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The primary goal of this study is to investigate a method for estimating the state of learners in the near
future using nonverbal information used in multimodal interaction as cues to provide adaptive support in
collaborative learning. We used interactive-constructive-active-passive (ICAP) theory to classify learn-
ers’ states in collaborative learning. We attempted to determine whether a learner’s ICAP state was
passive based on multimodal data obtained during a collaborative concept-map task. We conducted an
experiment on collaborative learning among learners and acquired data on conversational type, the results
of learning performance (pre- and post-tests), utterances, facial expressions, gaze, and voice during the
experiment. We conducted two analyses. One was sequential pattern mining, to obtain clues for pre-
dicting the participants’ state after 5 seconds. The other was a support vector machine to try to classify
the participants’ state based on the obtained clues. We found several candidates that could be used for
learner-state estimation in the near future. The learner-state estimation using multimodal information
yielded higher than 70% accuracy. In contrast, there were differences in the ease of estimating each pair’s
learning state. It appears that capturing the characteristics of interactions in collaborative learning for
each pair is necessary for a more accurate estimation of the learners’ state.

Keywords: multimodal information, learner state estimation, human behavior analysis, collaborative
learning, concept map, ICAP theory, Computer-Supported Collaborative Learning (CSCL)

1. INTRODUCTION

Constructive interactions in collaborative learning are known to be effective in promoting one’s
understanding by incorporating different perspectives (Chi et al., 1994; Okada and Simon, 1997;
Shirouzu et al., 2002). Collaborative learning requires the the presence of appropriate attitudes
on the part of both instructors and participants. However, the number of instructors is lim-
ited, and it is difficult for participants with little experience to have an appropriate attitude.
Therefore, computer support has been proposed as a solution to these issues. For example,
computer-supported collaborative learning (CSCL) is a form of learning support that has been
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researched for a long time (Bodemer, 2011; Rummel et al., 2008; Dillenbourg and Fischer,
2007). These studies have provided a number of insights into collaborative learning, including
the development of methods to support communication between participating learners and foster
deeper understanding. In addition, intelligent tutoring systems (ITSs) using pedagogical conver-
sational agents (PCAs) have also been proposed as a form of computer support (Carbonell, 1970;
Hayashi, 2019a). ITSs using PCAs can conduct metacognitive facilitation and provide adaptive
feedback, which enhances the collaborative learning process in CSCL environments (Koedinger
etal., 1997). Recent studies have attempted to use techniques such as rule-based reasoning, data-
mining-based methods, and Bayesian networks to provide better support within these systems
(Mousavinasab et al., 2021). These advanced techniques can be integrated into CSCL platforms
to enrich the learning experience by offering tailored guidance and feedback to participants.

The ultimate goal of this study is to develop a collaborative learning environment that is
beneficial to learners by involving PCAs as both instructors and experienced participants in col-
laborative learning. Therefore, it is necessary to construct a dynamic interaction model between
a learner and a PCA by clarifying predictors that are clues for supporting collaborative learning.
In this study, we examine the usefulness of multimodal information as clues for providing adap-
tive support based on learners’ states in collaborative learning. One of the predictors is the in-
ternal state of the learner in collaborative learning. This includes the learner’s basic knowledge,
emotions, planning of task, and comprehension of the task. All of these factors are important,
but in this study, we focused on the mental attitude of learners toward the interaction in the task
as “learner’s state” as a preliminary step to implement in ITS and PCA. The estimation of such
mental attitude provides a clue to proactively predict learners’ behavior and reactions in the near
future. To investigate this, we try to obtain data on collaborative learning interactions between
humans and attempt to predict the “learner’s state” in the near future.

1.1. COMPUTER SUPPORT IN COLLABORATIVE LEARNING

Appropriate constructive interactions between participants are essential for the success of col-
laborative learning (Miyake, 1986; Shirouzu et al., 2002; Chi, 2009). Studies in cognitive sci-
ence have explored the process of successful collaboration between participants with different
perspectives (Hayashi et al., 2007; Hayashi, 2018). Meanwhile, in environments where commu-
nication channels are constrained, including computer-mediated interactions such as text chat,
and it is difficult to estimate the state between learners based on multimodal information, col-
laborative problem-solving based on different perspectives has been found to be more likely to
fail to build a common ground (Hayashi and Miwa, 2011).

Multimodal interactions refer to interactions in which the participants use multiple types of
verbal and nonverbal information that learners consciously or unconsciously use in their interac-
tions with others. Our natural communication is multimodal, comprising both speech and such
bodily behaviors as facial expressions, eye gaze, and co-speech gestures. Despite the limitations
of the CSCL environment to support multimodal interactions, users use the interaction abilities
they leverage in their daily lives to engage with other users. The multimodal behavior can pro-
vide information about the shared and temporal aspects of collaborative learning and help design
models and tools for more effective collaborative learning (Jarveli et al., 2022).

In collaborative learning, learners form a common ground by estimating the elements they
are paying attention to and the content of tasks they understand. Multimodal interaction is ex-
pected to play an important role in the formation of such a common ground. The importance of
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this has also been considered in CSCL, and attempts have been made to use social-recognition
tools to reduce the constraints on communication channels, promote joint attention, and help
establish a common ground for interaction (Dillenbourg and Fischer, 2007; Bodemer, 2011; Be-
lenky et al., 2014). Therefore, we focused on estimating the learner’s states based on information
used in multimodal interaction between learners as cues.

Among the challenges in CSCL, one is to determine whether a learner needs to be sup-
ported in the process of collaborative learning and to dynamically provide interventions. Recent
research has suggested that interactions based on learners’ understanding and attitudes toward
their tasks are important (e.g., Hayashi 2019b; Hayashi 2019a). In this research field, a PCA is
sometimes used to monitor learners’ behavior and intervene when they need support or reflection
from a third party. Therefore, how agents present information via prompts and interventions in
collaborative learning to facilitate learners’ conversations, such as dialog with explanations, is
being examined. For example, Rummel and Spada (2005) reported that a collaboration script as
an instructional method to promote graduate students’ ability to collaborate well showed positive
effects on three levels: (a) the collaborative process, (b) the outcomes they obtained jointly, and
(c) their individual knowledge about characteristic features of a good collaboration assessed in a
posttest. ITSs implemented with cognitive models have also been investigated, and methods for
facilitating learners’ cognitive processes, such as self-reflection, during interactive knowledge
teaching with learners have been proposed (Graesser and McNamara, 2010). Tutorial dialog
systems using conversational agents have also been proposed and shown to be effective in a va-
riety of fields (O’Neill et al., 2003; Jordan et al., 2006; VanLehn et al., 2007). Such systems can
help facilitate more active learner’s states because they can elicit explanations on a step-by-step
basis so that each step of reasoning contributes to the resulting explanation.

However, these methods do not always have a positive effect. Rummel et al. (2009) examined
the effects of collaboration scripts in detail and found mixed results. Various adaptive supports
have been proposed for these problems (Gweon et al., 2006; Walker et al., 2008). A support
method that provides such adaptive feedback is a cognitive tutor (Anderson et al., 1995), a type
of ITS. Aleven and Koedinger (2002) proposed cognitive tutors that promoted metacognitive
activities through self-explanatory activities as one of the learning aids. In this method, a pre-
made model was used to detect a learner’s state and provided relevant and appropriate feedback.
Meanwhile, how to provide adaptive support is still an issue to be investigated. An important
issue in addressing this is the real-time estimation of the learner’s state during collaborative
learning.

