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Abstract

The final stage of speech production is articulatory movement, a stage that in-
volves the integrated processing of feedforward and feedback control within the
speech motor system. Feedforward control refers to the top-down retrieval and
execution of motor commands for producing target speech sounds, whereas feed-
back control refers to the bottom-up adjustment of speech movements based on
sensory feedback generated during vocalization, with sensory targets and sen-
sory predictions serving as crucial links between the two. Drawing upon the
DIVA (Directions Into Velocities of Articulators) neural computational model,
the cognitive neural mechanisms underlying the integration of feedforward and
feedback control are elaborated from the perspectives of both language acquisi-
tion and speech production. Building on previous research, this review specif-
ically examines how auditory feedback assists individuals in the online control
of speech movements and the updating of feedforward motor representations,
as well as the cognitive implications of the P1-N1-P2 component complex in
ERP research. Additionally, it summarizes various factors influencing speakers’
feedforward and feedback control, including individual differences, training ex-
perience, and task context, and proposes key research questions that warrant
focused attention in this field.
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Abstract

The final stage of spoken production is articulation, which involves the integra-
tion of feedforward and feedback control in the speech motor system. Specif-
ically, feedforward control refers to the top-down retrieval and execution of
motor commands for producing target speech sounds, while feedback control
refers to the bottom-up adjustment of speech movements based on sensory feed-
back generated during articulation. Sensory goals and sensory predictions serve
as critical hubs linking these two systems. Based on the DIVA (directions into
velocities of articulators) neural computational model, this paper elaborates on
the cognitive and neural mechanisms underlying the integration of feedforward
and feedback control across two stages: language acquisition and speech produc-
tion. Building on previous research, we focus on how speakers utilize auditory
feedback to control online speech movements and update feedforward motor rep-
resentations, as well as the cognitive significance of the P1-N1-P2 component
waves in ERP studies. Furthermore, we summarize various factors influenc-
ing speakers’ feedforward and feedback control, including individual differences,
training experience, and task contexts, and propose key research questions that
should be prioritized in this field.

Key words: speech motor system; feedforward control; feedback control; audi-
tory feedback

Speech represents one of the most important means of interpersonal commu-
nication and one of the most sophisticated motor skills mastered by humans.
Speech production is generally considered to involve three processes: (1) con-
ceptualization, which establishes communicative intentions and concepts to be
expressed; (2) formulation, which converts these concepts into linguistic forms;
and (3) articulation, which involves planning specific phonetic and articulatory
gestures (Zhang & Yang, 2003). While conceptualization and formulation con-
stitute the planning processes of speech production, articulation represents the
execution process. Current psycholinguistic research has primarily focused on
the cognitive mechanisms of the planning stage (Levelt, Roelofs, & Meyer, 1999),
neglecting the complex mechanisms and theoretical elaboration involved in the
execution process. Two meta-analyses of speech production have shown that
many researchers treat terminal articulatory execution as simple, low-level mo-
tor output (Indefrey, 2011; Indefrey & Levelt, 2004). In reality, transforming
articulatory plans into perceivable and comprehensible sound sequences through
coordinated movements of the vocal apparatus is an extremely complex process
involving high-level mental activities such as anticipating, comparing, and con-
trolling articulatory movements. These mental activities require participation
of extensive brain networks including motor cortex, sensory cortex, insula, and
cerebellum (Golfinopoulos, Tourville, & Guenther, 2010). Given this complex-
ity, researchers have proposed that speech production should also be studied
from a motor control perspective to complement traditional planning-focused
approaches, providing theoretical and practical guidance for a comprehensive
understanding of speech production mechanisms (Hickok, 2012).
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Early researchers focused on general motor control processes—how individuals
produce precise, goal-directed movements—emphasizing the important role of
sensory feedback in motor control (Wolpert, Diedrichsen, & Flanagan, 2011). In
recent years, researchers have recognized that spoken production is essentially
a refined form of motor control, where speakers judge the accuracy of vocal out-
put through sensory feedback, particularly the more critical auditory feedback
(Guenther, 2006; Guenther & Vladusich, 2012; Scheerer & Jones, 2012). As
exploration of speech motor control has deepened, researchers have gradually
recognized the cognitive significance and functional mechanisms of feedforward
and feedback control. In summary, feedforward control refers to the top-down re-
trieval and execution of motor commands corresponding to target speech sounds
from the speech motor system, while feedback control refers to the bottom-up
processing of real-time sensory feedback information generated during speech
production, with subsequent adjustment and correction of motor output based
on speech errors detected in this feedback. These two systems do not oper-
ate independently but cooperate with each other to ensure smooth execution
of speech production (Guenther, Ghosh, & Tourville, 2006; Parrell, Lammert,
Ciccarelli, & Quatieri, 2019; Perkell, 2012; Tourville & Guenther, 2011). Al-
though increasing numbers of researchers have examined the mechanisms and
neural foundations of speech production from a motor control perspective (Cai,
Ghosh, Guenther, & Perkell, 2010, 2011; Chang, Niziolek, Knight, Nagarajan, &
Houde, 2013; Chen et al., 2015; Hickok, 2012; Scheerer & Jones, 2018), relevant
research remains fragmented, lacking systematic discussion of the theoretical
background, research hotspots, and potential issues in this field. Therefore,
this paper discusses speech motor control from the perspectives of basic theo-
ries, current research status, and influencing factors regarding the integration
of feedforward and feedback control.

2. Basic Theory of Feedforward and Feedback Control In-
tegration

Speech motor control has attracted interest not only from psycholinguists and
phoneticians but also from computer scientists and artificial intelligence experts
who have devoted considerable effort to neural computational modeling. The
most prominent among these is the DIVA (directions into velocities of articu-
lators) neural computational model developed by Professor Guenther and his
team. This model focuses not only on how individuals develop feedforward and
feedback control capabilities during early language acquisition but also elabo-
rates on how mature speakers integrate these two control systems during speech
production to ensure normal speech output.

2.1 Integration of Feedforward and Feedback Control During Lan-
guage Acquisition

The DIVA model proposes that newborn infants lack speech production capabil-
ities, and that language acquisition requires two developmental stages—babbling
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and imitation—both involving integration of motor and sensory information.

Babbling Stage. Before individuals can produce speech sounds, they must
first establish connections between motor commands for general sounds (i.e.,
non-speech-specific sounds) and their corresponding sensory feedback. During
early babbling, infants begin experimenting with vocalizations, with auditory
and somatosensory cortices processing the auditory and somatosensory feedback
generated by specific articulatory gestures. After repeated attempts, motor and
sensory information become paired. At this point, when auditory or somatosen-
sory errors occur, individuals can transform sensory error signals into corrective
motor commands based on these established motor-sensory associations (Guen-
ther et al., 2006; Tourville & Guenther, 2011).

