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Foreword

Back in 2018, while working at the OECD Secretariat, the editors of this report were developing the first
global assessment of students’ creative thinking. Countries around the world were also administering the
latest cycle of the OECD’s Programme for International Student Assessment (PISA) tests, which for the
first time included an assessment of global competence. These two “innovative domains” represented new
frontiers for PISA. The global competence assessment aimed to provide comparative evidence on a
multidimensional construct that included attitudinal and socio-emotional elements. The creative thinking
assessment was also being developed to include open-ended items across four different domain areas,
with complex scoring rubrics guiding human coders. These experiences made it clear that developing new
assessments of complex skills was — unsurprisingly — a highly complex task, starting from how such
constructs should be defined through to how they should be measured, validated and reported.

The editors then had an idea: what if PISA could bring together an international group of senior experts in
educational measurement and assessment design to discuss the next generation of educational
assessments? In 2019, the PISA Research and Innovation Group was created and thus held its first
meeting to discuss a strategy for the next cycles of the PISA “innovative domains”, the purpose of which
are to develop new measures of relevant 21st Century competencies in large-scale student assessment
and to foster innovation in the way that students are assessed.

It soon became clear that the need for change in educational assessment reached beyond a single
“innovative” PISA component. With that, the scope of the group’s work expanded: in 2020, PISA member
countries decided to establish and fund a dedicated Research, Development and Innovation programme
in PISA; and the OECD began to develop the Platform for Innovative Learning Assessments (PILA), a tool
for prototyping innovative assessment tasks that can be used either for formative or summative purposes.

This report is the product of a collaborative, multi-year effort between the PISA Research and Innovation
Group, various experts in the field of educational measurement and assessment design, and the OECD
PISA Secretariat. It summarises much of the research work carried out by members of the group since its
first meeting in 2019. This report aims to provide future directions for the development of innovative PISA
assessments that focus on measuring complex skills. It also aims to support countries around the world
who are engaged in reforming or expanding the scope of their national assessment systems. As more
countries include skills like creative thinking, self-regulation and complex problem solving in their curricula
goals, it is important that assessments evolve to better measure and support these skills in ways that are
valid and instructionally relevant.

This report does not aim to provide a list of new assessments that PISA or national education systems
should implement. Rather, it unpacks some of the key arguments in support of innovating assessments
and the challenges facing assessment designers in doing so. To this end, the report presents design
principles supporting the design of assessments that are fit for their purpose, some future directions based
on promising examples — and some new questions that we need to address. We hope this report inspires
ambition to pursue the goal of innovating assessments, both in PISA and beyond, while highlighting areas
for future research and collaboration.
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Editorial

More than 20 years on from its first cycle, PISA has become an established and influential force for
education reform. The transformational idea behind PISA lay in testing the skills of students directly through
an international metric; linking that with data from students, teachers, schools and systems to understand
performance differences; and harnessing the power of international collaboration to act on the data.

From its inception, PISA differed from traditional assessments. To do well in PISA, students had to be able
to extrapolate from what they know, think across the boundaries of subject-matter disciplines and apply
their knowledge creatively in novel situations — rather than mainly reproduce knowledge they had learned
in class. The modern world no longer rewards us for what we know, but for what we can do with what we
know. As content becomes increasingly accessible, and more routine cognitive tasks become digitised and
outsourced, the focus must shift to enabling people to become lifelong learners. Epistemic knowledge —
thinking like a scientist or mathematician — and ways of working are taking precedence over knowing
specific formulae, names or places.

This vision of education is reflected in many contemporary frameworks calling for the development of so-
called 215t century skills — including the OECD’s Learning Compass 2030. Yet without substantial changes
in our education systems, the gap between what they provide our young people with and what our societies
demand is likely to widen further.

One integral component of education systems is assessment. The way students are tested has a big
influence on the future of education because it signals the priorities for the curriculum and instruction. Tests
will always focus our thinking about what is important, and so they should — teachers and school
administrators, as well as students, will pay attention to what is tested and adapt accordingly. A
fundamental question is how we can get assessment right and ensure that it helps teachers and policy
makers track progress in education in ways that matter.

