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Abstract

The K-12 CS Framework provides guidance on what concepts and
practices students are expected to know and demonstrate within
different grade bands. For these guidelines to be useful in CS
education, a critical next step is to translate the guidelines to
explicit learning targets and design aligned instructional tools and
assessments. Our research and development goal in this paper is
to design a playful, curriculum-neutral assessment aligned with
the ‘Data and Analysis’ concept (grades 6-8) from the CS
framework. Using Evidence Centered Design and Participatory
Design, we present a set of assessment guidelines for assessing
data and analysis, as well as a set of design considerations for
integrating data and analysis across middle school curricula in CS
and non-CS contexts. We outline these contributions, describe
how they were applied to the development of a game-based
formative assessment for data and analysis, and present
preliminary findings on student understanding and challenges
inferred from student gameplay.
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1 Introduction

Computing is an integral part of our world today and the
public demand for computer science (CS) education is at an all-
time high with schools continually seeking guidance on
developmentally — appropriate instructional —material and
assessments for CS. In particular, with non-CS teachers being
asked to integrate a wide range of CS concepts in other disciplines,
there are novel problems to address.

When the K-12 CS Framework was released in 2016 [18], it
filled a definitional role in the field by providing guidance on what
concepts students are expected to know and what practices
students are expected to be able to demonstrate within certain
grade bands. However, the framework does not define learning
goals or describe examples of framework-aligned curricula and
assessments. Hence, translating the guidelines in the framework
to explicit learning and assessment targets and designing
instructional material and/or assessments that align with the
targets continue to remain critically important tasks in the field of
CS Education.

We know of no assessment that directly targets the ‘Data and
Analysis’ concept and all its sub-concepts (data collection,
storage, visualization and transformation, and inference and
models), as outlined in the K-12 CS framework. Some assessments
like CT-STEM [23] and previous work in Math education [25]
have assessed specific aspects of this construct. In this paper, we
describe a principled approach for designing assessments for all
the ‘Data and Analysis’ concepts for middle school students. We
focus on elaborating learning (and assessment) goals for the data
and analysis strand of the K-12 CS Framework, and designing
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learning experiences to support those learning goals, especially in
non-CS classrooms.

With the amount of digital data in the world rapidly
expanding, data and analysis constitute an essential ability
required in all sectors of the global knowledge-based economy.
Data literacy, encompassing collecting, managing, interpreting,
evaluating and applying data in support of evidence-based
decision making, is considered an important skill in all disciplines,
not just CS [12]. Since data literacy is an important concept in a
number of disciplines, we aimed to understand how both CS and
non-CS teachers can integrate this concept into their courses, and
how an assessment can provide useful feedback to teachers in
various contexts. Using a design research approach, we worked
with middle school teachers to identify a set of design
considerations for incorporating data and analysis concepts into
their courses and designing formative assessment tools for the
same. Using the principled approach for designing data and
analysis assessments and the design considerations we identified,
we designed a game-based formative assessment for data and
analysis in middle school. We report on data from a pilot study
middle

understanding and challenges with data related concepts. Our

using the game to investigate school students’

research is informed by the following research questions:

1. What should the assessment goals and assessment guidelines
be in order to elicit evidence of competency with data and
analysis, as outlined by the K-12 CS framework?

2. What are the design considerations when developing data
and analysis activities and assessments for middle school CS
and non-CS teachers?

3. How can the assessment goals and guidelines and design
considerations be incorporated into a game-based formative

assessment for Data and Analysis?

