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into the connections between inquiry, engagement
and assessment. Moreover, it has implications for
designing technology-supported collaborative inquiry
environments to support low-achieving students'
engagement and higher-level skills.
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Practitioner notes

What is already known about this topic

» Supporting low-achieving students' productive disciplinary engagement (PDE) is
an important but challenging goal in education and limited research has focused
on it.

* Knowledge-building inquiry design augmented by reflective assessment is
promising in supporting low-achieving students' PDE.

 Little research has examined the effects of reflective assessment-augmented
knowledge building inquiry on low-achieving students' PDE and the mechanism
through which reflective assessment supports their PDE.

What this paper adds

* Reflective assessment-augmented knowledge-building inquiry is effective in
supporting low-achieving students' PDE.

» Portfolio-supported Reflective assessment in Knowledge Forum facilitated
low-achieving students' enactment of collective reflection, monitoring and regulation,
and these metacognitive processes further helped low-achieving students to
achieve higher levels of cognitive, emotional and epistemic engagement.

» This study provides insights into the connections between inquiry, engagement,
and assessment.

Implications for practice and/or policy

* It is crucial to create a collaborative and reflective community culture to help
low-achieving students gradually gain agency.

* It is critical to help low-achieving students to develop a productive belief that idea
improvement and reflection is a continuous and iterative process.

» The effectiveness of reflective assessment requires face-to-face knowledge-building
discussion and collaborative reflection opportunities scaffolded by assessment
tools and analytics that encourage low-achieving students to engage in meta-level
discussion.

INTRODUCTION

Helping students develop productive disciplinary engagement (PDE) is one of the focuses
of learning sciences research. PDE involves students collaboratively making “intellectual
progress” on real disciplinary problems using ideas, discourses and practices associated
with a given discipline (Engle, 2012; Engle & Conant, 2002; Jordan et al., 2021). Supporting
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students' PDE enables them to better understand disciplinary knowledge and practices and
develop higher-level skills, such as collaboration and coordination, agency and knowledge
creation. The development of these skills is critical to students' academic performance and
continual life-long development (Becker & Luthar, 2002; Snell & Lefstein, 2018; Yang, van
Aasilt, et al., 2020). Therefore, all students, particularly low-achieving students, need to be
provided with opportunities to develop PDE. However, low-achieving students usually do not
have equitable access to such opportunities, as teachers typically have low expectations
regarding low-achieving students' performance (Zohar & Dori, 2003) and thus provide them
with instructional approaches and opportunities associated with lower-level skills (Yang, van
Aaslt, et al., 2020).

Knowledge building, a computer-supported collaborative inquiry model, is promis-
ing in fostering students' PDE, including low-achieving students (eg, Chen, 2017; Tao &
Zhang, 2021; Yang, van Aalst, et al., 2020; Zhang et al., 2018). Knowledge building empha-
sizes the advancement of knowledge frontiers through the development of collective respon-
sibility (Scardamalia, 2002; Scardamalia & Bereiter, 2014). Knowledge-building inquiry
environments enable students to engage in inquiry-oriented disciplinary practices to inves-
tigate authentic problems, establish community norms, construct a joint problem space,
negotiate and coordinate ideas, maintain collaborative dynamics, and collectively advance
disciplinary ideas (Scardamalia, 2002; Scardamalia & Bereiter, 2014), which are crucial for
fostering students' PDE. Productive knowledge-building inquiry requires students to exhibit
epistemic dispositions (Yang, Chen, et al., 2020), quality social interactions (Barron, 2003;
Stahl, 2006; Yang, van Aalst, et al., 2020), and metacognitive awareness and skills (eg, goal
setting, monitoring, and reflection; Bransford et al., 1999; Brown, 1997; Jarvela et al., 2015;
White & Frederiksen, 2005). However, low-achieving students struggle to exhibit the above
characteristics and therefore need appropriate scaffolding strategies to fully benefit from
knowledge-building.

Reflective assessment is a type of student-directed assessment that engages students in
metacognitive cycles of goal setting, monitoring, reflection, and regulation. It is an effective
strategy for scaffolding low-achieving students' engagement in knowledge-building inquiry
(White & Frederiksen, 1998; Yang, 2019; Yang et al., 2016; Yang, van Aalst, et al., 2020). This
study designed a reflective assessment-augmented knowledge-building inquiry environment
to facilitate low-achieving students' PDE. To promote low-achieving students' effective reflec-
tive assessment, we adapted knowledge-building principles to scaffold their construction of
electronic portfolios. Two groups of 10th-grade low-achieving students enrolled in a visual
arts class participated in this study. This study examined the effects of knowledge-building
inquiry and portfolio-supported reflective assessment on low-achieving students' PDE, and
the mechanism through which reflective assessment facilitates their PDE.

