on
the speaker in the visual scene. This suggests that the processing of subjective
and objective causal relations may differ in terms of confirming and tracking the
speaker, and that the process of tracking the speaker occurs immediately with
the input of subjective causal conjunctions. Mak et al. (2017) explored the role
of two Russian conjunctions in establishing connective relations by providing
two alternative referents in the visual scene and tracking listeners’ fixation tra-
jectories on the two referents. The study found that the conjunction “i” ( “and,”
marking continuation relations with consistent subjects across clauses) and the
conjunction “a”(“and/but,” marking shift relations with different subjects across
clauses) could help both monolingual and bilingual children predict whether the
subject of the second clause would shift, confirming the existence of predictive
processing in spoken discourse comprehension.

3.5 Extraction and Processing of Pragmatic Information

When pragmatic implicatures are processed and whether this process precedes
semantic analysis are important issues in pragmatics. The literal-first hypothesis
(Huang & Snedeker, 2009, 2011) posits that the processing of the literal meaning
of scalar terms (e.g., the semantic interpretation of “some” should be: some-but-
possibly-all) precedes the pragmatic implicature of the term (some-but-not-all).
Levinson (2000) argues that pragmatic implicatures are processed automatically
by default; constraint-based processing theories hold that whether pragmatic im-
plicatures are activated preferentially depends on whether sufficient contextual
support exists (Degen & Tanenhaus, 2015, 2016).
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The visual world paradigm is an important experimental method for comparing
the time courses of semantic and pragmatic information processing. Huang and
Snedeker (2011) found in their visual world paradigm eye-tracking experiments
that when processing “some,” listeners first fixated on objects consistent with
the semantic interpretation of “some” (some-but-possibly-all), while using the
pragmatic implicature of “some” (some-but-not-all) to disambiguate and exclude
referents of “all” occurred later than semantic processing of “some” (by about
800 ms). Degen and Tanenhaus (2016) found that the delayed processing of
pragmatic implicatures only occurred when number words also appeared in the
instructions; when number words were absent, the processing of pragmatic im-
plicatures for “some” did not occur later than the processing of literal semantic
meaning. Gardner et al. (2021) improved the visual object set in Huang and
Snedeker’ s (2011) experiment to better fit the concept of “some” and found
that when sufficient contextual support exists, the processing of pragmatic im-
plicatures is rapid and immediate—that is, listeners can quickly lock onto target
objects using the pragmatic implicatures of “some.” Furthermore, language users’
processing of pragmatic information is greatly influenced by speaker credibility
—participants can use the pragmatic meaning of scalar adjectives to lock onto
target objects earlier when facing credible speakers, but no early pragmatic pro-
cessing effects appear when facing less credible speakers (Gardner et al., 2021).

4. Main Contributions, Limitations, and Future Directions

Eye-tracking visual world paradigm research provides two important types of
information for language comprehension studies: first, visual dimension fixation
indices; second, precise temporal measurement. The former offers rich possibil-
ities for experimental design in psycholinguistics and cognitive psychology; the
latter provides accurate time course information for phonological, lexical, syntac-
tic, semantic, discourse, and pragmatic processing at all levels, greatly expand-
ing relevant theories of language comprehension. The combination of the two
can effectively reflect how listeners’fixation positions in visual scenes change over
time when receiving spoken language input, thereby providing direct evidence
for an important issue in language comprehension—the time course of spoken
language processing. Experimental research using the visual world paradigm, by
analyzing highly time-sensitive eye movement data, has found that processing
at all linguistic levels exhibits immediacy and even predictivity, which differs
from findings of delayed integration in some early studies, demonstrating that
research results on language processing time courses are closely tied to the meth-
ods employed. Additionally, because the visual world paradigm mainly relies on
listening tasks and does not require participants to have complete literacy skills,
it can be used to examine language processing in young children, L2 learners,
and elderly populations (research examples see: Canseco-Gonzalez et al., 2010;
McMurray et al., 2010; Weber & Cutler, 2004).

One major limitation of the visual world paradigm is its inability to provide
processing duration data, thus it cannot answer questions related to language
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comprehension processing difficulty (Salverda & Tanenhaus, 2018). Moreover,
visual world paradigm experiments can only present a limited number of static
objects in visual space, which differs from the complex visual environments
of everyday language comprehension. Real language comprehension environ-
ments may include more objects and dynamic actions and events, leading to
certain limitations in the generalizability of results obtained with this paradigm
(Huettig et al., 2011a). Additionally, in experimental settings presenting only a
limited number of objects, listeners may form certain expectations about linguis-
tic input in advance and strategically fixate on some objects, so eye movement
trajectories may not completely reflect language processing (Henderson & Fer-
reira, 2004). In response to this criticism, Dahan and Tanenhaus (2004) offered
a different opinion based on their research on lexical recognition, finding that
word frequency effects on lexical recognition were not influenced by whether
competitors existed in visual space or by the number of competitors, thereby
inferring that presenting a limited number of objects in visual space does not
affect the validity of the visual world paradigm.

Eye-tracking research using the visual world paradigm still has considerable
room for development. First, although the assumptions about visual and linguis-
tic information comprehension processes proposed in linking hypothesis theories
have been confirmed by numerous empirical results, the important role of task
goals in language processing remains to be further explored. Comparing how
language processing unfolds over time under different task goals will be one fu-
ture direction for visual world paradigm eye-tracking research. In recent years,
eye-tracking research has also begun to use three-dimensional virtual reality
(VR) technology, which can highly reproduce natural language communication
scenes while maintaining precise control over experimental settings. Some visual
world paradigm eye-tracking experiments using VR technology have successfully
replicated classic results in language processing, such as predictive language pro-
cessing (Eichert et al., 2018; Heyselaar et al., 2020). Such technological improve-
ments not only enhance the ecological validity of the visual world paradigm but
can also be used to test numerous factors affecting language processing processes
in environments approximating real language use. Both theoretical and techno-
logical innovations provide new opportunities and greater possibilities for more
accurately and effectively collecting and interpreting eye movement data and
exploring language processing.
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