The trouble is that many assessment systems are poorly aligned with the curriculum and with the
knowledge and skills that young people need to thrive. When designing assessments, we often trade gains
in validity and relevancy for gains in efficiency and reliability. But these priorities have a price: the most
reliable and efficient test is one where students respond in ways that allow for little ambiguity — typically a
multiple-choice format. A relevant test is one where we test for a wide range of knowledge and skills
considered important for success in life and work.

To do this well requires multiple response formats, including open formats, which elicit more complex
responses. Necessarily, these require more sophisticated marking processes. Good tests should also
provide a window into students’ thinking and understanding, revealing the strategies a student uses to
solve a problem and providing productive feedback, at appropriate levels of detail, to fuel improvement
decisions. Digital assessments, by logging traces of students’ actions and not just their responses, provide
several opportunities to advance assessment along these lines.

Beyond that, assessments need to be fair and ensure adequate measurement at different levels of detail
so they can serve decision-making needs at different levels of the education system. We also need to work
harder to bridge the gap between summative and formative assessments. The origins of education were
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in apprenticeship, where students learned from and with people, with immediate and personal feedback
on their progress. Centuries later, the industrialisation of education then divorced learning from
assessment, asking students to pile up years of learning and then calling them back much later to
reproduce what they learned in often narrow and time-constrained settings. This has contributed to learning
and teaching that is often shallow and focused on what can be easily measured. Digitalisation now provides
us with the opportunity to re-integrate learning and assessment, to combine summative and formative
elements of assessment, and to create coherent multi-layered assessment systems that extend from
students to classrooms to schools to regional, national, and even international levels. Better integrating
assessment and learning will mean that teachers no longer see testing as taking away valuable time from
learning, but rather an instrument that adds to it.

Of course, all of this also applies to PISA. PISA is viewed as an important measure of the success of school
systems around the world and, as such, needs to lead education reform. Since 2012, and thanks to the
introduction of computer-based delivery, PISA has expanded its range of metrics to include a new
interdisciplinary domain in every cycle — including problem solving (2012), collaborative problem solving
(2015), global competence (2018) and, most recently, creative thinking (2022).

In 2020, PISA went a step further: despite the most challenging of global circumstances, countries decided
to invest more resources in developing innovative assessments, establishing a new Research,
Development and Innovation (RDI) programme led by a group of international senior experts in
assessment.

In some ways, this publication was borne out of our collaboration with different experts over the last three
years since our ongoing research programme began. It makes the case for why we need to innovate
assessments, explains what we need to change and how we can leverage technology in order to get there.
It also makes clear that this change will not happen overnight: there is much work yet to be done, and it
will require the convergence of political, financial and intellectual capitals to bring these ideas to scale.

PISA can become an engine to drive this change forward by harnessing the power of international
collaboration between educators, researchers and policymakers, and sharing the costs — both financial
and political — among countries in the search for innovative practices. Research and innovation in large-
scale assessment has always been a core part of PISA’s DNA and we are committed to continue as a
global leader on the path ahead.

L™ W o T

Andreas Schleicher
Director for Education and Skills

Special Advisor on Education Policy to the OECD Secretary-General
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Executive summary

One of the most important ways that assessments can function positively in education systems is by
signalling the competencies that matter and illustrating the types of performances we want students to
master. Because what we choose to assess inevitably ends up being taught in classrooms, assessing what
matters — and doing it well — should be a priority for education policy. This volume makes the case for
pursuing innovation in assessment in terms of the types of educational outcomes we should assess, the
way we design tasks — capitalising on technology to generate rich and meaningful sources of data — and
the processes required to ensure that assessments are valid given their intended use.

Assessments should measure what matters, not just what is easy to measure

What is worth knowing, doing and being has been subject to an intense debate over recent decades.
Educational stakeholders agree that we need to support the development of complex cognitive and socio-
cognitive constructs (or “21st century competencies”). Although frameworks describing these skills share
similarities, translating this vision into practice requires aligning curriculum, pedagogy and assessment.
Assessment can drive this alignment but challenges include defining constructs and learning progressions,
developing tasks that elicit valid evidence and defining suitable models to interpret and report evidence.