LITERATURE REVIEW
Low-achieving students and PDE

Low-achieving students are often disengaged from their schoolwork and have literacy chal-
lenges and learning difficulties (Shen et al., 2007). They also often encounter problems
in communication and coordination with peers, and in metacognition and regulation activi-
ties, such as the use of low-level metacognitive strategies, and in planning, monitoring and
regulating learning tasks, outcomes and processes (Azevedo et al., 2004; van Aalst, 2009).
Moreover, low-achieving students exhibit negative attitudes toward learning and are more
likely than other students to experience negative academic emotions such as frustration and
boredom (Lee et al., 2016; Yang, 2019). Helping low-achieving students develop PDE, which
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involves students improving their disciplinary understanding and high-level skills, remains
a challenge for teachers and researchers. Interventional studies on low-achieving students
have focused on their task engagement and aimed to improve their academic achieve-
ment (Baxter et al., 2001; Dietrichson et al., 2017; Han et al., 2015). However, few PDE
studies have aimed to scaffold low-achieving students' higher-level skills and disciplinary
understanding.

PDE was established by Engle and Conant (2002) and is focused on guiding students
to appropriate disciplinary ideas and practices to address disciplinary problems, and
thereby advance intellectually (Engle, 2012). PDE is a contextualized, dynamic, shared
and multi-faceted concept (Engle, 2012; Gomoll et al., 2017; Jordan et al., 2021; Sinha
et al.,, 2015). It typically involves behavioural dimensions (eg, on-task participation and
behaviour), cognitive dimensions (eg, the development of understanding and the use of
high-level strategies) and emotional dimensions (students' interests and attitudes) (Fredricks
etal., 2004; Sinha et al., 2015). PDE recursively affects sustained knowledge-building inquiry
and knowledge creation via on-topic participation and persistence (behavioural engage-
ment), productive collaboration and coordination (cognitive engagement), positive academic
emotions (emotional engagement) and the use of disciplinary ideas, discourse, practices
and tools to address meaningful disciplinary problems (epistemic engagement).

Low-achieving students are usually considered incapable of PDE in collaborative and
reflective inquiry that requires the cultivation of students' higher-level skills. Several studies
have shown that providing low-achieving students with access to collaborative and reflec-
tive inquiry based on appropriating scaffoldings—for example, appropriating project activ-
ities and tools to challenge traditional classroom roles, incorporating authentic problems
and productive social interactions, and building knowledge—can enable them improve their
disciplinary understanding and high-level skills (Calabrese Barton & Tan, 2010; Dietrichson
etal., 2017; Raes et al., 2014). This recognizes that low achievement is more of an artefact of
learning design than a psychological trait. To foster PDE, Engle and Conant (2002) proposed
four design principles for facilitating students' learning of environment design: problema-
tizing disciplinary concepts, giving students the agency to address learning-related prob-
lems, holding students accountable for making intellectual progress and contributing
to knowledge construction, and providing scaffoldings and resources that students need
for productive engagement. The current study leverages the above principles to design a
knowledge-building inquiry environment for low-achieving students.

Reflective assessment-augmented knowledge-building inquiry model
for low-achieving students' PDE

This study is based on the knowledge-building inquiry model (Scardamalia & Bereiter, 2014).
Knowledge building is characterized by a trajectory of open-ended idea improvement
through students' collective responsibility and epistemic agency in co-configuring collab-
orative dynamics and co-directing scientific inquiry (Scardamalia, 2002; Scardamalia &
Bereiter, 2006, 2014). Knowledge building is based on the notion of scientific communities
(Bereiter et al., 1997) and aims to engage students in knowledge-building related activi-
ties, as demonstrated by scientists who progressively extend existing knowledge rather than
seek a static source of “truth” (Bereiter et al., 1997). Knowledge-building therefore aims to
fundamentally transform education by cultivating communities in which members collabo-
rate to advance collective knowledge (Scardamalia, 2002; Scardamalia & Bereiter, 2014).
Knowedge-building discourse that is at the heart of knowledge building model most typically
takes place on Knowledge Forum®. Knowledge Forum is an online platform that has been
developed to support the activities of creative communities. Features of Knowledge Forum
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are designed to facilitate students to conduct sustained disciplinary inquiries, and reframe
and improve community ideas. For example, the “reference” and “rise-above” functions allow
students to use peers' notes as references when write a note, and thereby progressively
synthesize and rise above community's ideas as their work proceeds. Furthermore, a suite
of assessment tools are integrated into Knowledge Forum to help students assess the status
of their participation, interaction and knowledge-building discourse. For example, the Social
Network Analysis (SNA) applet can generate sociograms that visualize reading and build-on
activity and calculate the corresponding network densities.