1.2. LEARNERS’ INTERACTION STATES DURING COLLABORATIVE LEARING

The interactive-constructive-active-passive (ICAP) theory has been proposed as one of the frame-
works for classifying learners’ interaction states in collaborative learning (Chi, 2009; Chi and
Wylie, 2014). The ICAP theory describes learners’ activity states during collaborative learning
based on the following four states. 1) Passive state: passively learning from a teacher and learn-
ing materials. 2) Active state: actively and voluntarily tackling problems with explicit action.
This activity often involves some physical action or manipulation by the learner and/or intellec-
tual activities such as examining a problem from different perspectives. 3) Constructive state: a
state of activity in which some additional element is added to the learning material presented to
the learner to “generate” the knowledge or representation for it. This activity also includes ac-
tivities in which the learner externalizes knowledge by verbalizing the content of the knowledge
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in his/her head through self-explanation activities. 4) Interactive state: the reconstruction of
knowledge through criticism and refutation of interaction partners’ ideas. The content presented
in the dialogue must contribute to the generation of the knowledge that is ultimately generated.
This activity involves a dialogue in which different points of view are expressed, rationales are
given, explanations are sought, and questions are asked about the other person’s knowledge and
viewpoints.

It has been shown that as a learner’s state transitions to the interactive state, their perfor-
mance in collaborative learning heightens (I > C > A > P) (Chi, 2009). For example, Wiggins
et al. (2017) quasi-empirically examined whether the ICAP framework could predict learning
performance in science, technology, entrepreneurship, and mathematics (STEM) classes. Subse-
quently, the instructor indicated that learners made more efforts to support interactive activities
because of their need to ensure sufficient time.

If a learner simply responds to another’s question, they are in the passive state, even if the
learner is efficiently searching for a solution. This state may be beneficial to the questioner;
however, it is not beneficial to the respondent. When working on a task with a PCA, the in-
teractive state should be targeted based on the ICAP theory. However, in current human-agent
interactions, learners often remain in the passive state (Raux et al., 2005; Misu et al., 2011).
This is a problem not only for agents in collaborative learning but also for interactive agents in
general. However, to induce a learner to a state other than the passive, it is necessary to elicit the
learner’s spontaneity; thus, it is not sufficient to follow a specific procedure or provide particular
information. It is necessary to consider ways to elicit the learner’s spontaneity by adaptively
providing feedback according to the learner’s state. This research is premised on our conjecture
of a significant difference between the passive and active states in the ICAP theory in terms of
a learner’s spontaneity, and we considered whether we could discriminate the passive from the
other states.

1.3. NONVERBAL CUES FOR ESTIMATING THE LEARNER’S STATES

To estimate a learner’s state based on information that can be obtained mechanically, several
types of information can be considered as cues. In previous research on CSCL, the effectiveness
of collaborative learning was found to largely depend on the richness and intensity of the inter-
actions in which group members engaged during the collaboration process (Dillenbourg et al.,
1996). As one of the indicators of the richness of interaction, attempts have been made to es-
timate a learner’s state by analyzing text chats (Wang et al., 2015). The contents of learners’
conversations are the most promising cue. However, text chats take time to create inputs and
may not be suitable for the quick sharing of learners’ thoughts.

In CSCL environments, the history of the use of the tools available in that environment also
provides cues for estimating a learner’s state. For example, studies using a shared concept map in
which learners could observe the knowledge state of other learners participating in collaborative
learning demonstrated the ability of learners to jointly acquire new knowledge by analyzing
changes in the created concept map (Engelmann and Hesse, 2010; Sangin et al., 2011). A
concept map is useful for understanding the state of knowledge held by learners; however, it may
also play an important role in promoting collaborative learning as new perspectives are gained by
referring to the perspectives of others. Not only the concept map but also the tools in the CSCL
environments often play various roles. Therefore, to utilize operation logs to estimate a learner’s
state, it is necessary to have a deep understanding of the role the tools play in collaborative
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learning.

In this study, we focused on multimodal interaction, which is thought to be useful for human
state estimation. Blikstein and Worsley (2016) reviewed the importance of learning analytics us-
ing multimodal information. The importance of nonverbal information has also been pointed out
in the labeling of each state in ICAP. For example, Chi and Wylie (2014) and Chi et al. (2018)
argued that it is necessary to estimate a learner’s state by taking into account nonverbal infor-
mation that occurs during the interaction, such as overt motor action and physical manipulation,
pointing or gesturing at parts of what learners are reading or solving, or pausing and rewinding
parts of a videotape for review. Several studies have proposed assessment methods based on
the ICAP framework to analyze student learning activities (Goldberg et al., 2021; Vosniadou
et al., 2023; Hsiao et al., 2022). These studies also used not only verbal but also multimodal
cues to label students’ actions, suggesting the importance of multimodal interaction in learning
activities applied ICAP theory.

Stewart et al. (2021) examined a multimodal model in collaborative problem-solving, where
the multimodal information used was language, acoustic-prosodic features, facial features, body
movement, and task information. Using a random forest and a neural network which com-
bined verbal and nonverbal models, they were successful in classifying the three core collabo-
rative problem-solving facets: construction of shared knowledge, negotiation/coordination, and
maintaining team function. This model is useful, but it makes use of utterance content, which
is problematic due to errors in automatic transcription and processing time. Kasparova et al.
(2021) attempted to classify students’ involvement in collaborative problem-solving from video
data using LSTM into three categories: active, semi-active, and passive. There is no semi-active
category in ICAP, and the “semi-active” cases would be classified as either Active or Passive
in the ICAP classification, depending on how the learner is performing the intellectual activity.
Overall, the classification accuracy was not very high, but in some cases, it was partially suc-
cessful. Ma et al. (2022) attempted to detect impasses in collaborative problem-solving using
language, phonological information, and facial expressions. The final classification result was
more than 80% using multimodal information. The results are important, but the problem re-
mains that the unit of analysis was an utterance, so it does not assume that the learner’s state
changes in the silent, and that it takes time to process to analyze the contents of utterances.

We focused on the following multimodal information. Since we aim to contribute to the re-
alization of ITS and PCA that respond in real time, we did not analyze the contents of utterances
that require processing time in the explanatory variables. We also aim to estimate the learner’s
states in the near future from information used in multimodal interaction.

Gaze behavior has been studied in the context of social relationships and interpersonal in-
teractions. Previous studies (Schneider and Pea, 2013; Schneider and Pea, 2014) have shown
that visual representations of a partner’s gaze during a computer-based remote-learning task
can promote social cooperation and learning. Hayashi (2020) showed that sharing participants’
perspectives in collaborative learning positively impacted the process of collaborative learning
through an experiment in which participants’ perspectives were displayed on a monitor during
collaborative learning. These results suggest that eye movement can be used as a cue to estimate
a learner’s state and adaptively respond to the learner.

Facial expressions have been studied for many years, and it is established that they can be
used to estimate human emotions (Ekman et al., 1980). The facial-action coding system is
a comprehensive system that uses facial excitation muscles to identify facial movements (Ek-
man and Friesen, 1976). This system can encode facial expressions on the human face into a
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machine-discriminable form by combining the presence or absence of movements of various
facial muscles called action units (AUs). Previous research has reported that facial expres-
sions may help estimate emotions related to mutual understanding during collaborative learning
(Hayashi, 2019a). Cai et al. (2020) analyzed facial expressions in ICAP states by observing
learners’ AU movements, though they did not investigate the passive state because the move-
ments involved no utterance and were not clear. The results suggested that facial expressions
could be a cue for estimating a learner’s ICAP state.

Speech (prosodic) information is another feature that is often used in estimating human emo-
tions and intentions. Moreover, many studies have been conducted on mechanical classification
because speech information is easy to mechanically acquire and analyze in a laboratory envi-
ronment (e.g., Cho and Kato 2011; Sim et al. 2002; Iliou and Anagnostopoulos 2010). These
studies often use fundamental frequency (F0O), energy (Intensity), and formants (F1, F2, ...) as
features. Prosodic information has also been said to contain cues for estimating assertiveness
and confidence (Scherer et al., 1973). These features were thought to be cues for estimating a
learner’s state.

In this study, we attempted to estimate a learner’s state using the above characteristics. While
it is important to know a learner’s current state, we considered it also important to estimate the
state to which the learner’s state was changing in the near future. Therefore, we also analyzed
time-series patterns of features.