2 Design frameworks

To develop assessment goals for the CS concept of data and
analysis, we used Evidence-Centered Design (ECD) [14], a
principled assessment design framework that provides support to
the validity argument that the assessment is measuring the
intended constructs [13]. ECD promotes coherence in the design
of assessment tasks and rubrics and the interpretation of students’
performances by explicitly linking claims about student learning,
evidence from student work products, and design features of tasks
that elicit the desired evidence. ECD begins with a domain
analysis, which in this case entails gathering and organizing
information about the ‘Data and Analysis’ concept for grades 6-8.
This is followed by domain modeling, which entails the
articulation of a design specification for each construct of interest,
which in turn informs the development of tasks and rubrics. A
design specification is used to specify the focal knowledge, skills
and abilities (FKSAs) or assessment targets corresponding to each
construct, the type of evidence needed from the student to
measure these FKSAs, and the characteristics and wvariable
features of tasks that can be designed to elicit the evidence [15].
ECD has been used widely in CS, including development of the
Principled Assessments for Computational Thinking [3, 7].
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Determining what can and should be assessed also requires
considering the learning context. To this end, we used
participatory design (PD) [5, 6] - an established method in human
computer interaction and an emerging method in the learning
sciences [6] that allows researchers to involve stakeholders in the
design of learning tools. In PD sessions, stakeholders start
designing with scaffolded activities, that help them reflect upon
design needs, assets and challenges, and provide inspiration for
novel approaches to design [19]. Our use of PD follows in a
tradition of using the design process as a research tool, a way to
understand stakeholders better and to help them reflect and
articulate issues that might impact design [24]. Our goal was to
find ways to integrate data and analysis across the middle school
curriculum, and PD helped create neutral spaces where various
teachers’ perspectives were considered in the design, regardless
of their CS expertise. The use of design activities, where each
teacher built from their own expertise, helped develop shared
vocabulary among teachers and researchers, which in turn
allowed them to speak freely and with greater understanding.

3 Methods

3.1 Developing assessment guidelines

We used the ECD framework to identify four design
specifications, one for each sub-concept of the ‘Data and Analysis’
CS concept - Collection, Storage, Visualization and
Transformation, and Inference and Modeling. Each design
specification comprised target FKSAs to be assessed, potential
observables including common errors to be looked for in student
responses, characteristic or necessary features of assessment
tasks, variable task features or ways a task could be varied, and
additional knowledge, skills and abilities representing aspects that
might be needed to complete tasks, but are not assessment targets.

For developing the FKSAs, we used the framework guidelines
and current literature and also talked to experts in the field to
elaborate on what it meant for students to engage with each of the
data and analysis concepts in middle school. This included
considering what knowledge and abilities students would have
developed in previous grades, and what knowledge and abilities
might be too advanced. Data Collection & Storage (DCS) FKSAs
and Data Visualization, Transformation, & Inference (DVTI)
FKSAs were identified as follows:

DCS1. Ability to identify variables or types of data that should
be collected based on the purpose of the data collection.

DCS2. Ability to identify how to automate data collection (e.g.
how often to collect the data, and the use of a computational tool
to collect the data).

DCS3. Ability to identify an appropriate representation for the
data that is to be collected and stored given the purpose of the
data and the storage constraints (includes identifying types of
metadata that might be collected).

DCS4. Ability to manage the tradeoffs between data collection
and storage requirements.

DVTI1. Ability to create a visualization for a dataset.
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DVTI2. Ability to identify which data should be used to
address a certain question. This includes identifying outliers and
creating rules for the computer to filter outliers.

DVTI3. Ability to transform data to highlight a specific
relationship.

DVTI4. Ability to use the data to create an appropriate model
that demonstrates relationships within the data.

DVTI5. Ability to interpret data models and visualizations for
making predictions or drawing conclusions.

DVTI6. Ability to refine a data model using new or additional
data (includes the knowledge to go back to the model to see if it
still fits with new data).

Once the FKSAs were developed, they were reviewed for
content coverage and grade-level appropriateness and a subset
was then selected as the focus of our game-based assessment —
DCS1, DCS2, DCS4, DVTI2, DVTI5. For each FKSA, further
information was specified regarding evidence needed to measure
the FKSA and what features tasks should have to ensure this
evidence can be gathered. This helped articulate a set of
Assessment Guidelines (AG) for designing assessments that elicit
evidence of the FKSAs listed above. AG1-AG4 aligns with the DCS
FKSAs while AG5-AG8 align with the DVTI FKSAs.

AG1. Students must be given the purpose behind collecting
and/or storing data.

AG2. Students must be given opportunities to choose aspects
of data collection (e.g. what variables, frequency of data collection,
the format of storing the variables).