Imitation Stage. After establishing motor-sensory connections for general
sounds, individuals enter the speech imitation stage and begin learning to pro-
duce specific speech sounds. At this point, speech information from other native
speakers provided by the feedback system constitutes templates for imitation,
and individuals gradually form auditory goals for speech—namely, the expected
auditory feedback when correctly producing specific speech sounds (Tourville
& Guenther, 2011; Kearney & Guenther, 2019). Because speech exhibits cat-
egorical perception—where a speech sound is perceived as that sound within a
certain range of variation—researchers typically use the term “target region” to
refer to the auditory goal (Guenther & Vladusich, 2012). Liu and Tian (2018)
also noted that auditory goals are represented by auditory outcomes and can be
stored in the auditory phonological system. Additionally, through somatosen-
sory feedback from one’ s own correct productions—including the positions of
articulators (e.g., lips and jaw) and the degree of contact between different ar-
ticulators (Parrell et al., 2019)—individuals form somatosensory goals, which
represent the expected somatosensory feedback when correctly producing spe-
cific speech sounds (Tourville & Guenther, 2011). Thus, the feedback system is
crucial during early language acquisition, helping individuals form sensory goal
representations for native speech sounds in memory.

After acquiring auditory goals, individuals begin learning feedforward motor
commands for speech production based on imitation mechanisms (Guenther et
al., 2006; Perkell, 2012; Tourville & Guenther, 2011). Initially, because stable
and reliable connections between speech sounds and corresponding motor com-
mands have not yet formed, initial attempts at articulatory movements produce
large errors, and speech production relies entirely on the feedback control sys-
tem. However, with each vocalization, the auditory control system compares
the actually produced speech with the auditory goal and corrects errors in artic-
ulatory movements based on this goal, ultimately enabling accurate acquisition
of feedforward motor commands for speech sounds. After extensive practice,
motor commands consistently produce the same sensory feedback without gen-
erating speech errors, strengthening the connection between motor and sensory
information. At this point, speech production primarily relies on feedforward
control. In summary, during early language acquisition, the core of feedforward
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and feedback control integration involves forming sensory goal representations
for native speech sounds, acquiring feedforward motor commands for speech
production, and establishing stable connections between motor commands and
sensory feedback, gradually developing speech motor control skills similar to
those of adult speakers.

2.2 Integration of Feedforward and Feedback Control During Speech
Production

For mature speakers, speech motor control during language production is more
complex, involving feedforward and feedback systems and the hub connecting
them. The DIVA model proposes that sensory goals stored in memory sys-
tems provide an interface for the cooperative interaction between feedforward
and feedback control, while other models such as Task Dynamics (TD) (Saltz-
man & Munhall, 1989) and State Feedback Control (SFC) (Houde & Chang,
2015) explicitly state that sensory predictions estimated online through internal
forward models constitute the critical hub linking feedforward and feedback con-
trol. Although the DIVA model does not incorporate internal forward models
in its theoretical framework, it does not deny the existence of internal forward
mechanisms in speech motor control (Guenther, 1995). Therefore, researchers
have proposed that sensory feedback, sensory goals, and motor-based sensory
predictions jointly facilitate individuals’ ability to develop and maintain precise
speech production (Guenther, 1995; Hickok, 2012; Hickok et al., 2011; Houde
& Nagarajan, 2011). Based on the relationships among these three factors, we
will elaborate on the functional mechanisms of feedforward and feedback control
integration.

Open-loop feedforward control. Mature speakers’ vocal movements begin
with the feedforward control system. When individuals plan to produce specific
phonemes or syllables from their speech repertoire, they top-down retrieve the
corresponding feedforward motor commands for these speech sounds. These
motor commands are sent to the articulators, guiding detailed positional move-
ments of the upper and lower lips, jaw, tongue, and larynx to achieve articula-
tion (see the gray-background portion of Figure 1 [Figure 1: see original paper])
(Guenther, 2016). Feedforward control transmits motor commands to the artic-
ulators but does not feed the sensory consequences of articulatory movements
back to influence current motor control (Perkell, 2012). This process resembles
open-loop control in systems theory—a control method where the controlling and
controlled objects interact only unidirectionally without feedback information.
Thus, feedforward control is essentially an open loop from motor commands
to sound output. In the speech motor system, feedforward control offers clear
advantages, as individuals can rapidly issue motor commands without process-
ing complex sensory feedback, ensuring fluent speech production (Parrell et al.,
2019). However, during early stages of native or second language acquisition,
the accuracy of speech motor commands remains to be established, and errors
in motor commands within an open-loop system inevitably lead to speech er-
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rors. Therefore, feedforward control is not suitable for early language acquisition
stages (Guenther, 2006; Guenther & Vladusich, 2012). Additionally, when in-
dividuals are in unstable environments where interference is likely, feedforward
control lacks the ability to monitor and correct errors in speech output, making
it unsuitable for unstable contexts.

Hub linking feedforward and feedback control. The input to feedforward
control systems is speech motor commands, while the input to feedback con-
trol systems is sensory feedback generated by articulatory movements. These
two types of information cannot be directly compared, so speech motor control
models must specify how feedforward control connects with feedback control.
Researchers propose that feedforward control systems generate sensory repre-
sentations for feedback control through two means: sensory goals (retrieved
from memory) and motor-based sensory predictions (estimated online) (Liu &
Tian, 2018; Tian & Poeppel, 2012).

First, the DIVA model proposes that each speech sound activates not only motor
commands but also corresponding sensory goals in memory systems. Sensory
goals encode the expected sensory feedback when speech sounds are correctly
produced and can therefore be compared with actual sensory feedback. During
speech production, individuals continuously compare sensory goals with sensory
feedback to determine whether articulatory goals have been achieved (Guenther,
2016). Empirical and computational modeling evidence also indicates that dis-
crepancies between sensory goals and actual sensory feedback can be used to
update motor commands for target speech sounds (Guenther, 1994; Hickok,
Houde, & Rong, 2011; Lametti, Krol, Shiller, & Ostry, 2014). It should be
clarified that although sensory goals are not included in the feedforward control
system shown in Figure 1, the top-down pathway from the speech repertoire to
sensory goals actually belongs to feedforward control.