Low-achieving students often encounter problems such as unproductive collaborations
and social interactions, and inability to implement high-level cognitive and metacognitive
strategies in planning, reflecting and regulating their learning and inquiry. Therefore, they
encounter problems during knowledge building and other inquiry exercises (van Aalst, 2009;
Yang, van Aalst, et al., 2020). It is thus necessary to provide low-achieving students with
appropriate learning design and scaffoldings to support their PDE. In this study, we briefly
explain four knowledge-building principles critical for scaffolding low-achieving students'
PDE: (i) Epistemic agency: This involves low-achieving students assuming high-level respon-
sibilities associated with shared goals, evaluations, emotions and long-range planning. This
is distinct from non-PDE situations, in which such responsibilities are assumed by teach-
ers. (i) Community knowledge: This involves demographic participation, the contribution
of diverse and valuable ideas, and the advancement of frontiers of community knowledge.
(iii) Idea improvement: This is associated with the developmental nature of knowledge and
ideas. That is, it involves low-achieving students continually and collaboratively deepening
their inquiries and improving the coherence, quality and utility of their ideas and discourse.
(iv) Embedded and transformative assessment: This emphasizes the way in which assess-
ment is integrated into knowledge building, given that assessment is a learning process.
Accordingly, low-achieving students can reflect on and regulate their knowledge-building
inquiry through assessment.

Reflective assessment aligns with the knowledge-building principle of “embedded and
transformative assessment.” It involves students taking collective agency to set inquiry
goals, monitor personal and community progress, use feedback to identify knowledge
gaps, and examine how to improve their ongoing inquiry and address broader problems
(Scardamalia, 2002; White & Frederiksen, 1998; Yang, van Aalst, et al., 2020). Thus, reflec-
tive assessment enables students to increase their metacognitive awareness, actualize
their metacognitive skills, and co-design and co-direct their ongoing inquiry and learning via
metacognitive cycles of task analysis, monitoring, reflection and inquiry regulation (Yang,
Chen, et al., 2020; Yang, van Aalst, et al., 2020).

Research on reflective assessment enhanced with student-directed electronic portfolios
in knowledge-building classrooms has revealed the positive effects of reflective assess-
ment on students' domain understanding and productive knowledge-building discourse (Lee
et al., 2006; Lei & Chan, 2018, van Aalst & Chan, 2007; Lei & Chan). However, the effects
of portfolio-supported reflective assessment on low-achieving students' PDE and the mech-
anism through which reflective assessment supports their PDE have not been investigated.
Our previous studies have examined reflective assessment using analytics that encour-
age secondary school low-achieving students to collectively increase their metacognition
(Yang, 2019; Yang et al., 2016; Yang, van Aalst, et al., 2020). These studies have revealed
the scaffolding function of reflective assessment—helping students to engage in productive
knowledge-building inquiry and develop higher-order skills.
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The current study

In the current study, we designed a portfolio-supported reflective assessment process inte-
grated with knowledge-building inquiry to support low-achieving students' PDE. We also
used knowledge-building principles to facilitate low-achieving students' engagement in
productive electronic portfolios. The current study aimed to examine the effects of reflective
assessment-augmented knowledge-building inquiry on low-achieving students' PDE and the
mechanism through which reflective assessment supports their PDE. We aimed to answer
the following research questions.

1. RQ1: Do low-achieving students who engage in reflective assessment-augmented
knowledge-building inquiry (the experimental class) exhibit higher PDE than those who
engage in regular knowledge-building inquiry (the comparison class)?

2. RQ2: How does reflective assessment support low-achieving students' PDE?

METHODS
Research contexts and participants

In Hong Kong's secondary schools, students are divided into three groups—Band 1
(the highest-achieving group), Band 2 (the average-achieving group), and Band 3 (the
lowest-achieving group)—based on the results of public examinations taken at the end of
6th Grade. This study was conducted at a Hong Kong Band-3 secondary school, and the
participants were two 10th Grade classes studying Visual Arts that had performed at or
below the 10th percentile of the student population in the 6th Grade examination, and were
thus recognized as low-achieving students. In this study, the participants studied the topic of
“Design and environment conservation” over 4 months, which comprised three lessons per
week (one on painting and two on knowledge-building work). A quasi-experimental approach
was used: an experimental class of 20 participants worked in a knowledge-building environ-
ment augmented by portfolio-supported reflective assessment, and a comparison class of 14
participants worked in a regular knowledge-building environment without portfolio-supported
reflective assessment. The participants had no previous knowledge-building experience,
whereas the teacher was an expert in using knowledge-building inquiry models to moti-
vate participants and had used the knowledge-building inquiry model in teaching for several
years.