AG3. Vary the number of and type of choices students have
for data collection and storage to vary the task complexity.

AG4. Scores should be based on the appropriateness of student
choices based on the purpose of the data collection.

AGS5. Students should be provided with a dataset or data
visualization(s) and a purpose or question to address.

AG6. Students must be given opportunities to develop a model
or use a model.

AG?7. Vary the complexity of the data, the visualization used,
and the data model relationships to vary task complexity.

AGS. Scores should be related to the appropriateness of the
data representation used or generated and/or the appropriateness
of the inference made based on the data.

These FKSAs and AGs help answer our 15t research question
and are an important step in the design of our playful formative
assessment. We believe that they can provide valuable insights to
K-12 CS educators and researchers and can be reused for
developing additional assessments or for aligning instructional
material to the guidelines for the ‘Data and Analysis’ strand. Our
design process for generating FKSAs and corresponding
assessments also has implications for K-12 CS curriculum and
assessment design since it can be generalized for other concepts
and grade bands in the CS framework.

3.2 Developing Design Considerations

In parallel, we conducted PD research to develop design
considerations guided by insights from middle school teachers.
The research took place in three sessions with 11 teachers who
represented a range of content areas (Literature, Math, CS,
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Science, Art, Music and Health), and teaching experience (1 year
to 39 years). Teachers were guided through design activities
relevant to integrating and assessing data and analysis concepts
in their classrooms.

In the first activity, teachers were given a set of small colored
post-it notes representing the four data related sub-concepts in
the K-12 CS Framework (Figure 1). Teachers were asked to use
these post-it notes along with a template to design a data and
analysis lesson in a current course they teach. After they
completed the lesson design, they were given a set of stickers with
common assessment methods (e.g. summarization, quizzes,
reflection, peer feedback) and blank stickers to write their own
assessment methods, and asked to design a way to conduct
formative assessment of students’ data and analysis learning.
Teachers then walked through the lesson and formative
assessment designs, sharing with the group.

peer feedback

Discussion Visualization
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Figure 1. An art teacher’s activity and assessment design
for teaching data and analysis

(0LLECTION

All the teachers, with the exception of the CS teacher, revealed
that they had hesitations about teaching CS concepts more
generally, but found data and analysis concepts more accessible
than other concepts outlined in the CS Framework. In the first
activity, most teachers recognized current classroom activities, or
quickly brainstormed new activities, that taught data and analysis
and still tied into the subject matter they were teaching. The
teachers who expressed the most enthusiasm for integrating
computing were also those with concerns that the heavy emphasis
on STEM will result in reduced funding for their classes (Art,
Health, Music). The health teacher had already worked with his
school’s CS teacher to develop a semester long activity focused on
health data to promote data literacy. On the other hand, while we
initially identified more overlaps of data related learning goals
with Math and Science, teachers of these subjects were less able
to imagine integrating computing due to the many learning goals
they currently need to address. The least enthusiastic to
incorporate CS were the History and English teachers, who told
us they felt over-burdened, and ensuring kids can read and write
were higher priorities than teaching data and analysis.

All teachers agreed that assessment was a challenge. Teachers
in Art, Health, and Music self-identified as needing help to get a
data and analysis project started and to evaluate if students are
meeting learning goals. As one Art teacher told us, “There are so
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many ways that student won’t get it but I'm not really sure what
those ways might be.” Interestingly, teachers chose stickers for
time intensive assessment techniques such as presentations,
written reflections, and visuals. They seemed to avoid less time
intensive quizzes or class polling techniques in an attempt to
reduce the testing burden and possible adverse impacts on more
high stakes testing of other subjects.

In a second activity, teachers were shown a video walk-
through of a game, Plague Inc. [20], that uses a number of different
data representations and data sources, and were asked to think
about whether players learned about data and analysis. After
viewing the game, teachers were asked to provide feedback on the
possible use of games in their classrooms and what game-data
they would find useful for assessment. We allowed them to play
with the Plague Inc. game to help them identify what sorts of
behavior might indicate learning of data related skills. We then
asked them how they might like that data presented to them on a
dashboard.