Next-generation assessments should enable students to demonstrate what they
can do in authentic contexts and evaluate how students learn new things

Better assessing 21st century competencies requires “next-generation assessments”. Insights from the
learning sciences suggest several assessment design innovations that align with this goal including: using
extended performance tasks with “low floors, high ceilings”; situating assessments in authentic contexts of
practice; including opportunities for exploration, discovery and invention; and including feedback and
learning scaffolds. During assessment, students should be given opportunities to engage in the types of
learning, decision making and problem solving engaged by practitioners in the real world.

Because 21st century competencies are strongly intertwined in practice, creating separate assessments
for individual competencies may not be a productive strategy. Decisions about what to assess might be
better guided by three interrelated considerations: 1) identifying a cluster of relevant activities that require
students to engage in learning, problem solving and decision making; 2) identifying the context of practice
and the disciplinary or cross-disciplinary knowledge required in that context; and 3) deciding whether to
integrate affordances to enable students to work collaboratively or independently.

Innovation is necessary across all phases of assessment design

Assessment design is always an exercise in design science: tasks and interpretation methods must be
anchored to a well-defined theoretical framework for assessments to generate valid inferences. This is
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especially the case for next-generation assessments of complex skills. Valid inferences about students’
capacity to engage in complex types of problem solving and learn new things should combine top-down
(justified by theory) and bottom-up (visible in data) arguments and evidence. This requires close
collaboration among potential users of assessment, domain experts, psychometricians, task designers,
software designers and user interface (Ul) experts from the outset.

Digital technologies vastly expand the assessment designer’s toolbox, but new
and better measurement models are needed

Digital technologies enable new and innovative task formats (including interactive and immersive problems
and environments), test features (including adaptivity and affordances for learning) and potential sources
of evidence (including work products or solutions, as well as a wide array of process data capturing student
behaviours and processes). Although these new sources of now data are relatively “easy” to obtain from
technology-enhanced assessments, existing psychometric models do not handle the complexity of these
types of data well. New measurement models are needed, especially at scale — for example, exploring
“hybrid” measurement solutions that incorporate one measurement model within another.

Intelligent Tutoring Systems (ITS) that provide students with dynamic tasks, interactivity and feedback
might provide useful inspiration for how to develop choice-rich tasks and innovative scoring methods. Many
ITS have made advances using artificial intelligence (Al)-based technologies, such as natural language
processing, to provide intelligent feedback to learners, adapt content in response to their actions and
evaluate what they know and can do. While learning analytics methods are increasingly intersecting with
educational measurement, gaps remain to be bridged between both fields in order to use these new
methods in a way that truly benefits the users of assessment.

Next-generation assessments require careful validation through principled
design processes and data collection and evaluation

Complex constructs are inevitably shaped by cultural norms and expectations. In large-scale assessment,
generating valid evidence through complex tasks must be balanced with the need to achieve score
comparability. New issues that are specific to innovative digital assessments (e.g. the relationship between
digital literacy and performance, potential biases in Al-based methodologies) must also be thoroughly
evaluated. It is critical that evidence to support equivalence is established both through principled design
processes and through dedicated empirical studies. Process data represent a valuable source of validity
evidence concerning how individuals and different student groups engage with an assessment.

Next-generation assessments require intellectual, fiscal and political investment

Developing next-generation assessments will require the simultaneous investment of several types of
capital: intellectual, involving different communities of experts in learning science, measurement science
and data science to collaborate and solve conceptual and technical challenges; fiscal, to support the
multidisciplinary teams required to design innovative assessments and bring promising examples to scale;
and political, to buy into the vision to invest beyond the current possible and transform entrenched practices
in assessment, and to assemble the fiscal capital required. International large-scale assessment
programmes, like PISA, can play a pioneering role in bringing together these three capitals and innovating
assessment at scale.
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Introduction: Arguments in support of
innovating assessments

By James W. Pellegrino

(University of lllinois Chicago)