1.4. GOAL OF THIS STUDY

Our future goal is to develop an ITS using a PCA that provides appropriate adaptive feedback
based on a learner’s state predicted based on multimodal data. The difficulties that must be
overcome to achieve this goal are numerous. Among them, this study focused on examining
cues to determine whether advice or intervention is needed as a preliminary study in providing
adaptive feedback and in estimating the ICAP framework-based learner’s states.

Previous studies to estimate learner states based on the ICAP framework have often esti-
mated learner’s states at a given point in time by referring to the content of utterances. For
example, Wang et al. (2015) estimated the state of the ICAP from text of posts in MOOC dis-
cussion forums and examined the relationship between the quantity and quality of student partic-
ipation and learning effectiveness. Although several studies have used multimodal information
to assess learner status and learning based on the ICAP framework, the content of speech often
plays an important role (Goldberg et al., 2021; Vosniadou et al., 2023; Hsiao et al., 2022). Our
study is novel in two points: 1) we attempted to estimate the learner’s state in the near future
rather than estimating the learner’s state when the learner was active, and 2) we attempted to
classify passive states and non-passive states (active, constructive, or interactive [ACI states])
without depending on the contents of the utterance.

It is important to interact with other learners in collaborative learning. In general, interaction
involves not only reactive responses based on information available at a given point in time but
also actions to change a future state into a specific state based on one’s objectives. Directing
learners into a desired state involves not only providing feedback based on the learner’s state
at a given point in time but also proactively predicting the learner’s behavior and determining
whether the learner’s state in the future should be changed into a desired state by intervention.

When learner’s state estimation methods that rely on the contents of utterances are applied
to near-future learner state estimation, there are several situations in which false positives are
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expected to increase. For example, it is common for learners to be engaged in various intellec-
tual activities even when they are not talking, and in these situations, the learner’s state can be
considered an Active state. Also, while they are listening in a conversation, they do not speak
but are considered to be in a mixture of Active and Passive states. Furthermore, learners often
do not speak just before the learner’s state changes to ACI in the near future. Being considered
passive by ITS or PCA and receiving an intervention despite being in an active state may have a
negative impact on the learner’s motivation and the learner’s feeling of being denied the activity
they were doing at the time. To avoid this, it is important to determine whether an intervention
should be performed immediately before starting the intervention, without depending on the
content of the utterance to determine whether the learner’s state is passive or ACI.

First, we tried to detect whether a learner’s ICAP state in the near future was passive from
multimodal data obtained during collaborative learning. We reported on a re-analysis of previ-
ous experimental data in ITS2021 (Ohmoto et al., 2021). In the current study, we conducted
an additional experiment on collaborative learning to enlarge the dataset and acquired data on
conversational type, the results of learning performance (pre- and post-tests), facial expressions,
gaze, and speech during the experiment. We labeled the ICAP states from the experiment video
and searched for cues to classify the passive state of the ICAP in the near future based on the
acquired data.

2. METHOD

2.1. PARTICIPANTS

The study was conducted after an institutional ethical review and approval by the ethics re-
view committee of the (co-)authors’ university. There were 24 study participants (females: 15,
males: 9; average age: 19.13, SD=0.60), and all were Japanese students majoring in psychol-
ogy; they participated through a participant pool in exchange for course credit. Only freshmen
and sophomores majoring in psychology participated and were randomly grouped into dyads.
The experimenter confirmed that students within a dyad had not previously interacted with one
another. They tackled the task independently.

2.2. EXPERIMENT SYSTEM

The experimental system used is shown in Figure 1. Two personal computers and two monitors
were used by the participants; two Sony HDRCX680 video recorders filmed their conversations
and facial expressions, and two Tobii eye trackers (X2-30; https://www.tobiipro.com/) recorded
their eye gaze. The video recorder and eye tracker both acquired data at 30 Hz. The audio was
recorded at 44,100 Hz. A trigger signal was input to the video data and eye tracker, and time
synchronization was performed based on this signal. All data, including the eye tracker, was
measured without contact. Cmap tools (https://cmap.ihmc.us/) were used in the experimental
task because each of the participants made an individual and a collaborative concept map. Par-
ticipants were shown a video of using Cmap tools to create a concept map. Participants were
able to ask questions until they understood how to use Cmap tools and what they had to do to
complete the task. A monitor and video recorder were placed in front of the participants in pairs.
They sat across from each other with a partition placed between them, and thus they could not
see each other.
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Recording: Output: Input:
Video camera Monitor Keyboard
Tobii system Cmap tools Mouse

Figure 1: Experiment setup. The learners sit at the same table but cannot see each other.

An example screen displayed on each participant’s monitor during the collaborative work is
shown in Figure 2. The screen’s right half showed the concept maps created by each participant
before the collaborative work; these concept maps could not be edited during the collaborative
work. A concept map to be collaboratively created was displayed on the screen’s left half. This
concept map could be edited by both participants during the collaborative phase.

2.3. TAskK

The purpose of the experiment was to observe changes in ICAP state through human-human
interaction in the absence of assistance from a third party (e.g., ITS or PCA) and to obtain clues
to predict them. Therefore, participants created concept maps using Cmap, but the system they
used did not implement intelligent support mechanisms.

The entire experimental procedure is as shown in Figure 3, which includes two experimental
tasks in consecutive phases. The first of these was the individual task. The participants were
instructed to individually read a text provided on a key psychological term (attribution theory).
This text was prepared based on Weiner (1985) and Nasu (1988). In attribution theory, there
are three axes: internal/external, stable/unstable, and controllable/uncontrollable. The overall
objective of the experimental task was to explain the causal attribution of success and failure
based on these axes. After confirming that they had read the text, they were instructed to read
about a related episode. This episode is used in Weinberger and Fischer (2006), and we trans-
lated it into Japanese. The episode was set as follows: ““You are a high-school education intern
participating in a school counseling session with Michael Peter, a first-year high-school student.
Please consider the causal attribution of Michael Peter’s ‘back-to-school worries’. The charac-
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Figure 2: This is an sample screen which displayed on each participant’s monitor during the
collaborative work.

ters (his father, mother, and math teacher) participated in school counseling with Michael Peter,
who discussed his worries about the new semester.”

After reading the episode, the two participants needed to explain why the student (Michael
Peter) was worried about the new semester based on the text about causal attribution and were
instructed to separately create a concept map that explained causal attribution using Cmap. In
this Individual phase, participants were in the same room but did not interact with each other.

The second experimental task was the collaboration task. Both participants were instructed
to work together in consultation to create a collaborative concept map regarding the causal attri-
bution present in the episode. When each participant changed the collaborative concept map, the
changes were immediately reflected in the concept map, and the partner could see the changes
in the collaborative concept map. However, the system did not clearly notify participants of the
changes, so they were only able to see the changes if they were watching. In this process, each
participant could refer to the collaborative concept map and both participants’ concept maps
that they had separately created in the previous individual phase. They could not see each other
because of their monitors and communicated orally offline. Each participant was free to talk,
and the utterances of the participants could be heard clearly from each other. There were no
restrictions on the order or content of their conversations. All interactions were verbal because
participants could not see each other’s gestures or other physical actions. Thus, when they were
considering modifying a particular node in a concept map, they often specified the location at
the center of the discussion by uttering a directive and modifying the node, or by reading out the
node’s label.

2.4. PROCEDURE

The entire experimental procedure is shown in Figure 3. On arriving in the experiment room,
the experimenter thanked the participants for their participation. Both participants briefly intro-
duced themselves to each other. Following this procedure, a comprehension test about causal
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attribution was administered as a manipulation check to ensure they did not have prior knowl-
edge about causal attribution. In an explanation about Cmap, the experimenter provided the task
instructions on how to build concept maps and informed them that the task was to draw infer-
ences about a certain psychological phenomenon (causal attribution). Before the task, they read
a text passage about causal attribution. Thereafter, they read an episode. Then, a comprehension
test (pre-test) was administered. Subsequently, in the individual phase (10 minutes), the partici-
pants engaged in the task of applying the causal attribution of success and failure to the episode.
In this study, dyads were asked to build concept maps about causal attribution and create them
individually. Finally, in the collaboration phase (15 minutes), the participants collaboratively
created a concept map with reference to their individual maps. Finally, another comprehension
test (post-test) was administered at the end.