Designing the knowledge-building inquiry environment enriched by
reflective assessment (experimental class)

We collaborated with the course instructor to design a three-component knowledge-building
environment enriched by portfolio-supported reflective assessment in Knowledge Forum.
This design was adopted from the earlier study by Chan (2011) and refined for the partici-
pants by including an emphasis on the four knowledge-building principles: epistemic agency,
community knowledge, idea improvement, and embedded and transformative assessment.

The course began with the teacher's cultivation of a collaborative and reflective culture to
help students develop knowledge and skills needed for PDE (Component 1, weeks 1-10).
The students studied the topic of how design can be used to support environmental conser-
vation, and engaged in a set of agency-driven activities involving small group collaborations,
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whole-class discussions and collaborations, and individual reflection. For example, to develop
collaboration skills and basic disciplinary understanding, small groups of the students (4-5
students) were first required to construct collaborative concept maps (Figure 1), and then
the whole class investigated lines of inquiry and generated ideas that they incorporated
into a knowledge-building Wall for presentation to the public. The students also conducted
investigations on how to conserve environment through interviewing relevant individuals
(eg, officials responsible for environmental conservations, scholars researching how to use
design to support environmental conservations), and made field trips to museums and other
institutions.

Next, the participants were encouraged to address authentic problems in design and
environmental conservation and progressively improve idea-centred discourse in a Knowl-
edge Forum (Component 2, weeks 11-13). Thus, the participants built on the discussions
that had informed the development of the knowledge-building wall to formulate higher-level
explanation-seeking questions for further inquiry on the Knowledge Forum (Figure 1), by
assessing exemplar questions and reflecting on the assessment criteria. The participants
also engaged in explanation-oriented discourse, reflecting on notes and assessment criteria
for productive discussion threads in regular face-to-face knowledge-building talks. In addi-
tion, the participants used weekly analytic data generated by assessment tools embedded in
Knowledge Forum to reflect on their own participation, social interactions, and contributions.
These disciplinary inquiries, practices and reflections enabled the participants to develop a
sense that their ideas were improvable and that their community played an important role in
supporting this improvement.

Finally, after engaging in knowledge-building work for approximately 3 weeks, the partic-
ipants engaged in portfolio-supported reflective assessment to further support their PDE
(Component 3, weeks 14-17). In this assessment, the participants were required to select
at least five notes written by community members and five notes written by themselves,
use knowledge-building principles to analyse the weaknesses and strengths of these
notes, and then write a reflective statement to show how and why the notes supported their
theories on how design contributes to sustainable development. In doing so, the partici-
pants reviewed what they had learned, monitored their learning process, reflected on their
knowledge-building inquires and discussions, identified core problems for further inquiry,
extended their understanding, and created new theories. The participants were encouraged
to construct and improve their portfolios until the end of the course, and were provided with
participation and interaction data each week.

Instruction in the comparison class

The comparison class engaged in the same activities as the experimental class for Compo-
nents 1 and 2. However, in Component 3, the comparison class continued to participate and
write notes in a Knowledge Forum.

Data sources and analysis

We used 305 Knowledge Forum notes from the experimental class and 138 notes from
the comparison class to examine the participants' PDE. We posited that the participants'
PDE would reflect their improvement in knowledge-building discourse, as this discourse
can demonstrate low-achieving students' PDE across cognitive, emotional and epistemic
aspects, in addition to their use of metacognition.
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FIGURE 1 Knowledge Forum platform (top), note contributed by one student (bottom right) and one concept
map (bottom left).

We pre-processed the Knowledge Forum notes by sorting them into discussion threads,
where a discussion thread is a group of notes that address the same principal problem
(Zhang et al., 2007). This allowed us to obtain a good understanding of the participants'
work, and also provided categorized material for subsequent content analysis, lag sequential
analysis and epistemic network analysis. The first author sorted the 305 notes (experimental
class) and 138 notes (comparison class) into 12 and 8 threads, respectively. Table S1 in the
supplementary file presents the thread analysis results.

Low-achieving students' PDE is manifested by their knowledge-building
discourse moves

To answer RQ1, we first conducted content analysis of the notes in each discussion thread
to qualitatively characterize the participants' PDE. We developed a coding framework based
on previous work by D'Mello and Graesser (2012), Pekrun et al. (2017), Yang (2019) and
Yang et al. (2022) (Table S2 in the supplementary file). The coding framework features four
categories: cognitive engagement, emotional engagement, epistemic engagement, and
metacognition/metadiscourse. Two raters, the first author and another researcher with a PhD
degree and experience in qualitative discourse analysis, independently coded 130 notes
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from the experimental class (n = 130, >30%). The inter-rater consistencies were 92% for
cognitive engagement, 94% for emotional engagement, 96% for epistemic engagement, and
99% for metacognition/metadiscourse.