This introduction establishes assessment as a process of reasoning from
evidence and presents the main arguments for why we need to innovate
assessments. The first argument is that assessment should measure what
matters, not just what is easy to measure. This means expanding the range
of educational outcomes we assess to include the complex cognitive and
socio-cognitive constructs that students will need for the worlds of today and
tomorrow. The second argument is that we need new assessment designs
that leverage the affordances of digital technology to provide rich and
meaningful sources of data. Following from the first two arguments, the third
is that assessments should measure what matters and measure it well.
Careful attention must be paid to the issues of validity and comparability
when complex constructs are targeted for assessment, and when new tasks
and tools are used for generating and interpreting evidence about student
performance.
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Overview

This introduction sets forth the main arguments for innovating assessments that are elaborated across the
chapters in this report. The first argument is that educational policy and practice need to (re)consider what
is important to measure and better define the various components of what are often complex constructs
and the authentic contexts in which we engage them. In education we need to measure what matters, not
simply what is easy to measure. The second argument follows from the first — to assess constructs that
matter we need to innovate the ways in which we design assessments and the technologies we use to
assist in this process — all while bearing in mind the goal of generating useful evidence about what students
know and can do with respect to these constructs. The third argument follows from the first two — for the
results of any such assessments to be useful to the intended audiences, be they teachers, administrators
or policy makers, they must be valid (i.e. assess those competencies that they purport to measure and not
others) and they must be comparable (i.e. assess those competencies reliably across assessment contexts
and socio-cultural groups). Furthermore, the particular user group(s) need to be able to make sense of the
results. Thus, reporting of the forms of evidence generated by innovative assessments must be done in
ways that accurately reflect the complexity of the constructs being assessed and the intended uses of the
information.

The three interconnected arguments noted above broadly motivate the division of this report into three
distinct parts: 1) the ‘what’ of assessment; 2) the ‘how’ of assessment; 3) and the interpretation and use of
results from innovative assessments, including considerations of reliability and comparability. To develop
and elaborate these arguments we begin with a brief discussion of a fundamental conception about
assessment, namely that it constitutes a process of reasoning from evidence guided by theory and
research on critical aspects of knowledge and skill. This fundamental principle provides a basis for
developing each of the three arguments noted above, including their elaboration in subsequent chapters
of this report. We conclude this chapter with an additional argument of consequence for educational policy
and practice — to achieve innovation in assessment and effect positive impact on educational outcomes,
more coherent systems of assessment are needed. Such systems better connect assessments to one
another given their intended interpretive uses and their relationship to curriculum and instruction,
respectively.

Assessment as a process of reasoning from evidence

Educators assess students to learn about what they know and can do, but assessments do not offer a
direct pipeline into a student’s mind. Assessing educational outcomes is not as straightforward as
measuring height or weight; the attributes to be measured are mental representations and processes that
are not outwardly visible. Thus, an assessment is a tool designed to observe students’ behaviour and
produce data that can be used to draw reasonable inferences about what students know. Deciding what
to assess and how to do so is not as simple as it might appear.

The process of collecting evidence to support inferences about what students know and can do represents
a chain of reasoning from evidence about student competence that characterises all assessments, from
classroom quizzes and standardised tests, to computerised tutoring programmes, to the conversation a
student has with her teacher as they work through a math problem or discuss the meaning of a text. The
first question in the assessment reasoning process is: “evidence about what?” Data become evidence in
an analytic problem only when one has established their relevance to a conjecture being considered
(Schum, 1987, p. 16(1)). Data do not provide their own meaning; their value as evidence can arise only
through some interpretational framework. What a person perceives visually, for example, depends not only
on the data she receives as photons of light striking her retinas but also on what she thinks she might see.
In the present context, educational assessments provide data such as written essays, marks on answer
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sheets, presentations of projects or students’ explanations of their problem solutions. These data become
evidence only with respect to conjectures about how students acquire knowledge and skill.

In the Knowing What Students Know report (Pellegrino, Chudowsky and Glaser, 20012), the process of
reasoning from evidence was portrayed as a triad of three interconnected elements: the assessment
triangle. The vertices of the assessment triangle represent the three key elements underlying any
assessment (see Figure A): a model of student cognition and learning in the domain of the assessment; a
set of assumptions and principles about the kinds of observations that will provide evidence of students’
competencies; and an interpretation process for making sense of the evidence in light of the assessment
purpose and student understanding. These three elements may be explicit or implicit, but an assessment
cannot be designed and implemented, or evaluated, without consideration of each. The three are
represented as vertices of a triangle because each is connected to and dependent on the other two. A
major tenet of the Knowing What Students Know report is that for an assessment to be effective and valid,
the three elements must be in synchrony. The assessment triangle provides a useful framework for
analysing the underpinnings of current assessments to determine how well they accomplish the goals we
have in mind, as well as for designing future assessments and establishing their validity (Marion and
Pellegrino, 20073;; Pellegrino, DiBello and Goldman, 20164).