Start
! [—
Manipulation Experimental
. task (individual)
check ¢
Expla‘nation Experimental
About Cmap task (collszoratlon)
!
Read a text Post-test
and an episode
} }
End
Pre-test
(I

Figure 3: The entire experimental procedure. The participants performed two tasks; one was
individual, and another was collaboration.

2.5. MEASUREMENT

In this experiment, participants shared the same physical space, but they could not see each
other’s faces and body movements. This is a situation that often occurs when individuals are
using their computers to perform tasks (e.g., a scene in which a small group is teaching a collab-
orative learning lesson in a computer classroom). In such a situation, they can feel each other’s
presence in a state similar to face-to-face communication by sharing a physical space, so we
thought that multimodal interaction similar to face-to-face situations might occur.

The recorded data was imported into the annotation tool Elan (https://archive.mpi.nl/tla/elan).
Each data was synchronized based on the trigger signal and then used for analysis. If data pre-
processing or feature extraction was required, it was performed on each original data. Once
processed, the data was imported into Elan.

2.5.1. Data Segmentation

During the collaboration experimental task, facial features and gaze-direction data were acquired
at approximately 30 fps. The audio data were acquired at 44,100 Hz. A moving average is a
statistical method used to analyze a set of data points by creating a series of averages of different
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subsets of the full data set. This is calculated by taking the sum of a set of values over a specific
period and then dividing it by the number of values. In this analysis, the moving average was
calculated by shifting the data by 5 seconds, with a 10-second window. We analyzed the data
on the moving average. 24 participants worked for 15 minutes, resulting in 180 data per person.
The total segmented data comprised 3642 passive states and 678 ACI states.

2.5.2. Utterance

The utterance is a promising clue to estimate ICAP states. We did not focus on the contents of
utterances, which are difficult to analyze in real time and at high speed, limiting their application
to ITS and PCA. Instead, we took the fact that the utterance was made and its duration as an
index of the activity of the learner. The participants’ utterances were annotated with the video
start and end times by the experimenter. The number of seconds of utterance(s) included in the
moving average time window was then calculated. We used the number of seconds of utterances
on their own and with others as independent variables (self_utterance, other_utterance).

2.5.3. Facial Expression

In this experiment, the participants could not see each other’s faces, but since they shared the
same physical space and interacted with each other in the real voice, we thought that similar
facial expression changes as in the face-to-face situation would appear, so we adopted the facial
expression changes as an explanatory variable. The participants’ facial movements were cap-
tured by video and analyzed by OpenFace, a tool that automatically calculates changes in AUs.
The numerical value output by OpenFace indicated the strength of the AU and was obtained
using a formula described in a “toolkit” for using the software (Baltrusaitis et al., 2016). The
results of OpenFace analysis were output for each frame of the video (recorded at 30fps). From
this data, the part corresponding to the moving average window was extracted, and the mean and
standard deviation of the intensity of each facial expression feature in that part were calculated.
These were used as independent variables (mean and SD in each time window). The following
18 types of AUs were observed among the participants: AUO1: inner brow raiser; AUO2: outer
brow raiser; AUO4: brow lowerer; AUOS: upper lid raiser; AU0O6: cheek raiser; AUO7: lid tight-
ener; AU09: nose wrinkler; AU10: upper lip raiser; AU12: lip corner puller; AU14: dimpler;
AU1S: lip corner depressor; AU17: chin raiser; AU20: lip stretcher; AU23: lip tightener; AU25:
lips part; AU26: jaw drop; AU28: lip suck; and AU45: blink.

25.4. Gaze

We considered that gaze movements contain information about what information learners are
focusing on. Since it is necessary for learners to examine the information available to them at
that point and consider the content of their actions in order to reach an Active state in which
they actively engage their interaction partner, we thought gaze movements would help to de-
tect readiness to move out of passivity. Gaze was acquired using the Tobii system. A monitor
was placed in front of each participant to construct concept maps during the experiment, which
showed three concept maps: 1) their own, 2) their partner’s that had been created in the ex-
periment’s individual stage, and 3) the one on which they both were collaborating during the
experiment. During the experiment, participants were free to zoom in and out and translate the
screen asynchronously, making it difficult to determine which items they were looking at on the
screen. In the analysis, we mapped participants’ interests to the areas shown in Figure 2 (own,
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partner’s, or the collaborative concept maps). When looking at the own and partner’s concept
maps, they may be focusing on what they thought before the collaboration. When looking at the
collaborative concept map, they may be focusing on what they are actually working on, what
information they are changing, or considering changing the concept map through discussion. In
other words, the own and partner’s concept maps were referenced to identify static information,
and the collaborative concept map was referenced to identify information that may change dy-
namically in the interaction. We used the duration of the participants’ attention on this screen as
independent variables (gaze _self, gaze other, gaze c). In addition, the distance the participant’s
gaze traveled on the screen was an independent variable (gaze_dist).

2.5.5. \Voice

The participants’ voices were captured by microphones placed in front of each participant. Al-
though there were two participants in the same room, they rarely overlapped each other while
speaking during the task. To reduce noise, only the parts of the speech uttered by each par-
ticipant were isolated from the audio files. The cropped audio files were analyzed using Praat
(Boersma, 2001). The features extracted in the analysis were fundamental frequency (FO0), en-
ergy (Intensity), and formants (F1, F2, F3, F4). Within the moving-average window, the z-score
and SD of each feature in each participant were calculated, and these were used as independent
variables (mean and SD in each time window).

2.5.6. ICAP States

For the analysis, the ICAP states were annotated using the coding scheme on the interaction
between the participants in video data. The ACI states were explicitly annotated and the others
were regarded as the passive state. The coder watched the video and, according to the coding
rules, specified the segmented section of the video that the coder considered to be Active, Con-
structive, or Interactive, and labeled the section accordingly. In this study, the coding scheme
was developed based on Chi (2009), Chi and Wylie (2014), and Wang et al. (2015) to capture
active, constructive, and interactive utterances. Table 1 shows part of the coding scheme and
the relevant definitions. In addition, items of utterance about concept maps were added (e.g.,
utterance about concept maps; reflections of an idea on the concept map). To investigate the
reliability of the coding, we conducted third-person coding based on a previous study (Schnei-
der and Pea, 2014). The actual procedure was as follows: 1) coding rules were discussed and
made by two coders, 2) two coders coded 20% of the data, 3) concordance rate was calculated,
4) two coders discussed and modified the coding rules based on the coding results, 5) whole
data was coded, and 6) discordant parts of the coding were discussed and modified until the
two coders agreed. In the third step, to investigate the reliability, we calculated Krippendorff’s
alpha coefficient. The results showed that the coder’s matching rate was 0.43. The value of this
indicator is not very high. So the two coders discussed why they were coding where the coding
was not consistent, and then revised the coding rules and moved on to the overall coding. After
the overall coding, the results of the two coders were compared, and the different parts of the
coding were revised to be consistent with their agreement. Specifically, the two coders discussed
which coder’s coding result was appropriate, based on ICAP theory, for the part where the cod-
ing result was inconsistent. The coding rules were then updated if necessary. When the coding
rules were updated, the overall coding results were checked to see if they were consistent with
the updated coding rules. The most inconsistent part of the coding was the decision of whether
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to be active, constructive, or interactive. This consensus-building process took approximately
nine hours. These allowed us to treat the coding as reasonably reliable for the purposes of this
analysis.

Table 1: Coding scheme about ICAP.

Item and definition Example
Active: Repeat/Paraphrase
The learners simply repeat “Peter said that my score was bad.”

the text or conversation.