In this activity, teachers were unsure about measuring
learning when watching the walk-through. When we asked where
teachers might implement a similar playful assessment, they
suggested designing short experiences, 5 — 20 min, that they could
use at the end of a class period or as a reward for the class. As for
feedback about student behavior, teachers requested both real-
time feedback to ensure students were engaged during class and
feedback at the end of the day or week providing more detailed
information about student learning. Teachers also cautioned
against formative assessment data being used as performance
evaluation measures, much like standardized tests. Finally,
teachers expressed concerns that games like Plague Inc. would not
keep student data secure, would have issues running on the lower
bandwidth available in many schools, and would not work on the
devices (Chromebooks) available in their classrooms.

Overall, the PD activities helped answer our 2" research
question and resulted in four design considerations (DC):

DC1. Integration of data and analysis across various curricula
is a rich opportunity, particularly with subjects such as Art, Music
and Health.

DC2. Assessments of CS concepts are needed; however, they
should be short and playful and not cause testing fatigue that
traditional methods might.

DC3. The form of assessment feedback should include just-in-
time behavior data, in addition to aggregated classroom learning
outcomes that explain what the findings mean for CS learning and
how to use the feedback. In addition, assessment feedback should
not be merely numerical to avoid being used as a teaching
performance measure.

DC4. Digital tools should be built keeping in mind available
technology, technology limitations, issues of student privacy and
network bandwidth.

3.3 Game design and piloting

We used the FKSAs and assessment guidelines derived using
an ECD approach and the design considerations derived using a
PD approach to then design Beats Empire, a game-based formative
assessment for the middle school ‘Data and Analysis’ strand of the
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K-12 CS framework. Games can provide students with
opportunities to encounter and use concepts and practices in
authentic and meaningful settings [10, 21]. They have also been
shown to be helpful for assessing and understanding CS
understanding in particular [1, 22]. Further, the game format
supports our findings that short and playful assessments are
necessary when integrating CS across the curriculum (DC2). Beats
Empire has been designed as a web-based stand-alone assessment
tool that is not subject matter dependent and is a light-weight
addition to regular classroom activities. It can be used in multiple
short sessions or fewer longer sessions so that teachers can adapt
it to their needs.

MANAGE DATA COLLECTIO!

N

Figure 2: Screenshots from ‘Beats Empire’ - 1: studio home
screen, 2: song popularity trends screen, 3: song recording
screen, 4: data collection and storage screen

Beats Empire is a music studio management game where
players collect data about listener interests and use this data to
make decisions about which artists to sign and what songs to
record (Figure 2). Players are free to define their own goals as they
play the game (e.g. releasing the most #1 songs, creating a studio
that specializes in a particular song genre, etc.). However, in every
case, players must thoughtfully decide what data to collect, how
to interpret the data, and what decisions to make based on the
data. “Management” genre games are known to engage players in
highly mathematical practices that include reading, analyzing,
and acting on large amounts of data and advanced representations
to manage complex interconnected systems, and are hence highly
compatible with our assessment needs. By using music as the
context and leaving the game play goals more open, the game can
be integrated across a number of different subject areas and
resonate with teachers that are particularly interested in
integrating CS concepts, such as Art and Music teachers (DC1).

Within the context of the game, it was important that students
be given the opportunity to engage with the FKSAs we identified.
We knew we wanted to measure students’ ability to both identify
which data should be used to address a certain question (DVTI2)
and to interpret visualizations to make a prediction or draw a
conclusion (DVTI5). This provided us with the guidance that we
would need to allow students to have a choice regarding which
data representation they use (and whether or not they use data at
all) as well as an incentive for correctly interpreting the data
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representation. When exploring data representations for the
game, the fact that there were teachers outside of CS who might
use the game (DC1) led to the exclusion of certain data
representations such as databases that would require queries. To
address these FKSAs, we applied AG5 and decided to present
students with multiple data representations of song popularity
(line graphs, bar graphs, heat maps) and focus on students’
selection of appropriate representations for making decisions as
opposed to having students create representations. Students are
able to use the data shown in the graphs/representations to make
decisions about hiring artists and recording songs, as well as make
predictions about the data in the game. Students are rewarded in
the game for choosing a song that is high in popularity, and
correct predictions result in addition money and followers.