Figure A. The Assessment Triangle

Cognition ) .
Theories, models & data about how Observations Interpretation

students represent knowledge & develop
competence in a domain of instruction and

learning. Assessment

Observations
Tasks or situations that allow one to
observe students’ performance.

Interpretation
Methods for making sense of the evidence
coming from students’ performances. Cognition

Source: Pellegrino, Chudowsky and Glaser (2001).

The cognition corner of the triangle refers to theory, data and a set of assumptions about how students
represent knowledge and develop competence in an intellectual domain (e.g. fractions, Newton’s laws or
thermodynamics). In any particular assessment application, a theory of competence in the domain is
needed to identify the set of knowledge and skills that is important to measure for the intended context of
use, whether that be to characterise the competencies students have acquired at some point in time to
make a summative judgment or to make formative judgments to guide subsequent instruction so as to
maximise future learning. A central premise is that the cognitive theory should represent the most
scientifically credible understanding of typical ways in which learners represent knowledge and develop
expertise in a domain.

Every assessment is also based on a set of assumptions and principles about the kinds of tasks or
situations that will prompt students to say, do or create something that demonstrates important knowledge
and skills. The tasks to which students are asked to respond on an assessment are not arbitrary; they must
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be carefully designed to provide evidence that is linked to the cognitive model of learning and to support
the kinds of inferences and decisions that will be made on the basis of the assessment results. The
observation vertex of the assessment triangle represents a description or set of specifications for
assessment tasks that will elicit illuminating responses from students. In assessment, one has the
opportunity to structure some small corner of the world to make observations. The assessment designer
can use this capability to maximise the value of the data collected, as seen through the lens of the
underlying assumptions about how students learn in the domain.

Every assessment is also based on certain assumptions and models for interpreting the evidence collected
from observations. The interpretation vertex of the triangle encompasses all the methods and tools used
to reason from fallible observations. It expresses how the observations derived from a set of assessment
tasks constitute evidence about the knowledge and skills being assessed. In the context of large-scale
assessment, the interpretation method is usually a statistical model, which is a characterisation or
summarisation of patterns one would expect to see in the data given varying levels of student competency.
In the context of classroom assessment, the interpretation is often made less formally by the teacher and
is often based on an intuitive or qualitative model rather than a formal statistical one. Even informally,
teachers make coordinated judgments about what aspects of students’ understanding and learning are
relevant, how a student has performed one or more tasks, and what the performances mean about the
student’s knowledge and understanding.

A crucial point is that each of the three elements of the assessment triangle not only must make sense on
its own, but also must connect to each of the other two elements in a meaningful way to lead to an effective
assessment and sound inferences. Thus, to have a valid and effective assessment, all three vertices of
the triangle must work together in synchrony.

Argument 1: Measuring what matters

Education research has well established that teachers, students, and local and national policy makers take
their cues about the goals for instruction and learning from the types of tasks found on state, national and
international assessments. Thus what we choose to assess in areas such as science, mathematics,
literacy, problem solving, collaboration and critical thinking is what will end up being the focus of instruction.
It is therefore critical that our assessments best represent the forms of knowledge and competency and
the kinds of learning we want to emphasise in our classrooms if students are to achieve the complex,
multidimensional proficiencies needed for the worlds of today and tomorrow. Doing so, however, requires
that we move away from measuring what is easy to measuring what matters.