Constructive: Justify or provide reasons:
The learners propose

one’s own idea or hypothesis.
Interactive: Reflect idea on concept map:
The learners agree with partner

and reflect the result or understanding

of partner’s concept map.

“I think the effort is internal
because of himself.”

After justifying or providing reasons
of Constructive,
“Okay, I will write effort in internal.”

3. ANALYSIS

In this experiment, we obtained nonverbal multimodal information and ICAP state data in
human-human collaboration. Based on this data, we investigated cues to estimate a learner’s
state. Accordingly, we conducted two analyses in this study using the following: Sequential
pattern mining (SPM) to obtain cues for predicting the participants’ states in the near future,
and Support Vector Machine (SVM) to try to classify using the obtained cues to estimate the
participants’ states among many variables. The participants’ ICAP state annotated by the exper-
imenter was the dependent variable, and the analyses were conducted using the abovementioned
independent variables.

3.1. SEQUENTIAL PATTERN MINING

Pattern mining has become popular owing to its application in many domains. Some pattern
mining techniques, such as frequent itemset mining (Zaki, 2000) and associative rule mining
(Agrawal et al., 1994), are intended for data analysis that does not consider the order of events.
Therefore, when these pattern mining techniques are applied to data that has temporal or ordinal
information, this information is ignored. To solve this problem, sequential pattern mining (SPM)
(Agrawal and Srikant, 1995) has been proposed. SPM is an analysis method that extends asso-
ciation rule mining to sequential data. SPM considers the relationship between the positions of
occurrences of each item in transactional data. SPM consists of finding interesting subsequences
in a set of sequences, and the interestingness of the subsequences can be measured by various
criteria, such as frequency of occurrence, length, or profit. SPM has many practical applications
because the data is naturally encoded as a sequence of symbols in many fields (Fournier-Viger
et al., 2008; Ziebarth et al., 2015; Fournier-Viger et al., 2012; Lin et al., 2007). SPM can also
be applied to time series, and when discretization is performed as a preprocessing step. We used
SPM to analyze the time-series patterns in the previously mentioned features.
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In SPM, the subsequences appearing in a given data series can be extracted as patterns,
considering the order of occurrence of multiple elements. Using this method, we attempted to
find cues to infer the learners’ states by extracting the sequence patterns up to just before the
change to ACI states. In SPM, the set of appearing elements is denoted as 3> = {i1, 42, ..., iy }
and 7; is called an item. At this time, the data column of a series of time series is denoted
as a sequence and S = {< ay,a,...,a, > |a; € >}. A database that collects a plurality
of sequences is called a transaction. A sequence indicates the order in which items appear.
Because the data acquired in the experiment is a continuous value, each item was encoded as 1
(occurrence) if it exceeded a certain threshold, and O (absence) otherwise. For this analysis, this
threshold was taken as the mean value of each item.

3.1.1. Methods and Setting

After calculating each independent variable’s moving average, it was encoded as 1 if it exceeded
a certain threshold (each mean) and O otherwise. When we checked for similar patterns in the
facial expression and voice data, we found that the F1 to F4 features matched more than 90%;
thus, we removed the F2 to F4 features from this analysis. The data sequence was converted into
transaction data for SPM. From the transaction data (367 sequences), the data for the 15 seconds
immediately before the change to ACI states in the ICAP were extracted, and the common series
patterns contained in the data were extracted. We refer to these common series patterns as “IBCS
(Immediately Before the Change to ACI States) patterns” in the following. To extract the rules,
we used the cspade algorithm, which is among the algorithms used to perform SPM (using the
rulesSequences package in R 4.1.0). The parameters for extraction in this analysis were maxlen
=4, maxsize = 2, confidence > 0.7, lift > 1.0, and support > 0.05 (maxlen: the upper limit of
the length of a sequence pattern; maxsize: the upper limit of the number of types of features that
simultaneously appear in a sequence pattern; confidence: the probability of a feature appearing
after a sequence pattern appears; lift: the value of confidence divided by the probability of a
feature appearing; and support: the probability of occurrence of a sequence pattern).

3.1.2. Results

As a result of the analysis, we could extract 96,170 patterns as the series patterns just before
the change to ACI states (these are IBCS patterns). However, there were many patterns in
which only one of the features was replaced. Frequent independent variables appearing in these
patterns may provide cues regarding a learner’s state in the near future. Table 2 shows the top
10 patterns in descending order of the value of “lift.” The “Lift” column shows the value of a
pattern. The “Pattern” column shows the series patterns. For example, if the series pattern is
<{Intensity_SD},{F0O_SD,self utterance} >, then {Intensity SD} initially exceeds the threshold,
and then {FO_SD,self_utterance} exceeds the threshold, indicating that the state has changed to
ACI states.

Observing the overall trend in the sequential patterns, the independent variables with a
high occurrence frequency (variables found in more than 5% of the rules) were: self_utterance
(51776, 54%), other_utterance (51507, 54%), gaze c (15066, 16%), gaze dist (33688, 35%),
AUO04 (25486, 27%), AUO06 (14238, 15%), AUO7 (27530, 29%), AU12 (21989, 23%), AU14
(20737, 22%), AU25 (14511, 15%), AU26 (34203, 36%), FO_SD (10291, 11%), F1_SD (5609,
6%), and Intensity_SD (16015, 17%). The figures in parentheses are the numbers of occurrences
and percentages. The top 10 patterns, shown in Table 2, include only variables related to speech
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Table 2: Top 10 patterns in the high value of lift.

Pattern

{Intensity_SD}, {FO_SD,self_utterance}
{F1_SD}, {FO_SD,self utterance }
{F1_SD,Intensity_-SD}, {FO_SD,self_utterance }
{Intensity_SD}, {self_utterance}

{F1_SD}, {self_utterance}
{F1_SD,Intensity_SD}, {self_utterance}
{Intensity_SD}, {Intensity_SD,self_utterance}
{F1_SD}, {Intensity _SD,self_utterance}
{F1_SD,Intensity_SD}, {Intensity_SD,self_utterance }
{Intensity_SD}, {F1_SD,self utterance}

(both voice and utterance); however, facial expressions and gaze variables also come into play
in the identified patterns. This suggests the need to observe multimodal information, not just
speech, to estimate the learners’ states.

In the collaboration task in the experiment, participants could not see each other’s facial ex-
pressions and body movements, but they could recognize that their partner existed in the same
physical space through their real voice and motion sounds. Therefore, changes in facial expres-
sions were likely to occur in a similar way as in face-to-face situations. However, it was unlikely
that a participant’s state changed to an ACI state due to the other partner’s facial expressions or
body movements. Participants were affected by the partner’s utterances and when there was a
change in the collaboration concept map. Therefore, it is reasonable that the “other_utterance”
was frequently included in the sequence patterns, suggesting that a participant’s ACI states were
also elicited from another’s utterance. Meanwhile, speaking to the partner was a remarkable clue
to detect the change to the ACI state of the speaker, so it is also reasonable that “self_utterance”
was frequent.

Participants were also affected by the communication partner when there was a change in the
collaboration concept map. Therefore, it is also reasonable that the feature “looking at the con-
cept map that they were collaborating on (gaze_c)” was frequently found. As features of gaze,
there were two other variables: “looking at the concept map created by oneself (gaze_self)” and
“looking at the concept map created by another person (gaze_other)”; however, neither of them
appeared in the frequent patterns. As mentioned in the Measurement section, when they were
looking at own and partner’s concept maps, they were probably looking at static information
that they had thought about before the collaboration, and when they were looking at the collab-
orative concept map, they were not only actually working, but they were probably looking at
information that could change dynamically by referring to information that the other person was
changing. The results of SPM suggest that when a participant’s state changed to ACI states, it
was more likely to refer to dynamically changing information (collaboration map) than to ref-
erence information that had already been created but had not changed (own and partner’s map).
Since the ACI state often involves active outreach to tasks and interaction partners, it is likely
that the collaboration map has been referred to more frequently to reference information that
helps to infer and engage with the partner’s thoughts without having to manipulate the concept
map. The feature “the distance the gaze moved on the screen (gaze dist)” is also frequently
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observed. This can be considered to be a feature when comparing various information on the
concept map.