Next, to examine the differences between the experimental and comparison students'
PDE, we conducted two comparisons using our content analysis results. First, we examined
the differences in the frequency distribution of discourse moves by conducting a chi-square
test using SPSS Statistics 21. Because we focused on PDE productivity, we only calcu-
lated the higher-level discourse moves (eg, “engaging problem-centred idea uptake,” “joy,”
“explanatory questions,” and “reflecting and deepening inquiry”). Second, we used lag
sequential analysis to examine the differences between the experimental and comparison
classes in sequential contingencies of discourse moves in PDE (Bakeman & Gottman, 1997).
We posited that sequential patterns observed in discourse would illustrate the differences
in the three dimensions of PDE. We used the Sequences Package for R to conduct a lag
sequential analysis, and used the z-scores to calculate the number of times a code (ie, one
type of discourse moves) transitioned directly to another code, and z-scores above 1.96
were considered to indicate a significant transition sequence between two codes (Bakeman
& Quera, 2011).

Portfolio-supported reflective assessment facilitates low-achieving
students' PDE

To answer RQ2, we examined the differences between the epistemic network characteristics
of the experimental class and the comparison class. We posited that portfolio-supported
reflective assessment helps low-achieving students to deploy and develop their metacog-
nition (eg, monitoring, reflecting, and regulating) in knowledge-building inquiries in the form
of metadiscourse, and that metacognition helps them to engage in higher-level discourse
moves. These epistemic networks can demonstrate the stronger connections between
discourse moves that indicate metacognition, and higher-level discourse moves that indicate
the cognitive, emotional and epistemic aspects of low-achieving students' PDE.

To examine the differences between epistemic network characteristics, we conducted an
epistemic network analysis (Shaffer, 2017) using the epistemic network analysis Web Tool
(www.epistemicnetwork.org). The epistemic network analysis algorithm of this tool identifies
and calculates connections between coded elements in data and visualizes them in dynamic
network models, which illustrate the structure and strength of connections between coded
elements by quantifying the co-occurrences of codes within a defined segment of data.

RESULTS

Effects of reflective assessment-augmented knowledge-building
inquiry on low-achieving students’' PDE

Classroom differences in discourse-move characteristics (comparison 1)

Table 1, on the basis of content analysis results presented in Table S3 in the supplementary
file, shows that the frequency distributions of higher-level discourse moves were different for
each class: the experimental class had more higher-level discourse moves than the compar-
ison class. A subsequent chi-square test revealed that these differences were statistically
significant, x2 (df =1, N=1129) = 8.95, p<0.05. Primarily, the experimental class went further
in developing and extending their problem-centred ideas and collective ideas compared than
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TABLE 1 Differences between the two classes' discourse-move characteristics

Experimental class Comparison class

Level Abbreviation f % (f/305) f % (f/138)
Cognitive engagement
Creating shared understanding Low CSu 45 14.75 14 10.14
Negotiating a fit Low NAF 90 29.51 43 31.16
Engaging problem-centred idea uptake High PCU 92 30.16 24 17.39
Summarizing community ideas High SCI 5 1.64 2 1.45
Rising above community ideas High RAC 9 2.95 0 0.00
Emotional engagement
Joy High JOYy 142 46.56 52 37.68
Curiosity High CUR 68 22.30 32 23.19
Surprise High SUR 31 10.16 9 6.52
Confusion Neutral CON 33 10.82 31 22.46
Anxiety Neutral ANX 24 7.87 & 217
Frustration Low FRU 5 1.64 & 217
Boredom Low BOR 2 0.66 8 5.80
Epistemic engagement
Generating fact-seeking questions Low GFQ 9 2.95 9 6.52
Generating explanatory questions High GEQ 65 21.31 48 34.78
Generating a simple claim Low GSC 18 5.90 24 17.39
Contributing an elaboration Low CEla 78 25.57 30 21.74
Contributing an explanation High CExp 129 42.30 26 18.84
Contributing a rise-above note High CRA 14 4.59 3 217

the comparison class. The experimental class was also more likely than the comparison
class to experience positive epistemic emotions such as surprise and joy. Furthermore, the
experimental class engaged in more explanation-oriented inquiry than the comparison class.
These results show that the experimental class demonstrated higher cognitive engagement,
emotional engagement, and epistemic engagement than the comparison class, which illus-
trates the positive effects of reflective assessment-augmented knowledge-building inquiry on
low-achieving students' PDF.