There is an increasing push to encourage students to develop “21st Century skills” that combine habits of
mind and that include social and affective competencies (Bellanca, 2014s;; Pellegrino and Hilton, 2012)).
The European Commission's Rethinking Education (2012(7)) reform effort emphasises the need to promote
transversal skills in education, such as critical thinking and problem solving. Additionally, the Programme
for International Student Assessment (PISA) — the international assessment of student abilities
administered by the OECD - has begun testing broader competencies that go beyond the disciplinary
areas of mathematics, reading and science such as problem solving and collaborative problem solving.
Such 21st Century skills — or 21st Century competencies, as referred to throughout this report — are
deemed necessary to prepare a global workforce to succeed in a new information-driven economy.
Individuals must have the problem solving, critical thinking, and collaboration and communication skills to
evaluate and make sense of new information and to act upon this information in a range of settings.

Business leaders, educational organisations and researchers have begun to call for new education policies
that target the development of such broad, transferable skills and knowledge. For example, the US-based
Partnership for 21st Century Skills (2010(s;) argues that student success in college and careers requires
four essential skills: critical thinking and problem solving, communication, collaboration, and creativity and
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innovation. The report Education for Life and Work: Developing Transferable Knowledge and Skills in the
21st Century (Pellegrino and Hilton, 2012;)) argued that the various sets of terms associated with the “21st
Century skills” label reflect important dimensions of human competence that have been valuable for many
centuries, rather than skills that are suddenly new, unique and valuable today. The important difference
across time may lie in society’s desire for all students to attain levels of mastery — across multiple areas of
skill and knowledge — that were previously unnecessary for individual success in education and the
workplace. At the same time, the pervasive use of new digital technologies has increased the pace of
communication and information exchange throughout society with the consequence that all individuals may
need to be competent in processing multiple forms of information to accomplish tasks that may be
distributed across contexts that include home, school, the workplace and social networks.

In order to shift from policy into practice, assessments need to be able to measure these skills and
competencies. To do that we need to have clear conceptions and definitions of the constructs to be
assessed (i.e. the cognition), the forms of evidence associated with those constructs (i.e. the observations),
and ways to make sense of that evidence for the purposes of reporting and use (i.e. the interpretation).

This report’s first four chapters explicitly focus on the ‘what’ of educational assessment — the key constructs
that we should be interested in assessing, why those constructs are important, and where we stand with
respect to assessing them given the current educational assessment landscape. The bulk of the argument
across Chapters 1-4 is that we should be focused on complex cognitive and socio-cognitive constructs,
both within and across disciplinary domains. The chapters discuss what we mean by these constructs and
the types of tasks and situations where individuals would be required to exercise the requisite
competencies, thereby providing the types of evidence that would be valid, interpretable and useful
whether the intended use is at the classroom level to guide learning and instruction or in a large-scale
educational monitoring context. Each of the chapters illuminate ways in which we might conceptualise and
operationalise these constructs, as well as some of the challenges in doing so. They set the stage for
chapters that follow on moving from conceptualisation of what we may want and need to assess as part of
the advancement of 21st Century education, to the details of the design process and ways in which
technology can enable the creation of situations that will provide the evidence we need while also assisting
in the process of making sense of that evidence.

Argument 2: Assessment design processes and applications of technology

While it is especially useful to conceptualise assessment as a process of reasoning from evidence, the
design of an actual assessment is a challenging endeavour that needs to be guided by theory and research
about cognition as well as practical prescriptions regarding the processes that lead to a productive and
potentially valid assessment for a particular context of use. As in any design activity, scientific knowledge
provides direction and constrains the set of possibilities, but it does not prescribe the exact nature of the
design nor does it preclude ingenuity to achieve a final product. Design is always a complex process that
applies theory and research to achieve near-optimal solutions under a series of multiple constraints, some
of which are outside the realm of science. In the case of educational assessment, the design is influenced
in important ways by variables such as its purpose (e.g. to assist learning, to measure individual attainment
or to evaluate a programme), the context in which it will be used (e.g. classroom or large scale), and
practical constraints (e.g. resources and time).