As for DCS, we decided to focus on measuring students’ ability
to identify the types of data to collect (DCS1) and how often to
collect the data (DCS2) and ability to manage tradeoffs between
data collection and storage requirements (DCS4). We de-
emphasized DCS3 since DCS3 deals with various storage formats
like digital, analog, ASCII, and UNICODE that might not be
suitable for non-CS teachers. Applying AG1 and AG2, we
designed the game to initially provide students with a limited
amount of song data, and later provide opportunities to
collect/purchase additional data. Students will need to decide
what additional data they want to collect to move forward, and
how often they want to collect the data. Students are given a
limited amount of money and storage to encourage them to make
thoughtful decisions about the data they are collecting and how
that relates to the amount of storage they have.

We have recently begun developing a teacher dashboard that
provides just-in-time data on student engagement as well as
information on what the game data means in terms of learning
outcomes. Based upon the PD findings (DC3), the data is
expressed in heat maps, rather than numerical scores, to avoid the
impulse of teachers to use the outcomes as performance measures.
In addition, Beats Empire is designed to consider teachers’
technical and privacy concerns (DC4) and runs seamlessly on
inexpensive laptops such as Chromebooks, keep student data
secure, and work with intermittent internet.

Pilot study using Beats Empire

We conducted a preliminary study using Beats Empire with a
group of 28 middle school students (gender-balanced) in a large,
diverse city in the U.S. Students engaged in 45 minutes of in-class
gameplay over 2 days and participated in a post-game focus-group
discussion. We investigated students’ gameplay logs and focus
group discussions to elicit evidence for the target FKSAs. Our
primary goal was to see if the game would be meaningful and
engaging to students, and if it could produce evidence for or
against our assessment goals or FKSAs.

4 Results from pilot study using Beats Empire

Opverall, all students enjoyed playing the game and were highly
engaged. Several students played multiple sessions of the game,
even after winning previous sessions, and many played the game
at home in addition to the time played in class.
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One important finding was that students exhibited different
degrees and types of data usage. Several students used data about
artists’ talent and reliability as well as data about popularity of
song characteristics to make their in-game decisions. But, some
students used their understanding of popular culture (making
connection between artists’ game-names and real-life artists) as
well as their preferred music genres to make game-based
decisions. We found that students recorded 1425 songs in all, with
most students recording between 20 and 50 songs. 43% songs were
recorded without looking at any data (bar or line graphs) about
the popularity of song characteristics; 11% songs were recorded
after accessing data, but the choices were not data-supported;
while 46% choices were data-supported (DVTI5). 44% song
choices were supported using the bar graph alone, less than 1%
choices supported using the line graph alone, and 1% of song
choices were supported using both bar and line graphs.
Interpreting line graphs was challenging for most students, and
during the focus group, one-third students suggested that they
used line graphs to determine which song characteristic was most
popular rather than to identify trends over time (DVTI2).

We also found that students were not consistent about their
use of data over time. Broadly, we found that some students rarely
used data, some students increased their use of data as they played
the game, and some students consistently used data. This also led
to discussions about how to provide feedback to teachers about
the data. In keeping with DC3, we decided to provide feedback
about the classification of students based on their use of data as
opposed to details about exactly how many songs students
recorded that were a result of meaningful data-based decisions.

For data collection and storage, most students deferred to the
game defaults and chose not to explicitly change the variables on
which data was being collected or the frequency at which data
was being collected (DCS1, DCS2). Only 5 of 28 students chose to
vary the frequency of data collection and they all demonstrated
an awareness of the relations between data collected and storage
required (DCS4) - for example, buying storage along with
increasing collection frequency.

Overall, our results show that our game was engaging to
students while being able to elicit evidence of students’
understanding of our target FKSAs. About half the students were
consistently able to draw meaningful inferences from data
visualizations to decide what type of songs to record in which
location (DVTI5), and a few students showed improvement in this
FKSA over time. Most students were not proficient with the use
of line graphs and had difficulty distinguishing the utility of line
and bar graphs (DVTI2). Few students demonstrated an
awareness of the relations between data collected and storage
required (DCS4).