As described above, it is possible to recognize the presence in the same physical space by the
real voice and the action sounds, so changes in facial expressions were likely to occur in a similar
manner as in face-to-face situations. Such changes in facial expressions might reflect changes
in the participant’s states. Facial expression features were relatively infrequently included in
the sequence patterns. Although many facial features were considered, AUO4, AU06, AUO7,
AU12, AU14, AU25, and AU26 were the variables that often appeared before a change to ACI
states. AUO4 (brow lowerer), AUO6 (cheek raiser), and AUO7 (lid tightener) are features around
the eyes, which are considered to be likely to change when a participant is pondering. AU12
(lip corner puller), and AU14 (dimpler) are considered to be likely to change when a participant
shows agreement. AU25 (lips part), and AU26 (jaw drop) are features around the mouth, which
tend to change when a participant is trying to talk about something. Thinking and trying to talk
about something can be seen as changes that emerge when preparing for active outreach to the
interaction partner. Active outreach to the interaction partner can be associated with ACI status.
Therefore, it is reasonable that they are observed before a change to ACI states.

Regarding voice features, the SD was a better cue than the mean to determine whether a
participant’s state was likely to change to ACI states. The SD changed when they started talking
from silence or when they argued with others. It is possible that we perceive these situations
as changes in the loudness and height of their voice. Although the mean of FO is a commonly
used index for human-state estimation, it was not an important cue in the SPM analysis. This is
because we were estimating the state in the near future, and the state before the utterance might
be essential. In other words, the cues for estimating a learner’s state at a certain point in time
might be different from those for estimating the learner’s state in the near future. In the ACI
state, there may be clues to these variables when the learner’s state changes to other states (for
example, from Active to Constructive).

Based on these results, it is probable that some consistent behavior was observed just before
the change of the participant’s state to ACI state, which was considered to prepare for communi-
cation with the communication partner. The independent variables that frequently appear in the
sequence patterns suggest some features that are generalizable to some extent. However, SPM
can easily cause combinatorial explosions and make calculations impossible; thus, the analysis
only considered data before a participant’s state changed to ACI states. In the operations of
the concept map, there was also a behavior to modify nodes that had been manipulated a long
time ago by manipulating them again. By expanding the time window of the moving average
and abstracting the state transitions of the concept map, it may be necessary to consider how
to analyze multiple time granularities of the SPM and extract the context of the interaction not
only immediately before but also up to a certain point in time.

3.1.3. Future State Estimation

We examined the possibility of estimating whether the participants were likely to change to ACI
states than passive state in the near future based on the obtained sequence pattern immediately
before the change to ACI states. Specifically, we performed the SPM described above by re-
moving one pair from the 12 pairs of participants. The data from the removed pair were then
averaged over a 10-second time window, and a moving average was calculated by shifting the
time window by 5 seconds; the encoding described above was then performed. The IBCS pat-
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terns extracted by SPM from the 11 pairs of data were then applied to the data of the leaved pair
to predict the learners’ states 5 seconds later. This was repeated for 12 pairs (leave-one-pair-out
cross-validation).

The number of IBCS patterns found was tallied for each pair and the z-score was calculated.
The accuracy was then calculated assuming that when the value was greater than 0, the state
would change to the ACI state after 5 seconds. In this case, the accuracy for all data was 63.7%
(recall of passive state: 70.1%; recall of ACI state: 29.5%). This suggests that the number of
IBCS patterns found provides a cue for estimating a learner’s state to some degree. Meanwhile,
the data of the passive state and ACI state are unbalanced. The SPM in this analysis extracted the
pattern just before the ACI state for the next 5 seconds, and assumed that if the extracted pattern
did not fit well, the passive state would occur. Therefore, the large number of passive states did
not cause an excess of extracted patterns. However, in the case where the passive states were
continuous, it was possible that the same patterns as those immediately before the ACI state
appeared. In order to compare the patterns extracted from unbalanced data, it is necessary to
consider an estimation method that takes into account the occurrence probability in the passive
state and the occurrence probability in the ACI state. Meanwhile, the IBCS patterns found in
each of the the leave-one-pair-out data were common to some extent, suggesting that they were
consistent across participants, but it was difficult to estimate learner status based on SPM cues
alone.

3.2. SUPPORT VECTOR MACHINE

Using SPM analysis, we investigated cues for estimating whether a learner’s state would change
to a non-passive one in the near future, and we found many cues in the utterances, facial expres-
sions, gaze, and voice. It was also suggested that the patterns discovered through SPM could
provide cues for estimating a learner’s near-future state.

More specifically, if the multimodal information shows signs of a change in a learner’s state
in the near future, it may be possible to use it as a cue to estimate the change in the learner’s state.
To confirm this, we used a support vector machine (SVM) to estimate a learner’s state 5 seconds
later from data 10 seconds earlier. The number of total data samples is 4320. The variables
used were the same as those in the SPM, plus the number of z-scores (numZ) of the number
of IBCS patterns that could be found from the SPM results. As the SPM extracted frequent
patterns from the previous 15 seconds of the data sequence, this analysis was performed on data
of approximately the same duration. The kernlab package in R 4.1.0 was used for the analysis.
A linear kernel was applied and the parameters were set to default.

3.2.1. SVM Model

Variable selection was performed using the backward elimination method based on the cross-
validation error of the 10-fold cross-validation. The variables remaining in the SVM model with
the lowest cross-validation error were AUOS, AU10, AU12, AU17, AU23, AU26, gaze dist,
Intensity_mean, F1_mean, and numZ. The results show that the variables that differed from
the SPM frequent variables remained. Compared to the SPM frequent variables, those related
to utterance frequency were eliminated, and only AU12 and AU26 overlapped as expression
variables. These overlapping variables were variables related to mouth movements, suggesting
that the characteristics of participants trying to speak something may appear in common. The
gaze_dist variable remained the same as that in the SPM. This is a reasonable result because a
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large distance of gaze movement suggests that the participants are trying to obtain information
from many locations. In addition, among the prosody variables, none were related to the SD,
and those related to the mean remained. Overall, the remaining variables contain multiple types
of information, suggesting that multimodal information is an important cue for estimating a
learner’s state.

The final classification of a learner’s state in the near future according to the remaining
variables resulted in a correct response rate of 75.2% for all data (recall of passive state: 80.4%;
precision of passive state: 89.1%; recall of ACI state: 47.3%; precision of ACI state: 37.5%). A
10-fold cross-validation was performed, and the cross-validation error was 24.8%, while there
was no difference in the percentage of correct answers. These results suggest that the multimodal
information considered in this study may be useful for estimating a learner’s state.

3.2.2. Leave-one-pair-out Cross-validation

Twelve pairs participated in this study. The mean number of segments per participant judged to
be in the ACI state during the experiment was 28.25 (SD 12.74 [max 55, min 6]). The number
of segments in the ACI state varied greatly from pair to pair, suggesting that each individual
pair had different characteristics. As the number of observations was too small to create an
SVM model with each pair of data, leave-one-pair-out cross-validation was performed to analyze
differences in SVM models and discrimination rates. The number of training data samples was
3960, and the number of test data samples was 360 in each leave-one-pair-out cross-validation.
The variables used were the same as those in the immediately preceding subsection. Table
3 shows the formula with the smallest cross-validation error among the SVM models, each
excluding a data pair. Table 4 shows the percentage of correct answers, recall of passive state,
and recall of ACI state, respectively.