Furthermore, efficient feedforward control can anticipate sensory feedback
through internal forward models (Franklin & Wolpert, 2011). This prospective
nature also earns feedforward control the designation of predictive control
(Parrell et al., 2019). At the cognitive level, sensory prediction refers to indi-
viduals’ internal estimation of current vocal tract states and subsequent likely
sensory feedback before actual sensory feedback is generated (Hickok, 2012;
Tian & Poeppel, 2010, 2012). This prediction relies entirely on bidirectional
connections between speech motor commands and sensory outputs established
during language acquisition (Hickok, 2012; Tian & Poeppel, 2010, 2012, 2015;
Tian, Zarate, & Poeppel, 2016). The neural basis of internal forward models
is the efference copy—a copy of the motor command issued by the feedforward
control system to the articulators that is replicated internally. Unlike the
original motor command, the efference copy does not act on the articulators
but is instead transmitted to auditory and somatosensory cortices to form
motor-based auditory and somatosensory predictions (see red box in Figure
1) (Hickok, 2012; Hickok et al., 2011; Niziolek, Nagarajan, & Houde, 2013).
Although sensory predictions are not included in the feedforward control system
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shown in Figure 1, the top-down pathway from feedforward commands to
sensory predictions also belongs to feedforward control. Predictive control offers
clear speed advantages, as individuals can directly anticipate sensory feedback
from motor commands to instantly evaluate whether sensory goals have been
achieved (Parrell et al., 2019). However, complex internal forward models are
difficult to learn, and when the model itself is imprecise, the anticipated sensory
feedback may not match actual sensory feedback. Without participation of the
feedback control system under such circumstances, individuals cannot correct
prediction errors.

Closed-loop feedback control. Another crucial mechanism in the speech
motor system is feedback control, which fundamentally differs from feedforward
control in its utilization of sensory feedback from articulatory movements for
speech motor control (Parrell et al., 2019). This process resembles closed-loop
control in systems theory—a control method where the output of the controlled
object is fed back to the controlling object and influences it. Thus, feedback
control is essentially a closed loop from motor commands to error signals and
from error signals back to motor commands. Feedback control involves a se-
ries of processing stages (see the blue-background portion of Figure 1 [Figure 1:
see original paper]): First, sensory cortices encode sensory feedback generated
by articulatory movements. Next, individuals compare actual sensory feedback
with sensory predictions estimated online through internal forward models. In
most cases, these match, and speech production proceeds smoothly. Since no
correction of current speech output is needed, sensory predictions suppress ac-
tivation of sensory goals. However, in rare special cases where sensory feedback
and sensory predictions do not match, sensory goals become fully activated to
encode sensory errors because correction of speech output errors is required.
Finally, error signals are transmitted to the feedback control module, which
encodes corrective motor commands based on sensory-motor transformations.
When sensory errors occur repeatedly, error-based corrective commands update
the current feedforward motor representation for the speech sound (Guenther,
2016; Perkell, 2012). Thus, the advantage of feedback control is its suitabil-
ity for unstable environments, ensuring normal and effective communication
through continuous monitoring and correction of speech output (Hickok et al.,
2011; Parrell et al., 2019). However, its speed disadvantage is also evident:
the nervous system requires additional time to process sensory feedback signals
and make appropriate motor adjustments based on feedback. Consequently, ex-
cessive reliance on sensory feedback for speech motor control can lead to slow
movements and reduced stability (Civier, Tasko, & Guenther, 2010; Guenther,
2006; Perkell, 2012).

In summary, feedforward and feedback control systems each have their own ad-
vantages and disadvantages. Flexible speech motor control requires combining
both systems, thereby preserving the speed of feedforward control while also
addressing errors in speech production or unexpected external perturbations
(Guenther, 2016; Parrell et al., 2019). Based on these processing mechanisms,
the DIVA model includes numerous modules and corresponding parameters,
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constituting a large-scale process model. Professor Guenther has acknowledged
that the current theoretical model includes many free parameters that should
allow good fit to specific experimental data, yet empirical research has difficulty
verifying the model’ s assumptions. Therefore, Guenther’ s team is working
to develop a simplified, testable three-parameter computational model that in-
cludes only auditory feedback control gain ( A), somatosensory feedback control
gain ( S), and feedforward control/learning rate ( FF), aiming to assess the rel-
ative contributions of feedforward and feedback control systems during speech
production (Kearney et al., submitted).

2.3 Neural Basis of Speech Motor Control

The brain network involved in speech production includes bilateral medial and
lateral frontal cortex, parietal cortex, superior temporal cortex, thalamus, basal
ganglia, and cerebellum (Bohland & Guenther, 2006). However, the specific
roles of each brain region and their interaction patterns during speech pro-
duction remain unclear. Based on numerous fMRI studies, the DIVA model
identifies brain regions involved in various cognitive processes of feedforward
and feedback control, providing neural-level insights for a more comprehensive
understanding of speech motor control.

The DIVA model hypothesizes that the brain region responsible for processing
the speech repertoire is located in the left-hemisphere ventral premotor cortex,
primarily including the ventral precentral gyrus and adjacent posterior inferior
frontal gyrus and anterior insular region. The premotor cortex participates in
retrieving finely encoded articulatory motor programs for frequently used speech
sounds, which constitute feedforward commands in speech motor control (Guen-
ther, 2006, 2016; Guenther & Vladusich, 2012). Evidence for this hypothesis
comes from numerous brain lesion studies of speech motor disorders (Kearney
& Guenther, 2019). For example, researchers have found that patients with
apraxia of speech exhibit normal speech production abilities before brain injury
but develop deficits in motor planning and encoding after brain injury (typically
in ventral premotor cortex regions) (Ballard, Tourville, & Robin, 2014; New et
al., 2015).

The DIVA model emphasizes multiple functions of the cerebellum. First, the
cerebellum is essential for learning and updating fine feedforward motor com-
mands, and its damage likely leads to motor disorders (Ito, 2000). Second,
the cerebellum plays a role in forming sensory goals (O’ Reilly, Mesulam, &
Nobre, 2008). Third, the cerebellum may participate in feedback control, as
cerebellar activity correlates with the magnitude and frequency of sensory er-
rors, which in turn drive corrective motor commands (Grafton, Schmitt, Van
Horn, & Diedrichsen, 2008). To address these controversies, Parrell et al. (2017)
compared performance on feedforward and feedback control tasks between pa-
tients with cerebellar degeneration and normal controls, finding that patients
with cerebellar degeneration showed reduced ability to maintain accurate feed-
forward commands but similar feedback control abilities compared to controls.
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This supports the view that the cerebellum’ s more critical role is updating and
maintaining feedforward motor commands.

Neuroimaging studies have found that when experimenters artificially alter audi-
tory feedback returned to participants’ ears, significant activation is observed in
temporal regions, indicating that these brain areas are involved in processing au-
ditory errors (Fu et al., 2006; Tourville, Reilly, & Guenther, 2008; Toyomura et
al., 2007). For example, Tourville et al. (2008) required participants to produce
monosyllabic words (e.g., “beck” and “bet” ) while randomly altering the first
formant of their acoustic signals (increased or decreased by 30%). Comparing
brain activation between altered and normal auditory feedback conditions, the
study found that auditory errors significantly activated the posterior superior
temporal gyrus and transverse temporal gyrus, with peak activation located at
the posterior end of the left transverse temporal gyrus. Numerous studies have
also confirmed that the transverse temporal gyrus is responsible for monitoring
auditory errors and encoding the degree of mismatch between auditory feed-
back and auditory predictions (Parkinson, Flagmeier, Manes, Larson, Rogers,
& Robin, 2012; Zheng, Munhall, & Johnsrude, 2010). Hickok (2012) proposed
in a theoretical model that the planum temporale integrates auditory and motor
information, leading to this region being termed the auditory-motor interface
(Hickok et al., 2011; Hickok, Okada, & Serences, 2009).