Differences between the two classes' sequential transitions of discourse
moves (comparison 2)

To further reveal the effects of reflective assessment-augmented knowledge-building inquiry
on students' PDE, we examined the sequential transitions of discourse moves in each
classes' cognitive, emotional and epistemic engagement. We used Viswork Package for R
to identify the significant sequential transitions (see Figure 2) on the basis of the adjusted
residuals (see Tables S4—-S6 in the supplementary file). Only the sequences with a z-score
greater than 1.96 are shown in Figure 2, where the higher the z-score, the stronger the link
between nodes. The sizes of the nodes denote the frequency of each discourse move in
each class, where larger nodes represent greater frequency.
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The significant sequential transitions of discourse moves in the experimental and comparison
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Figure 2 shows the transition of discourse moves in the experimental and comparison
classes, which reveals that the experimental class displayed more productive sequential
transition patterns of discourse moves in cognitive engagement than the comparison class.
For example, the experimental class exhibited five productive significant sequences in cogni-
tive engagement: SCl— RAC (2.82), RAC—RAC (9.14), RAC—CSU (2.93), CSU— NAF
(3.08), and PCU—PCU (2.46). These results suggest that the experimental class progres-
sively deepened its knowledge-building inquiries and fostered ideas during several rounds
of negotiating meanings among diverse ideas, uptake of ideas, summarizing and rising
above community ideas. The experimental class also exhibited more productive significant
transitions in emotional engagement such as SUR— SUR (2.52), JOY — CON (2.87) and
CON — JOY (3.25), and transitions in epistemic engagement such as CEla — GEQ (2.47),
GEQ—CEla (4.80), CRA—CRA (10.07), and CRA— GEQ (2.69). These results suggest
that the experimental class exhibited productive emotion transitions and therefore productive
emotional engagement. These results also suggest that the experimental class engaged
in productive cycles of generating explanatory questions-contributing explanations-rising
above ideas and therefore manifested productive epistemic engagement. Overall, these
results illustrate the positive effects of reflective assessment-augmented knowledge-building
inquiry on low-achieving students' PDE.

Reflective assessment in facilitating low-achieving students' PDE

We used epistemic network analysis to examine the connections between discourse
moves indicating students' metacognition and discourse moves indicating their cognitive
engagement, emotional engagement and epistemic engagement. Figure 3 displays a plot
of connections of the discourse moves of the experimental class and the comparison class,
and the subtracted epistemic network of the two classes. The different coloured dots repre-
sent the centroids of each participant in the experimental class and the comparison class,
respectively, and the mean centroids of all dots in each class are shown as squares, with
a 95% confidence interval for each dimension represented by the rectangular outline (see
Figure 3a,c,e).

Figure 3a presents the plot of connections between the discourse moves of the exper-
imental and comparison classes, showing the significant differences between the means
for each class along the x- and y-axis. However, the independent-sample f-tests (assuming
unequal variances) of the mean centroid values were not significantly different between the
two classes. We also constructed the subtracted network depicted in Figure 3b—by subtract-
ing the mean connection strengths for the participants in the comparison class from the
mean connection strengths for participants in the experimental class—to examine salient
connections that contributed to the differences between the two classes. The darker, thicker
lines indicate greater connection strength, which reveals that there were more connec-
tions made by the experimental participants than the comparison participants to the PCU
(engaging problem-centred uptake) and CMA (creating metacognitive awareness) nodes.
This suggests that links between metacognitive discourse moves and higher-level cognitive
discourse moves, and between the higher-level discourse moves PCU and RAC, were prom-
inent features of the experimental class.

Figure 3c presents a plot of an epistemic network analysis of the experimental and compar-
ison classes' emotional and metacognitive discourse moves, which indicates the differences
between the two classes. The independent-samples t-test (assuming unequal variances)
of the mean centroid values shows that this difference was significant along the x-axis, (¢
[17.25] = 1.83; p<0.05; and d = 0.71), suggesting that the two classes each had significant
connection patterns. Figure 3d depicts the corresponding subtracted network, which reveals
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the most significant connections responsible for the differences between the two classes.
Compared with the comparison class, the experimental class made more connections to the
RDI (“reflecting and deepening inquiry”), JOY, and CUR nodes, suggesting that this class
made significant links between higher-level metacognitive discourse moves and academic
emotions, and between productive academic emotions. In contrast, compared with the
experimental class, the comparison class made a higher number of connections to the CON
node, suggesting that this class made significant links between the relatively lower-level
metacognitive discourse move CMA and the neutral emotion of confusion, and between
neutral emotions and productive emotions of curiosity (CUR). These results indicate that
portfolio-supported reflective assessment helped the participants to monitor and regulate
their academic emotions, and thus engage in more effective knowledge-building inquiry.