Table 3 shows that the interaction features of each pair are so different that removing one
pair changes the features effective for discrimination. Meanwhile, it also shows that some com-
mon variables are adopted. The variables that commonly remained five or more times in the
SVM model were AU04, AUOS, AU15, AU17, AU20, AU23, AU25, gaze_self, gaze dist, In-
tensity_mean, F1_mean and numZ. The changes in AU4 and AUS are related to the degree of
eye-opening and often change when interested. The changes in AU15 and AU17 are often seen
when facial expressions express dissatisfaction. The change in AU23 is often seen when people
are bored. These facial expression changes may indicate participants’ feelings about collab-
orative tasks. gaze_self indicates that they may be confirming their thoughts, while gaze dist
indicates that they are trying to take in a lot of information. These gaze characteristics may
indicate the state of the participant’s thoughts. Intensity_mean indicates how loud the voice is,
and F1_mean is related to how the mouth opens. These voice characteristics may indicate an
attitude of outreach to the person doing the collaborative work. These variables could be used to
estimate learners’ states independent of participants’ characteristics. In a practical situation, it
is difficult for a human to check all changes in the multimodal information of each participant,
and it is expected that the system will realize adaptive feedback by observing the multimodal
changes. Meanwhile, variables that were never employed were self_utterance, other_utterance,
AUO06, FO_SD, Intensity_SD, and F1_SD. As these are variables that were employed in SPM, it
is possible that the numZ variables contain information. The use of SPM-derived variables in
many models suggests that not only means and standard deviations but also changes in a certain
time range may be important cues for estimating learner status.
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Table 3: The formula with the smallest cross-validation error among the SVM models in each

pair.

Leaved pair | Formula

Pair 1 category ~ AUOS_r+ AU12 r 4+ AU15r + AU25_r + AU45 1 + gaze self
+ F1_mean + numZ

Pair 2 category ~ AUO1_r + AUO2_r + AUOS_r + AUO9_r + AU17_r + AU20_r
+ AU23 1 + AU25 1 + AU26_r + F1_mean + numZ

Pair 3 category ~ AUO1_r+ AU10.r + AU14_r + AU45 r + gaze c + gaze_self
+ gaze_other + Intensity_mean + F1_mean + numZ

Pair 4 category ~ AUO4_r + AUO9 r + AU14.r+ AU15r+ AU17.r + AU20_r
+ AU25_r + gaze_other + FO_mean + Intensity_mean

Pair 5 category ~ AUOS_r + AU15_r + AU20_r + gaze_other + gaze dist
+ Intensity_mean + F1_mean

Pair 6 category ~ AUOS_r + AU12r + AU20_r + AU25_r + gaze_dist
+ Intensity_mean + F1_mean + numZ

Pair 7 category ~ AUO2_r + AUO4 r + AUOS_r+ AU12r+ AU17 r + AU25
+ gaze _self + gaze dist + F1_mean

Pair 8 category ~ AUO2_r + AU10.r + AU23 r + AU25 r + AU45 r + gaze ¢
+ gaze_self + Intensity_mean + F1_mean

Pair 9 category ~ AUO4.r + AU15r+ AU17_r+ AU20.r + AU23_r + gaze c
+ gaze _self + gaze dist + F1_mean + numZ

Pair 10 category ~ AUO4_r + AUO9_r + AU10.r + AU14 r + AUIS r + AU20_r
+ AU23_r + gaze ¢ + Fl_mean

Pair 11 category ~ AUO4._r + AUOS_r + AUO9_r + AUI0r + AUISr+ AUI7 x
+ gaze _dist + F1_mean

Pair 12 category ~ AUOS_r+ AUO7 r+ AU12.r+ AU17r+ AU23 r + AU25
+ gaze_self + Intensity_mean + F1_mean + numZ

Table 4 shows that the accuracy and recall of each state in leave-one-pair-out cross-validation
varies greatly depending on which pair is used as the test data. When Pairs 6 and 8 are the test
data, the discrimination of passive and ACI states is relatively successful; however, when Pairs
1, 3, and 5 are the test data, the discrimination rate for the passive state decreases. When Pairs
7,9, and 12 are the test data, the discrimination rate for the ACI states is low and unsuccessful.
Pair 12 could not discriminate ACI states at all when it was the test data, which is assumed
to be because this pair had the lowest number of ACI-state occurrences (7 and 6 times) and
different interactions compared to the others. These findings suggest differences in the cues for
estimating a learner’s state for each pair, as well as a need to extract characteristics for each
learner. A previous study that used LSTM to classify student behavior from video data also
found that classification accuracy varied widely for each cross-validation dataset (Kasparova
et al., 2021). There is a great deal of variety in the behavior of learners who participate in
collaborative learning, and responding to this is a future challenge.
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Table 4: The results of the percentage of correct answers, recall of passive state, and recall of
ACI state in each pair.

Leaved pair | Accuracy Recall Precision Recall Precision
(Passive) (Passive) (ACID) (ACI)
Pair 1 0.653 0.640 0.887 0.701 0.346
Pair 2 0.881 0.915 0.953 0.483 0.333
Pair 3 0.544 0.532 0.858 0.600 0.220
Pair 4 0.714 0.753 0.871 0.562 0.366
Pair 5 0.658 0.673 0.918 0.548 0.181
Pair 6 0.803 0.794 0.972 0.860 0.402
Pair 7 0.689 0.865 0.760 0.118 0.213
Pair 8 0.717 0.719 0.937 0.700 0.287
Pair 9 0.831 0.973 0.844 0.185 0.600
Pair 10 0.731 0.859 0.797 0.352 0.457
Pair 11 0.872 0.941 0.918 0.289 0.367
Pair 12 0.950 0.986 0.963 0.000 0.000
| total | 0753 | 0804 | 0891 | 0450 | 0310 |

4. DISCUSSION

This study’s main contribution is that it suggests the possibility of estimating a learner’s state
in the near future using the multimodal information expressed by the learner during collabora-
tive learning as cues. Based on the acquired data from the experiment, an SPM analysis was
conducted to search for multimodal cues to estimate from the learner’s behavioral sequences
whether a learner was likely to change to a state other than passive in the near future. Conse-
quently, we could find cues evenly in speech, facial expressions, eye gaze, and voice. Further-
more, we attempted to discriminate passive states from other states (ACI states) using SVM,
and the results suggest that it is possible to discriminate passive states from other states (ACI
states) with an accuracy of higher than 70%. In the leave-one-pair-out cross-validation, where
one individual pair was removed, an SVM model was created with data from other pairs, and
the data from the removed pair were discriminated, it was possible to find variables that were
included in the model relatively commonly even if the pair was removed. However, differences
were also found in the accuracy, recall of passive states, and recall of ACI states, depending on
which pairs were used as test data.

A comparison of the candidate cues for near-future state estimation using SPM with those
using SVM shows that they tend to differ: while speech, facial expressions, eye gaze, and voice
are all equally promising cues in the SPM analysis, features more related to discussion and
dialog, such as the duration of speech, whether the subject is looking at a concept map, and
voice height and volume variation, appear to be more promising than previously listed cues.
Meanwhile, in the analysis using SVM, the variables of speech and those related to the variation
of voice height and loudness (SD) were not included in the classification model, and the distance
of eye movement, facial expression changes around the mouth, and mean of Intensity and F1
formant were the important variables. Based on these variables, it is possible that behaviors such
as gathering a variety of information in advance and speaking clearly with the mouth relatively
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wide open may reflect a learner’s psychological state.

The SPM analysis showed the learners’ states before they transitioned into the ACI states.
They were found to be mostly in the passive state, although mentally, the learners might have
already transitioned to an ACI state. In the passive state, the learners’ mental states did not
tend to be constant; thus, various multimodal information might have appeared. However, the
features that were analyzed did not appear evenly but had a certain bias. This suggests that when
changing from a passive to an ACI state, the features observed in the ACI state do not gradually
increase in the passive state but rather change significantly at a certain point in time.