Feedback control primarily activates right-hemisphere brain regions (Kalpouzos
& Nyberg, 2010). Tourville and Guenther (2011) first introduced a right-
lateralized feedback control module in the DIVA model, responsible for
generating corrective motor commands when speech errors occur. Early ver-
sions of the DIVA model predicted bilateral activity in motor cortex, primarily
concentrated in primary motor cortex (Guenther et al., 2006). However,
Tourville et al. (2008) found that artificially altering formants activated right
premotor cortex during auditory feedback abnormalities, and Golfinopoulos et
al. (2011) found that artificially altering lip or jaw positions similarly activated
right premotor cortex during somatosensory feedback abnormalities.

In summary, the DIVA model elaborates on the integration mechanisms of feed-
forward and feedback control during both language acquisition and speech pro-
duction from a developmental perspective. During language acquisition, individ-
uals establish representations of sensory goals and motor commands for speech
sounds and the connections between them. For mature speakers, feedforward
control can either directly retrieve motor commands for target speech sounds or
retrieve sensory goals from memory systems or generate sensory predictions cor-
responding to motor commands through internal forward models. Meanwhile,
feedback control monitors speech production errors in real time and promptly
corrects and updates feedforward motor representations. From a neural perspec-
tive, the speech motor system involves extensive bilateral brain regions. Future
research should aim to reveal more refined brain networks and the connection
patterns between different brain regions.
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3. Current Research on Speech Motor Control

Early researchers typically investigated how auditory feedback participates in
speech motor control at the behavioral level. In recent years, with the devel-
opment of electrophysiological techniques (e.g., event-related potentials, a spe-
cial type of brain-evoked potential recorded from the scalp) and brain imaging
techniques (e.g., magnetoencephalography [MEG] and functional magnetic res-
onance imaging [fMRI]), many researchers have combined behavioral methods
with ERP, MEG, and fMRI to explore the integration mechanisms of feedfor-
ward and feedback control, yielding fruitful results.

3.1 Functions of Auditory Feedback: Behavioral Studies

Current researchers have begun to examine the role of auditory feedback in
language acquisition and speech production, proposing three primary functions:
forming and maintaining speech motor skills, online control of speech production,
and updating feedforward motor representations (Cai, 2012; Guenther et al.,
2006; Civier et al., 2010).

The primary role of auditory feedback during language acquisition is to form
speech motor skills. Research has shown that congenitally deaf children cannot
acquire fluent speech production abilities (Cowie et al., 1982), and prelingually
deaf children with mild to severe hearing loss typically cannot produce intelli-
gible speech (Oller & Eilers, 1988). However, when hearing ability is restored
through cochlear implants, speech production abilities are greatly facilitated
(Tye-Murray & Spencer, 1995). This evidence demonstrates that normal hear-
ing ability is a necessary condition for acquiring speech motor skills. Even
after language acquisition, auditory feedback remains important for maintain-
ing speech motor skills. Research has found that postlingual hearing loss leads
to deterioration in many aspects of speech motor control, including speech rate,
intensity, and fundamental frequency (Lane & Webster, 1991), while cochlear
implantation promotes recovery of speech intelligibility (Gould et al., 2001).

Most of these studies have employed longitudinal designs focusing on slow
changes in speech motor skills and thus cannot examine the role of auditory
feedback in real-time speech motor control. Moreover, native speakers’ motor
commands for speech production are highly automated, with auditory predic-
tions typically matching auditory feedback, making it difficult to investigate
feedback-based motor control (Simmonds, Wise, & Leech, 2011). Early
researchers used delayed auditory feedback paradigms, employing special
equipment and software to delay the time for speakers’ voices to reach their
ears, which typically produces stuttering-like disfluencies. This paradigm
interferes with the integration of motor information and auditory feedback,
demonstrating that speech production is influenced by auditory feedback
(Mitsuya, Munhall, & Purcell, 2017; Tian & Poeppel, 2015). However, some
researchers have questioned whether the obvious alteration of natural auditory
feedback patterns allows participants to become aware of the manipulation,
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advocating for more subtle experimental manipulations (Cai, 2012).

In recent years, modern acoustic signal processing technology has revolution-
ized research methods in speech motor control, giving rise to auditory feedback
perturbation paradigms (Cai, Beal, Ghosh, Tiede, Guenther, & Perkell, 2012;
Cai et al., 2010). Since auditory feedback manifests as explicit acoustic signals
that are easily obtained and manipulated, researchers have begun to alter vari-
ous acoustic parameters in auditory feedback in precisely controlled ways, with
the most commonly used including intensity (Bauer, Mittal, Larson, & Hain,
2006; Patel, Reilly, Archibald, Cai, & Guenther, 2015), fundamental frequency
(Chang et al., 2013; Franken et al., 2018a, 2018b), and formants (Cai et al.,
2012; Daliri, Wieland, Cai, Guenther, & Chang, 2017). The primary advantage
of perturbation paradigms is establishing causal relationships between auditory
feedback perception and speech motor adjustments. Researchers have focused
on several key questions:

First, how do participants adjust speech movements when auditory feedback
perturbations occur? Numerous studies have found that when perturbation
magnitude does not exceed threshold (i.e., the voice is still likely recognized
as self-produced), speakers typically adjust speech movements in the direction
opposite to the artificial perturbation, a phenomenon known as compensatory re-
sponse. For example, when the fundamental frequency of feedback is artificially
increased, speakers automatically lower their fundamental frequency (Chang et
al., 2013). This opposite-direction compensatory response indicates that the
goal of speech motor control is to maintain stable auditory feedback.

Second, what is the time course of motor adjustments based on auditory feed-
back errors, and is the integration process of feedforward and feedback control
automatic or controlled? Research has found that speakers adjust speech move-
ments very rapidly after auditory feedback perturbation, typically within 100-
200 ms (Bauer et al., 2006; Franken et al., 2018a; Cai et al., 2012). Scheerer
and Jones (2018) found that the feedback control system is sensitive even to
small deviations in speech production, and post-experiment surveys indicated
that participants were sometimes unaware of the perturbations and their com-
pensatory responses (Cai et al., 2011; Parrell et al., 2017). Munhall et al. (2009)
perturbed formants while informing participants about the specific manipula-
tion and instructing them not to compensate. Results showed that even after
being informed, participants still adjusted their movements in the direction op-
posite to the perturbation, indicating that compensatory responses are not eas-
ily influenced by conscious strategies. This evidence—rapid onset, unconscious
correction, and resistance to strategic influence—all supports the view that the
integration of feedforward and feedback control is an automatic process (Ko-
rzyukov et al., 2012a).