5 Discussion and implications for pedagogy

This paper describes the convergence of an ECD approach for
assessment development and a PD approach for identifying
teacher needs and viewpoints to develop a game-based formative
assessment for middle school students engaging with the Data and
Analysis strand of the CS framework.
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The first primary contribution of this work is the creation of
assessment goals and guidelines that provide teachers and
researchers with concrete learning and assessment goals for
middle school data and analysis. We describe a principled
approach for transforming the guidelines in the K-12 CS
framework for the ‘Data and Analysis’ concept to specific learning
(and assessment) targets. The FKSAs can be used by K-12
educators and researchers for designing instructional material
aligned to guidelines in the CS framework and other forms of
data-related assessments, for example, traditional paper-pencil
based summative assessments, or assessments requiring data
manipulation in a science context. Finally, our principled ECD
process has broader implications for K-12 CS curriculum and
assessment design beyond the realm of the ‘Data and Analysis’
strand since it can be generalized for other CS concepts and grade
bands.

Second, our PD sessions with middle school teachers (CS and
non-CS) provide valuable information about subject areas (Art,
Health and Music) where new CS content around data might be
best received, and teachers’ viewpoints and priorities when
considering integrating data and analysis activities and
assessments in their classes. These insights helped guide our
assessment design and formative feedback mechanisms. Most
design considerations identified in this paper have transferable
implications for CS integration across curricula.

Third, we apply our findings from the ECD and PD processes
curriculum-neutral game-based formative
assessment for middle school data and analysis. We argue for

to develop a
more authentic assessments that focus not just on students’
knowledge of data related concepts but also on students’ ability to
engage with and apply the concepts in authentic contexts. Our
initial results indicate that several students had difficulty
distinguishing the utility of line and bar graphs, and relating data
collected with storage required, pointing to the need for
emphasizing these concepts in curricular initiatives.

Engaging students in real-world relatable experiences makes
Beats Empire an assessment that fits into classrooms across subject
areas and is less likely to cause testing fatigue. However, it also
makes the data harder to reliably interpret and generate
actionable feedback for teachers. For example, while some
gameplay actions are highly indicative of proficiency on data-
related measures, does lack of such actions necessarily indicate
lack of proficiency? Based on both log data and focus groups, we
conclude that lack of indicative gameplay actions in Beats Empire
does not necessarily indicate lack of proficiency on data-related
measures, and information on students’ gameplay can point
teachers to follow-up conversations that may help students reflect
on their in-game actions. The culturally relevant context of music
means that students often incorporate understandings derived
from their personal lives related to the music industry into their
decision-making process in the game. For example, one student
explained that the in-game artists had similar names to real-world
artists, and she decided what type of song to record based on what
songs the artists generally make. Another student justified
recording songs about ‘Love’ because she preferred such songs.
Such students require further probing on their data-based
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decision-making  abilities  through follow-up activities.
Additionally, some students use data and later drop off due to
various reasons like game exploration, changing goals, etc. We
would still consider them as data users due to their initial
evidence.

We are currently working on next steps that include piloting
the game in more classes with more students and teachers,

dashboard

implementing Beats Empire in the classroom, and developing

designing a teacher to support teachers in
supporting teacher materials and follow-up activities for a diverse
cohort of middle school teachers. The goal of formative
assessments is not assigning a grade to each student or assessing
teaching skills, but rather providing actionable feedback to
teachers to help adapt their instruction. To that end, Beats Empire
can act as a shared object to think with, helping contextualize
classroom discussion around data. We are also developing follow-
up classroom activities and teacher guides to help teachers use
information from the game to continue conversations around data
literacy with their students and probe further into student abilities
and challenges. While there might not always be enough
information from the gameplay alone to make strong conclusions
about student abilities, the information can guide teachers on how
to adapt instruction and effectively use the suggested follow-up
activities to initiate meaningful class discussions. A formative
assessment tool can realize its full potential only when we support

teachers in interpreting and responding to the formative feedback.
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