The novelty of this study is that it suggests the possibility of classifying the passive and ACI
states of learners in the near future without depending on the contents of utterances. The ICAP
framework assumes that the learner’s state changes through interaction, and the Constructive
state is preferable to the Active state, and the Interactive state is preferable to the Constructive
state. To change the learner’s state to the desired state through intervention, it is necessary to
be able to infer what state the learner will change to in the near future, or how the intervention
is expected to change the learner’s state in the near future. If, as in previous studies, only the
learner’s state at a given time can be estimated, it may be difficult to support the learner to change
to the desired state voluntarily, even if the intervention can induce the learner to the desired state
at that time. In our study, the possibility of estimating the learner’s state in the near future, even
if it is only for a few seconds, was suggested, indicating that it is possible to proactively predict
the learner’s behavior, and to prejudge the pros and cons of an intervention and the consideration
of a specific intervention method.

Schneider and Blikstein (2014) reported that learners’ states could be classified into active,
semi-active, or passive states by analyzing learning activities using Tangible User Interfaces,
and that the passive state was significantly correlated with lower learning gains. This suggests
the importance of intervening by estimating the passive state of the learners. Some previous
studies have classified learners’ states into active and passive states while receiving a lecture
based on multimodal information (Yusuf et al., 2023), or estimated their engagement with the
lectures (Zhang et al., 2020). In these studies, learners’ interactions were limited, and the results
obtained were not sufficient as clues to encourage learners to change from passive to active.
Several previous studies have classified learners’ states based on multimodal information in
collaborative learning (e.g., Stewart et al. 2021; Kasparova et al. 2021). In these studies, it was
possible to estimate the state at a certain time, but it was difficult to estimate the cause of the
learner’s state. In this study, by suggesting the possibility of estimating the future state using
nonverbal information in multimodal interaction as cues, even for a short time, we were able to
suggest a clue for estimating the influence from the interaction partner that can be placed in the
situation where learners change to a particular state.

Meanwhile, in order to provide appropriate feedback in actual situations, decisions should
often be made through direct dialogue with participants about what specific advice and inter-
ventions should be given. Since this study classifies passive and ACI states, it does not focus on
speech content. However, in order to specifically classify Active, Constructive, and Interactive
states and to determine the content of interventions from direct dialogue, it is necessary to re-
fer to the content of utterances. In this study, the learner’s state in the near future is estimated
without speech analysis, so there is a spare time of several seconds before determining the in-
teraction for the learner at a given time. This spare time can be applied to the processing time
when speech analysis is needed to refer to the utterance content.

In order to control the learner’s ICAP status in the interaction, we considered it reasonable to

169 Journal of Educational Data Mining, Volume 16, No 2, 2024



quickly classify the passive and ACI states as the learner’s status in the near future to determine
the intervention or not, and then process to determine the intervention to move to the Active,
Constructive, and Interactive states. In this study, we suggested the possibility of classifying
the passive and ACI states in the near future by machine learning, which is the first part of
this process, and we think it will contribute to the realization of ITS and PCA using the ICAP
framework in practical situations.

Several studies have attempted to change the passive state of learners by ITS using multi-
modal information. For example, Wang and Yu (2024) developed an English teaching model
for multimodal interaction using artificial intelligence technology. In an experiment comparing
the case when this model was used with the case when it was not used, it was pointed out that
the students in the control class were in a passive state. They reported that “teachers in the ex-
perimental class interacted more with students emotionally and cognitively, accepting students’
positive emotions and encouraging or adopting students’ viewpoints, so that students gained a
sense of achievement and took the initiative to learn” (p. 15). In order to realize this kind of
interaction in ITS intervention scenes, it is necessary to estimate the change in the learner’s pas-
sive state, as attempted in this study, using multimodal interaction that can relatively capture the
emotional aspect as a cue, and make appropriate interventions according to the learning scene.
It has also been proposed to estimate emotional states during learning using ITS to provide sup-
port (e.g., McDaniel et al. 2007; D’Mello et al. 2009). However, it has also been reported that
the passive emotional state is difficult to estimate because it makes it difficult to show changes
in facial expressions. In the approach of this study to predict the change in the near future, it is
important to capture the sign of the change rather than to estimate the state itself, and it may be
possible to obtain cues for intervention by ITS, even in situations where state estimation itself is
difficult.

4.1. LIMITATIONS AND FUTURE CHALLENGES

The most major limitation is that there are large differences in the ease of estimating each pair’s
learning state. In order to apply to the actual situation, it is necessary to deal with the fact that
the classification results of each pair vary. The main causes of such variation are the possibility
that there are differences in the way learners express their states, resulting in different cues, and
the possibility that learners’ interaction strategies change depending on the flow of the whole
discussion. With regard to the differences in how learners express their states, it is important to
increase the data and include many patterns in the training data. As for the changes in learn-
ers’ interaction strategies, it is possible to respond by estimating the interaction strategies from
longer sequence patterns as well as the 10-second time window sequences that we are currently
focusing on. The latter may be addressed by applying SPM to longer sequence patterns. It is
also conceivable to classify whether a pair is in a silent interval or an utterance interval, and to
analyze them separately. By separating whether participants are in a dialogue state or a thinking
state, it may be possible to reduce differences in how learners represent their own states, and to
improve model estimation accuracy by reducing the imbalance between passive and ACI states,
especially in a dialogue state.

The second limitation, which is also important for implementing these methods, is that the
acquired data may not have been sufficient to estimate the learner’s state, where many patterns
may exist. One of the reasons for summarizing the data as ACI states was that there were
a small number of each state of Active, Constructive, and Interactive, making it difficult to
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perform machine learning. In addition, human interaction in a natural state without ITS or
PCA intervention will have more patterns of chronological change because there are more ways
to perform tasks and more types of human speech. In the future, we would like to consider
implementing ITS and PCA based on the findings obtained in this study to estimate the learner’s
state in a somewhat controlled interaction situation.

We are considering simultaneously measuring physiological indices as cues to estimate
learners’ internal states. Physiological indices such as heart-rate variability and skin-conductance
responses are said to reflect the activities of the human sympathetic and parasympathetic nervous
systems and provide cues to estimate human conditions such as stress. By using physiological
indices together with the multimodal information used in this study, it is expected that the ac-
curacy of ICAP-state estimation can be improved. Moreover, it is expected that not only the
coding of ICAP by human observation but also its relationship with the learner’s state based on
physiological indices will enable the learner’s state estimation to be applicable to more general
situations. Regarding the voice features, we plan to acquire data from an experimental environ-
ment in which we can obtain clearer voice sounds and conduct detailed analyses. We also plan
to conduct experiments in which a PCA intervenes in collaborative learning based on such state
estimation. Furthermore, although a 10-second time window was adopted in this study, it was
suggested that a shorter time window might be able to capture the changes more accurately. A
future task is to develop a method to use data from such a short time window for near-future
state estimation.

5. CONCLUSION

In this study, we experimentally conducted human-to-human collaborative learning using con-
cept maps to obtain multimodal information about participants in collaborative learning to in-
vestigate cues for estimating their ICAP states in the near future. Specifically, utterances, facial
expressions, eye gaze, and voice were acquired and analyzed using SPM to find cues for predict-
ing if the learners’ states would change based on the ICAP theory. We also attempted to estimate
a learner’s state in the near future by SVM using the sequence patterns obtained from the SPM
analysis and multimodal information during learning. Subsequently, we could find several can-
didates that could be used for near-future-learner-state estimation. The learner-state estimation
using multimodal information yielded higher than 70% accuracy. It was also suggested that
capturing the characteristics of interactions in collaborative learning for each pair was necessary
for more accurate estimations of a learner’s state. The development of a method for inferring
whether a learner’s state is likely to change from the time series of interactions is a future task.
Because an individual learner’s ICAP state is a mental state that is difficult to observe from the
outside, we are considering adding information that can provide cues to infer a person’s inter-
nal state, such as physiological indicators, for more accurate estimation. In the future, we will
design interventions for collaborative learning using PCAs based on state estimation for the re-
alization of ITS. Based on the PCA proposed in Hayashi (2019a) and Hayashi (2020), we will
develop a system that can detect a learner’s state in real time and provide appropriate support
based on the findings of this research.
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