Third, what is the relationship between the magnitude of auditory feedback
perturbation and the magnitude of speech motor adjustments, and what are
the underlying cognitive mechanisms? Researchers have found that compen-
satory response magnitude typically constitutes only a small portion of the
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auditory feedback perturbation magnitude. For example, a 100-cent pitch per-
turbation in auditory feedback can only elicit compensatory responses smaller
than 50 cents (Korzyukov et al., 2012a; Scheerer et al., 2013b), with some
studies reporting only approximately 8-cent compensatory responses (Scheerer
et al., 2013a). On one hand, this is because speech motor control relies on
both feedforward and feedback control systems (Tourville & Guenther, 2011).
On the other hand, since auditory feedback perturbation paradigms only cre-
ate mismatches between expected and actual auditory feedback while expected
and actual somatosensory feedback remain matched, the feedback control sys-
tem must simultaneously process disrupted auditory feedback and consistent
somatosensory feedback. This asymmetry between perturbation and compensa-
tion demonstrates that auditory feedback is not the sole information input in
the speech motor system; feedforward control and somatosensory feedback also
participate in speech motor control.

The third function of auditory feedback is updating feedforward motor represen-
tations. Delvaux and Soquet (2007) found that adult speech production remains
influenced by surrounding linguistic environments, with people adjusting speech
patterns (e.g., pitch, vowel characteristics) according to their environment. This
indicates that after feedforward commands are established, they are not fixed
but are continuously calibrated and updated through auditory feedback. Re-
searchers have developed speech adaptation paradigms to investigate how long-
term auditory feedback perturbations influence updates to feedforward motor
representations (Cai et al., 2010; Daliri et al., 2017; Parrell et al., 2017). Cur-
rently, this paradigm is widely applied in research on fundamental frequency
and formant control. A typical speech adaptation paradigm includes four con-
secutive phases (Daliri et al., 2017): (1) baseline phase—speaking under normal
auditory feedback conditions; (2) ramp phase—speaking under auditory feed-
back perturbation conditions with gradually changing perturbation magnitude
until reaching peak; (3) hold phase—continuously speaking under maximum-
magnitude auditory feedback perturbation conditions to reshape speech motor
representations across multiple trials; and (4) end phase—finally speaking un-
der normal auditory feedback conditions. Research has found that during the
hold phase, speakers show compensatory responses opposite to the perturbation
direction compared to baseline, also called adaptive responses. When perturba-
tions are withdrawn during the end phase, adaptive responses briefly persist, a
phenomenon known as aftereffect (Daliri et al., 2017; Parrell et al., 2017). Since
both baseline and end phases involve normal auditory feedback, the afteref-
fect in the end phase demonstrates that participants have updated feedforward
motor representations for specific speech sounds. This shows that artificially
induced auditory errors trigger the feedback control system to correct move-
ments, and over longer timescales, corrective commands are incorporated into
the feedforward control system to guide subsequent articulatory behavior.

Researchers have also examined whether speech adaptation generalizes to other
unperturbed speech sounds. Cai et al. (2010) investigated how Mandarin
speakers produce the triphthong /iau/ when facing formant perturbations
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and whether adaptive responses generalize to vowels with different temporal
or spatial features, such as /uai/, /ia/, and /au/. Results showed that
generalization patterns were widespread but weak, decreasing as similarity
between speech sounds diminished. Reilly and Pettibone (2017) also found
that repeatedly perturbing auditory feedback for specific vowels not only
changed production of the perturbed vowel (adaptive response) but also
changed production of nearby unperturbed vowels (generalization). This
evidence indicates that feedforward motor commands for different vowels are
not independently represented; otherwise, feedforward representation updates
for one vowel based on auditory feedback errors would not affect production of
other vowels. Therefore, researchers speculate that speech sounds with similar
temporal and spatial features may share certain mechanisms responsible for
computing speech motor trajectories, such that adjustment of motor-sensory
mappings for one vowel leads to changes in motor encoding for other vowels.
This poses a challenge to the DIVA model, which treats different speech sounds
as independent entities with separately stored feedforward motor commands
(Guenther et al., 2006; Tourville & Guenther, 2011) and therefore cannot
explain generalization responses found across different vowels. Further research
is needed to explain generalization between different speech sounds to refine
the DIVA model.

3.2 Temporal Course of Feedforward and Feedback Control Integra-
tion: ERP and MEG Studies

Although numerous studies have revealed the mechanisms of speech motor
control at the behavioral level, behavioral research can only rely on explicit
motor adjustments and cannot examine the process of auditory feedback er-
ror monitoring. With the rise of cognitive neuroscience, many researchers
have adopted auditory feedback perturbation paradigms combined with high-
temporal-resolution techniques such as ERP and MEG to investigate the tem-
poral course of feedforward and feedback control integration (Behroozmand et
al., 2016; Chen et al., 2012a, 2012b; Franken et al., 2018b; Heinks-Maldonado,
Mathalon, Gray, & Ford, 2005; Scheerer et al., 2013a, 2013b; Scheerer & Jones,
2014, 2018). Researchers have examined the relationship between auditory feed-
back perturbation magnitude and neural activity changes, identifying P1-N1-P2
component waves that reflect speech motor control (Chen et al., 2012b; Liu et
al., 2011; Scheerer et al., 2013a).

First, researchers generally agree that the P1 component (corresponding to the
M50 component in MEG experiments) reflects early monitoring of auditory
stimulus changes. For example, Scheerer et al. (2013a) recorded ERPs while
randomly perturbing auditory feedback and found that the P1 measure was
sensitive only to whether perturbation occurred but not to perturbation magni-
tude. Korzyukov et al. (2012a) also found that P1 was evoked in an all-or-none
fashion, reflecting monitoring of general auditory stimuli.

Compared to the P1 component, earlier researchers paid more attention to the
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language-specific N1 component wave (corresponding to the M1 or M100 com-
ponent in MEG experiments) and the speech-induced suppression phenomenon
(SIS). SIS is specifically manifested as: comparing participants listening to their
own normal auditory feedback during vocalization versus listening to their own
perturbed auditory feedback (Heinks-Maldonado et al., 2005, 2006), or compar-
ing listening to their own normal auditory feedback during vocalization versus
listening to others’ voices (Heinks-Maldonado et al., 2005, 2006), or compar-
ing listening to their own normal auditory feedback during vocalization versus
passively listening to recordings of their own voice without vocalizing (Houde,
Nagarajan, Sekihara, & Merzenich, 2002). In all cases, N1/M1 amplitudes are
reduced. The SIS phenomenon is also supported by fMRI evidence, with studies
finding reduced auditory cortex activity when participants listen to their own
normal auditory feedback during vocalization compared to listening to their own
perturbed auditory feedback (Parkinson et al., 2012; Zheng et al., 2010). Thus,
SIS essentially reflects the mechanism of anticipating sensory feedback through
internal forward models (Behroozmand et al., 2016; Heinks-Maldonado et al.,
2005; Kort, Nagarajan, & Houde, 2014). When expected auditory feedback
matches actual auditory feedback, the SIS phenomenon is evoked; when they
do not match, auditory cortex requires additional resources to process speech er-
rors. SIS is also considered an important mechanism for speakers to distinguish
self-generated from externally generated speech.