Figure 3e displays a plot of epistemic and metacognitive discourse moves in the experi-
mental and comparison classes, indicating the significant differences between the two classes.
Specifically, independent-samples t-tests of the mean centroid values of the two classes
showed that there were statistically significant differences between the classes along the
x-axis (t[20.87] = 3.30; p<0.05; and d = 1.23) and along the y-axis ({[19.67] = 2.18; p<0.05;
and d = 0.83). We also examined the connection differences between the two classes.
Figure 3f shows that compared with the comparison class, the students in the experimental
class made more connections to the RDI and CExp nodes, suggesting that these students
made a significant link between higher-level metacognitive discourse moves and epistemic
discourse moves such as RAC, a significant link between higher-level epistemic discourse
moves such as CExp and GEQ, and a significant link between higher-level and lower-level
epistemic discourse moves such as CExp and CEla. However, the studentss in the compari-
son class made more connections to the CMA and GSC (“generating a simple claim”) nodes,
and these were relatively lower-level metacognitive and epistemic discourse moves. These
results suggest that portfolio-supported reflective assessment supported the participants'
productive epistemic engagement by encouraging them to contribute more higher-level
metacognitive and epistemic discourse moves and to productively monitor and regulate their
epistemic engagement.

DISCUSSION AND CONCLUSIONS

Effects of reflective assessment-augmented knowledge-building
inquiry on low-achieving students’' PDE

Helping students engage in disciplinary learning and develop higher-level skills is an impor-
tant research strand in the learning sciences, such as research on fostering communities
of learners (Brown, 1992; Brown & Campione, 1994, 1996; Lamon et al., 1996) and knowl-
edge building (Chen & Hong, 2016; Scardamalia, 2002; Scardamalia & Bereiter, 2014). The
current study builds on this research strand, which emphasizes students' agency, collabora-
tive inquiry, reflection, and authentic and meaningful inquiry. The study involved the design
of a knowledge-building inquiry environment and a portfolio-supported reflective assessment
process in Knowledge Forum to support low-achieving students' engagement in learning
about the visual arts. We examined the effects of this design in facilitating PDE by analysing
the low-achieving students' online discourse using a coding framework for the cognitive,
emotional, and epistemic aspects of PDE.

FIGURE 3 Means (from epistemic network analysis) and subtracted networks for the experimental class
and comparison class. See abbreviations in Table 1.
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The frequency distributions of higher-level discourse moves revealed more higher-level
engagement in cognitive, emotional and epistemic aspects of PDE occurred in the exper-
imental class than in the comparison class. Further analysis of these three aspects
revealed more productive sequential transition patterns of discourse moves occurred in
the experimental class than in the comparison class. These results suggest that reflective
assessment-augmented knowledge-building inquiry has positive effects on low-achieving
students' PDE. This is consistent with our previous research on the facilitation of low-achieving
students' knowledge-building through an analytics-supported reflective assessment process
(Yang et al., 2016; Yang, 2019; Yang, van Aalst, et al., 2020). These results also extend
the literature on the characterization and conceptualization of PDE (Engle & Conant, 2002;
Gomoll et al., 2017; Sinha et al., 2015) and the development of guiding principles to support
student PDE (Engle, 2012; Engle & Conant, 2002).

The present study focused on designing interventions to support low-achieving students'
PDE and to extend PDE from the individual and group dimensions to the community dimen-
sion. Our finding illustrates the use of knowledge-building inquiry and reflective assessment
to support low-achieving students' PDE in an Asian context that emphasizes an examination
culture. In the study, we emphasized the role of Knowledge Forum that helped students
focus on disciplinary ideas, discourse and practices and provided functions (eg, reference
and rise-above) and tools (eg, embedded assessment tools) for working with and advancing
ideas and developing knowledge building inquires and practices.

Reflective assessment mechanisms to support low-achieving
students' PDE

Understanding the mechanisms through which reflective assessment helps low-achieving
students to engage in disciplinary learning is critical for providing appropriate support to
scaffold low-achieving students' PDE in a given discipline. Our previous studies have mainly
relied on qualitative analysis of low-achieving students' reflections documented in their
worksheets to guide their productive reflection through reflective assessment (Yang, 2019;
Yang et al., 2016; Yang, van Aalst, et al., 2020). These findings can help us understand the
process by which reflective assessment helps low-achieving students to engage in produc-
tive analysis of their knowledge building, reflect on their strengths and weaknesses, and plan
actions to deepen their inquiries. However, these findings cannot reveal the connections
between metacognitive processes and cognitive, emotional and epistemic processes. Thus,
the current study examined these connections using epistemic network analysis to reveal
how reflective assessment helps low-achieving students to develop PDE.

The results of this study show that with the help of reflective assessment, low-achieving
students were more likely to collectively reflect on, monitor and regulate their collective
inquiry, as indicated by their greater percentage of metacognitive discourse moves than
low-achieving students who did not engage in reflective assessment. These behaviours of
low-achieving students who engaged in reflective assessment increased their engagement
in higher-level cognition and emotion during knowledge-building inquiries. These results
support the argument of Bereiter et al. (2019) that metacognitive engagement strengthens
students' epistemic agency, and the results of Chan et al., (2019) that show students with
deeper meta-knowledge are more likely to engage in productive knowledge-building inquir-
ies and discussion than those without such knowledge.

The knowledge-building inquiry model emphasizes the scaffolding and transformative
function of reflective assessment and studentagency in gradually pursuing inquiry, co-directing
inquiry and building knowledge. The reflective assessment-augmented knowledge-building
inquiry design of the current study made this explicit in the knowledge-building process.
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Engaging low-achieving students in portfolio-supported reflective assessment involved them
in several rounds of metacognitive processes comprising gap analysis, reflection, and action
planning. Through these processes, low-achieving students gradually internalized the neces-
sary metacognitive cycles. This design thus has important implications for practitioners and
researchers who aim to design technology-rich collaborative and reflective inquiry environ-
ments to support student inquiry, engagement, agency, and learning. Additionally, this study
highlighted the instructors' key role in facilitating low-achieving students' knowledge-building
inquiry. Moreover, the study highlighted the instructors' strong belief that low-achieving
students can engage in knowledge-building inquiry if they are provided with appropriate
scaffolding, and that knowledge-building inquiry can benefit low-achieving students by valu-
ing their inquiry, collaboration, agency and reflection.

Implications for educational practices to help low-achieving students’
development of higher-order skills and PDE

The study has several implications for designing technology-enhanced collaborative inquiry
and reflective inquiry to support low-achieving students' development of higher-level skills
and PDE. First, it is crucial to create a collaborative and reflective community culture with a
set of agency-oriented activities to help low-achieving students gradually gain agency by
conducting knowledge-building inquiries and co-designing and co-directing these inquir-
ies. The culture and set of activities should (1) empower low-achieving students to actively
pursue inquiries collaboratively, reflect on and regulate their inquiry and knowledge build-
ing, and build disciplinary knowledge and theories; (2) encourage low-achieving students to
participate democratically in community idea building; and (3) help low-achieving students to
develop a strong belief that their contribution is important to the whole community and that
every idea can be gradually improved through collaborative effort. Second, it is critical to
help low-achieving students to develop a productive belief that idea improvement and reflec-
tion is a continuous and iterative process. Third, although reflective assessment can help
low-achieving students to develop PDE, this benefit requires face-to-face knowledge-building
discussion and collaborative reflection opportunities that encourage low-achieving students
to engage in meta-level discussion. Integrating face-to-face group-level reflection with online
Knowledge Forum inquiry contributes to successful reflective assessment.

Limitation and implications for future research

This study has several limitations that provide promising research opportunities. First, we did
not investigate the changes in students' disciplinary understanding. Our findings revealed
that reflective assessment-augmented knowledge-building inquiry has positive effects on
low-achieving students' PDE, however it remains unclear whether this change is transfer-
able. As transfer is a key issue in the learning sciences (Lobato, 2008), it is important to
determine the transferability of the effects we observed.

Second, we used only low-achieving students' online discourse to examine the effects
of reflective assessment-augmented knowledge-building inquiry and how reflective assess-
ment supports low-achieving students' PDE. However, classroom data sources such as inter-
views and video recordings are also important for delineating the mechanism of reflective
assessment. Fortunately, the use of epistemic network analysis was adequate for modelling
various epistemic networks and revealing the mechanism by which reflective assessment
affects low-achieving students' PDE. However, we aim to conduct future qualitative analysis
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to produce a rich set of classroom data sources from a broader range of schools and teach-
ers, which will allow us to more deeply examine the dynamics of reflective assessment.

Third, as demonstrated in this study, Chinese learners are not inherently passive
rote-learners as described in the literature (Yin et al., 2014), but respond appropriately to
a contextual background and various design elements and learning demands. Nonethe-
less, we did not explore how design is implemented in Chinese classrooms to relieve the
tensions between cultural beliefs, contextual demands and Western ideas (Chan, 2010).
Future research is needed to address this limitation.
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