Researchers believe that changes in N1 amplitude reflect individuals’ monitoring
of auditory feedback perturbations and discrimination between internally and
externally generated speech (Behroozmand & Larson, 2011; Heinks-Maldonado
et al., 2005; Liu et al., 2011; Scheerer et al., 2013a). In Scheerer et al.” s
(2013a) study, any auditory feedback perturbation condition evoked larger N1
amplitudes than the no-perturbation condition, and amplitude changes were
affected by perturbation magnitude, with larger perturbations (400 cents) evok-
ing greater N1 amplitudes than relatively smaller perturbations (50-250 cents).
This aligns with Liu et al.” s (2011) findings that 500-cent and 200-cent per-
turbations evoked larger N1 amplitudes than 100-cent perturbations (see also
Behroozmand & Larson, 2011). Therefore, researchers speculate that the N1
component actually reflects speakers’ comparison of auditory feedback with au-
ditory predictions. When actual auditory feedback violates predictions but can
still be recognized as self-produced speech, N1 amplitude increases in an all-
or-none fashion. However, when large auditory feedback perturbations occur,
speakers judge the auditory feedback as coming from others rather than them-
selves, evoking larger N1 amplitudes. N1 latency may reflect the efficiency of
auditory feedback processing, with studies showing that N1 latency shortens as
perturbation magnitude increases, indicating faster detection of large auditory
feedback errors (Liu et al., 2011; Scheerer et al., 2013a).

Additionally, researchers have increasingly focused on neural manifestations of
feedback-error-based motor control and have identified the P2 component wave
(corresponding to the M2 or M200 component in MEG experiments). Unlike
N1, P2 amplitude shows the most systematic variation according to perturbation
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magnitude. Scheerer et al. (2013a) found that within the 0-250 cent perturbation
range, P2 amplitude increased with perturbation magnitude, but P2 amplitude
did not continue to increase linearly—when perturbation magnitude exceeded
250 cents, amplitude began to decrease. Notably, compensatory responses at
the behavioral level show patterns similar to P2 amplitude changes. When au-
ditory feedback perturbations are small, compensatory responses increase with
perturbation magnitude; however, when large auditory feedback perturbations
occur, speakers judge the auditory feedback as coming from others rather than
themselves and therefore do not produce compensatory responses or produce re-
sponses with smaller magnitude (Scheerer et al., 2013a; Tian & Poeppel, 2015).
Moreover, both behavioral-EEG correlation and regression analyses have shown
positive correlations between behavioral compensatory responses and P2 ampli-
tude. Therefore, researchers believe that P2 may reflect computation of auditory
errors and corresponding motor command corrections (Chen et al., 2015; Jones,
Scheerer, & Tumber, 2013; Kort et al., 2014; Scheerer et al., 2013a; Scheerer &
Jones, 2014).

A few researchers have begun using time-frequency analysis to explore how
the brain integrates motor and auditory feedback information for speech mo-
tor control, finding that oscillatory activity in the theta and delta frequency
bands is significant (Behroozmand et al., 2015; Cavanagh & Frank, 2014; Cruik-
shank, Singhal, Hueppelsheuser, & Caplan, 2012). For example, Cavanagh and
Frank (2014) found that delta band (1-4 Hz) and theta band (5-8 Hz) activ-
ity reflects processing of novel, conflicting, and error information in perturbed
auditory feedback, thereby marking cognitive control demands at the neural
level. Behroozmand et al. (2015) further compared neural activity differences
between musicians and non-musicians during pitch auditory feedback perturba-
tion experiments. The study found that when participants produced compen-
satory responses to auditory feedback perturbations, this was accompanied by
phase-locked theta band oscillatory activity in midfrontal regions, with musi-
cians showing stronger theta band oscillations than non-musicians. One second
after perturbation onset, non-phase-locked delta band oscillatory activity ap-
peared in frontal regions, with musicians showing weaker delta band activity
than non-musicians. Additionally, delta band oscillatory activity was related to
participants’ ability to readjust pitch to baseline levels after perturbation offset.
Based on these findings, researchers speculate that theta band activity marks
musicians’ enhanced pitch processing ability at the neurophysiological level, re-
flecting the mechanism by which humans integrate auditory feedback informa-
tion to control speech production (Behroozmand et al., 2015; Cruikshank et al.,
2012). In contrast, delta band activity marks speech adaptation mechanisms—
how individuals update feedforward motor commands based on auditory feed-
back errors to guide subsequent speech production (Behroozmand et al., 2015).
Time-frequency studies supplement the neural mechanisms of feedforward and
feedback control integration from different angles, and future research should
continue to explore the cognitive significance of neural oscillatory activity.

In summary, changes in P1, N1, and P2 waveforms indicate that when audi-
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tory feedback perturbations occur, individuals can detect auditory information
abnormalities early, recruit additional cognitive resources to process auditory
errors, and adjust speech movements based on feedback information. Theta
and delta frequency bands may participate in the integration of motor-sensory
information.

4. Factors Influencing the Integration of Feedforward and
Feedback Control

Normal operation of the speech motor system depends on cooperative interac-
tion between feedforward and feedback control (Guenther et al., 2006; Perkell,
2012; Tourville & Guenther, 2011; Hickok, 2012). Therefore, the relative con-
tributions of these two systems to speech motor control and their influencing
factors constitute important research questions. Researchers have examined the
relative weighting of feedforward and feedback control by observing the degree
to which individuals are disrupted by auditory feedback perturbations. The
experimental logic is that if participants rely less on feedforward control, they
will depend more on sensory feedback and consequently be more susceptible to
interference from auditory feedback perturbations. Numerous studies using com-
pensatory responses or P1-N1-P2 component waves as measures have identified
influencing factors in three main areas: (1) individual differences, including age,
sex, vocal variability, and speech disorders; (2) training experience, including
language and musical experience; and (3) task context, including predictability
and attentional load.

4.1 Individual Differences

Feedforward and feedback control performance shows individual differences, and
researchers have focused on the essential causes of these differences, particularly
motor control deficits in populations with speech production disorders.

Age and sex. Integration of speech and motor representations begins with
infant babbling and remains plastic throughout subsequent language acquisi-
tion to accommodate growth of articulatory organs, increases in muscle tissue,
and changes in lung capacity (Guenther et al., 2006). Studies have examined
differences in auditory feedback control between children and adults. For ex-
ample, Liu et al. (2010a) found that English-speaking children aged 7-12 years
showed longer compensatory response latencies than adults. Scheerer, Liu, and
Jones (2013b) conducted a cross-sectional study examining participants aged
4-30 years and found that both compensatory responses and P1-N1-P2 ampli-
tudes were affected by age. For children acquiring language, auditory feedback
helps them establish feedforward representations, and corresponding weighting
is increased. However, when development ceases, feedforward representations re-
main relatively stable, and information provided by auditory feedback becomes
redundant. Therefore, increasing feedforward control weighting can enhance
speech fluency and reduce external interference (Civier et al., 2010). Evidence
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suggests that females produce smaller compensatory responses than males in
auditory feedback perturbation experiments, with shorter N1 and P2 latencies
(Chen et al., 2010; Swink & Stuart, 2012). Li et al. (2018) found that young
males evoked larger N1 and P2 amplitudes than young females. Researchers
believe that physiological differences between sexes may account for these dif-
ferences in feedforward and feedback control (Chen, Liu, Jones, Huang, & Liu,
2010; Kakimoto et al., 2016).

Vocal variability. In pitch perturbation tasks, experimenters typically re-
quire participants to perform sustained vowel production tasks. Vocal variabil-
ity refers to the standard deviation of pitch variation during baseline conditions
without auditory feedback perturbation. Some researchers have examined how
individual differences in vocal variability influence auditory feedback control
(Scheerer & Jones, 2012; Scheerer et al., 2013a). Scheerer and Jones (2012)
found that participants with greater vocal variability produced larger compen-
satory responses to auditory feedback perturbations, revealing that instability
in speech output leads individuals to increase dependence on auditory feedback
input to maintain stable speech motor control.

Speech disorders. Based on existing neuroimaging research, the DIVA model
identifies brain lesion regions associated with different speech disorders (Guen-
ther, 2016). The severity of speech disorders depends on whether lesion regions
affect the feedforward control system or the feedback control system. During
language acquisition, the feedback control system is indispensable for forming
feedforward commands. However, after language acquisition, the feedforward
control system can issue motor commands and produce speech with minimal
participation from the feedback control system. Therefore, for mature speakers,
damage to brain regions responsible for the feedback control system has rela-
tively limited impact on speech output. In contrast, damage to brain regions
responsible for the feedforward control system causes obvious speech motor dis-
orders (Kearney & Guenther, 2019). Common speech production disorders such
as apraxia of speech, stuttering, and dysarthria have received extensive atten-
tion from researchers.

Apraxia of speech is a motor planning encoding disorder characterized by slow
speech rate, distorted speech sounds, and abnormal prosody. Brain lesions
in apraxia of speech patients are primarily located in left-hemisphere inferior
frontal regions, particularly the ventral premotor cortex, which is responsible
for retrieving finely encoded feedforward motor commands (Guenther, 2006,
2016). Therefore, apraxia of speech mainly results from deficits in the feedfor-
ward motor control system (Kearney & Guenther, 2019; Tourville & Guenther,
2011). Researchers have proposed that lesions in inferior frontal regions may
also affect individuals’ ability to retrieve sensory goals for speech sounds, and
since the operational mechanism of feedback control involves comparing sensory
goals with actual sensory feedback, damage to this brain region may conse-
quently impair feedback control (Ballard et al., 2018; Kearney & Guenther,
2019). However, feedback control deficits have not been fully verified by empir-
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ical research. Maas et al. (2015) used a noise masking paradigm to investigate
the nature of apraxia of speech, finding that patients’ feedforward control was
disrupted, causing feedback control to play a more prominent role (see also
Tuzzini-Seigel, Hogan, Guarino, & Green, 2015), a conclusion also supported by
computational simulation evidence (Terband, Rodd, & Maas, 2015).

Stuttering is a fluency disorder characterized by sound repetitions, sound pro-
longations, and silent pauses. The DIVA model suggests that stutterers show
higher activation than normal controls in the main brain region comprising the
feedback control module (right-hemisphere precentral and inferior frontal re-
gions), which is responsible for computing corrective motor commands based on
feedback errors. Therefore, stuttering mainly results from deficits or abnormal-
ities in feedback control (Tourville & Guenther, 2011). At the behavioral level,
Cai et al. (2012) confirmed through random perturbation of auditory feedback
that stutterers have deficits in auditory-motor transformation functions (Daliri
et al., 2017). An alternative view holds that stutterers’ability to directly retrieve
motor commands from the feedforward control system is impaired, causing them
to rely excessively on auditory feedback for motor control and affecting speech
production fluency (Civier et al., 2010). At the electrophysiological level, Daliri
and Max (2015a, 2015b) confirmed that stutterers have deficits in the general
ability to anticipate auditory feedback, suggesting that their feedforward control
system may be compromised.

4.2 Training Experience

Language experience. Research has found that experience with tonal lan-
guages reduces individuals’ susceptibility to pitch perturbations. Because tonal
languages use pitch changes to distinguish meaning, while non-tonal languages
typically use pitch changes only to modify intonation, speakers of different lan-
guages develop language-specific pitch control abilities (Chen et al., 2012b; Liu
et al., 2010b; Ning, Shih, & Loucks, 2014; Ning, Loucks, & Shih, 2015). En-
glish is a typical non-tonal language, while Mandarin Chinese is a typical tonal
language. Ning et al. (2014) first compared the effects of tonal language expe-
rience on pitch control and extended the research question to second language
learning (Mandarin L2 learners). Results showed that Mandarin native speakers
produced the smallest compensatory responses, while L2 learners’ performance
patterns fell between those of Mandarin and English native speakers, reveal-
ing how language training experience shapes pitch feedforward and feedback
control. Liu et al. (2010b) compared auditory feedback control differences be-
tween Cantonese and Mandarin native speakers. Although both languages are
tonal, Cantonese has a more complex and refined tonal system (6 tones) than
Mandarin (4 tones). Results showed that Cantonese native speakers produced
smaller compensatory responses than Mandarin native speakers. These stud-
ies all confirm that refined tonal systems enable speakers to have stable pitch
feedforward control abilities and thus be less susceptible to auditory feedback
perturbations.
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Musical experience. Researchers have found that musical training influ-
ences pitch feedforward and feedback control abilities. When experimenters
randomly perturb pitch in auditory feedback during sustained vowel production
tasks, experienced musicians produce smaller compensatory responses than non-
musicians, indicating that musical training enhances pitch control stability and
reduces interference from external feedback (Jones & Keough, 2008; Keough,
Hawco, & Jones, 2013). Ning et al. (2015) compared four groups of partici-
pants during auditory feedback perturbation tasks: Mandarin native speakers,
Mandarin L2 learners, trained singers, and speakers without tonal language ex-
perience. Results showed that Mandarin native speakers demonstrated the most
stable pitch control in both vowel production and Mandarin tone tasks, while
trained singers also showed more stable pitch control than speakers without
tonal language experience in vowel production tasks, but no differences were
found in language-specific tasks. These results indicate that experience con-
trolling tone/pitch helps form more stable feedforward motor representations,
but whether pitch feedforward control enhanced through musical training can
generalize to language tasks remains to be verified.

4.3 Task Context

Predictability. The more stable the frequency of specific events, the stronger
the ability to predict their occurrence. In speech motor control, feedforward con-
trol can anticipate auditory feedback through internal forward models. There-
fore, researchers hypothesized that if auditory feedback is perturbed in a pre-
dictable manner, participants might increase feedforward control weighting and
consequently reduce feedback interference. This hypothesis has received sub-
stantial support (Chen et al., 2012a; Korzyukov et al., 2012b; Scheerer & Jones,
2014). Korzyukov et al. (2012b) found that predictability of perturbation di-
rection evoked smaller N1 amplitudes. Scheerer and Jones (2014) found that
predictability of perturbation magnitude resulted in smaller compensatory re-
sponse magnitudes, reduced N1 amplitudes, and faster compensatory response
and N1 latencies. These findings confirm that predictability increases feedfor-
ward control system weighting.

Attentional load. In daily life, speakers may need to process information from
other modalities while receiving auditory feedback, but attentional resources are
limited. Therefore, some researchers have proposed that attentional load may
influence auditory feedback processing. Tumber, Scheerer, and Jones (2014) ran-
domly perturbed auditory feedback under single-task and dual-task conditions.
The single-task condition required participants to passively watch visual cues
while vocalizing, while the dual-task condition required participants to identify
letter strings while vocalizing to increase attentional load. Results showed that
single-task conditions produced larger compensatory responses than dual-task
conditions, indicating that when participants’ attention was divided, less at-
tention was allocated to processing auditory errors. Liu et al. (2015) further
validated this view, finding that when participants selectively attended to audi-
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tory feedback, they produced larger compensatory responses. However, Alsius,
Mitsuya, and Munhall (2013) found no differences in compensatory responses
between focused and divided attention tasks. Given these contradictory results,
future research needs to explore the mechanisms of attentional modulation of
auditory feedback control.

5. Summary and Outlook

Understanding how feedforward and feedback control systems cooperate in the
brain to ensure normal speech production has important theoretical and prac-
tical significance. Over the past decade, researchers have devoted considerable
effort to constructing detailed theoretical frameworks and neural networks for
speech motor control, particularly focusing on how individuals use auditory
feedback to adjust speech movements online and update feedforward motor rep-
resentations. Speakers’ ability to directly retrieve motor commands through
feedforward control and to correct motor commands using sensory feedback
through feedback control is influenced by multiple factors. Future research can
further explore the following directions:

First, most studies of online speech motor control have focused on relatively
steady-state monophthongs such as /a/ or /u/ (Chen et al., 2012b; Scheerer et
al., 2013a). Typical pitch perturbation experiments often require participants to
prolong pronunciation, exaggerating the static features of vowels. However, ar-
ticulatory movements in everyday communication cause vocal tract deformation,
such as transitions between consonants and vowels, making dynamic change over
time an important feature of speech. In contrast, prolonged static articulation
rarely occurs in natural continuous speech, resulting in low ecological validity.
Future research should not only focus on simple vowels but also examine natural
language to achieve more comprehensive understanding of speech motor control
characteristics.

Second, from a theoretical modeling perspective, although DIVA is one of the
most comprehensive and reasonable models in the speech motor control field,
it still has several limitations. First, it primarily focuses on articulatory move-
ments of independent small units such as syllables or frequently used phrases, ne-
glecting how the speech motor system controls articulatory transitions in multi-
syllabic units. Second, the DIVA model cannot explain generalization effects
found in auditory feedback perturbation experiments—why perturbing auditory
feedback for specific speech sounds leads to articulatory adjustments in adjacent
speech sounds. Third, psycholinguistic models propose that speech production
also includes stages such as concept selection, lexical selection, and word form
encoding (Levelt et al., 1999), and Hickok (2012) noted that the DIVA model
focuses more on dynamics, motor trajectories, and feedback control while ne-
glecting connections with traditional psycholinguistic perspectives. Finally, the
model does not address prosodic control in speech production, even though pitch,
intensity, duration, and rhythm convey important linguistic and emotional in-
formation (Tourville & Guenther, 2011). Currently, Professor Guenther’ s team
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is developing the GODIVA (Gradient-order) model. Future researchers also
need to explore speech motor control mechanisms at larger linguistic units and
suprasegmental levels.

Third, regarding influencing factors, individual differences, training experience,
and task contexts have all been shown to be closely related to the integration of
feedforward and feedback control. However, some findings in this field remain
inconsistent. Moreover, how these factors influence or jointly influence speech
motor control is far from fully understood. Future research should focus on ex-
amining factors influencing the integration of feedforward and feedback control
and their theoretical underpinnings.

Fourth, from a language typology perspective, research on second language mo-
tor control in bilinguals is just beginning, and exploration of differences from
the native language urgently needs strengthening. Simmonds et al. (2011) pro-
posed that although native and second languages share perceptual-motor brain
networks, theoretically, motor commands in the native language are highly au-
tomated and efficiently integrate information from feedforward motor, auditory
feedback, and somatosensory feedback systems. In contrast, motor commands
in the second language are less familiar, and auditory feedback frequently mis-
matches internal representations, potentially requiring greater involvement of
sensory feedback control. Furthermore, the accent problem commonly found
in late bilinguals essentially reflects that motor-sensory information integration
in the second language is difficult to achieve native-like levels. Therefore, we
should conduct empirical research to reveal general principles of second language
speech motor control, providing theoretical guidance for promoting second lan-
guage pronunciation teaching.

Fifth, exploring the neural mechanisms of speech motor control. Early explo-
rations of speech motor systems and cognitive mechanisms primarily came from
acoustic research. In recent years, researchers have attempted to use brain imag-
ing techniques to investigate the temporal course and neural basis of auditory
processing and motor correction. However, the greatest challenge in overt nam-
ing tasks is movement-related artifacts caused by vocalization, which researchers
believe may mask neural activity changes induced by experimental manipula-
tions. In light of this, some researchers have required participants to minimize
articulatory movements during speech production (Chen et al., 2012b), adopted
strict data rejection criteria (Scheerer et al., 2013a, 2013b), or used silent nam-
ing tasks (Tian & Poeppel, 2015). Future research should focus on how to com-
bine behavioral, ERP, MEG, and fMRI techniques with multiple experimental
paradigms to effectively investigate the cognitive and neural mechanisms under-
lying the integration of feedforward and feedback control.
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