Recognising that assessment is an evidentiary reasoning process, it has proven useful to be more
systematic in framing the process of assessment design as an Evidence-Centred Design (ECD) process
(Mislevy and Haertel, 2007 9;; Mislevy and Riconscente, 2006(10;). The process starts by defining the claims
that one wants to be able to make about student knowledge and the ways in which students are supposed
to know and understand some particular aspect of a content domain. Examples might include aspects of
algebraic thinking, ratio and proportion, force and motion, heat and temperature, etc. The most critical
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aspect of defining the claims one wants to make for the purposes of assessment is to be as precise as
possible about the elements that matter and express these in the form of verbs of cognition that are much
more precise and less vague than high-level cognitive, superordinate verbs such as know and understand.
Example verbs might include compare, describe, analyse, compute, elaborate, explain, predict, justify, etc.
Guiding this process of specifying the claims is theory and research on the nature of domain-specific
knowing and learning.

While the claims one wishes to make or verify are about the student, they are linked to the forms of
evidence that would provide support for those claims — the warrants in support of each claim. The evidence
statements associated with given sets of claims capture the features of work products or performances
that would give substance to the claims. This includes which features need to be present and how they are
weighted in any evidentiary scheme, i.e. what matters most and what matters least or not at all. For
example, if the evidence in support of a claim about a student’s knowledge of the laws of motion is that the
student can analyse a physical situation in terms of the forces acting on all the bodies, then the evidence
might be a free body diagram that is drawn with all the forces labelled including their magnitudes and
directions.

The precision that comes from elaborating the claims and evidence statements associated with a domain
of knowledge and skill pays off when one turns to the design of tasks or situations that can provide the
requisite evidence. In essence, tasks are not designed or selected until it is clear what forms of evidence
are needed to support the range of claims associated with a given assessment situation. The tasks need
to provide all the necessary evidence and they should allow students to show what they know in ways that
are as unambiguous as possible with respect to what the task performance implies about student
knowledge and skill, i.e. the inferences about student cognition that are permissible and sustainable from
a given set of assessment tasks or items.

In the Knowing What Students Know report (Pellegrino, Chudowsky and Glaser, 20012;), many of the
affordances of technology for advancing assessment design and practice were discussed in terms of the
three interconnected components of the assessment triangle. The brief discussion that follows focuses on
the constructs that could be represented in innovative assessment frameworks (cognition), the ways in
which those constructs could be realised in the assessment environment (observations), and some of the
interpretive challenges and solutions associated with doing so for purposes of measurement and reporting
(interpretation).

The cognition vertex of the assessment triangle

What matters in assessment is what we are trying to reason about — the contemporary conception of
student cognition in a domain that matters to domain experts, educators and society. As the conception of
student cognition changes and expands in terms of what students are supposed to know and be able to
do, as has been the case for many domains, technology affords opportunities for substantially changing
and extending the observation and interpretation components of the assessment triangle to more
adequately represent and provide evidence about the constructs of interest. Doing so enhances the entire
evidentiary reasoning process and the validity of an assessment given its intended interpretive use.

The observation vertex of the assessment triangle

Technology provides opportunities for the presentation of dynamic stimuli (e.g. videos, graphics, 2- and 3-
D simulations) that can be interacted with in the service of eliciting relevant sets of responses from
students. Simultaneously, technology enables the generation and capture of a variety of response
products, including situations in which students generate responses using multiple modalities (e.g. drawing
and writing). Technology-enhanced assessments enable engagement with a variety of content and
practices by opening the door to interactive stimulus environments and response formats that better match
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the intended reasoning and response processes that form the basis for desired claims about student
proficiency (Gorin and Mislevy, 2013(11)).

Students’ interactions with these technology-enhanced assessments can be logged to provide data on
how they engage in particular processes. For various 21st Century competencies, the process by which
one completes the activity can be as important a piece of information about knowledge and skill as the
final product. In these cases, understanding the operations that students performed in the process of
creating the final product may be critical to evaluating students’ proficiency. Log data offer the opportunity
to reveal these actions, including where and how students spend their time and what choices they make
in situations like using a simulation. Such applications offer the potential to provide large volumes of “click-
stream” and other forms of response process data that might be useful for making inferences about student
thinking (Ercikan and Pellegrino, 201712)).

The interpretation vertex of the assessment triangle

Technology offers significant opportunities to enhance the reasoning-from-evidence process given the
types of observations described above. Collecting these types of data makes little sense unless there are
ways to reliably and meaningfully interpret them. This can evolve through mechanisms such as automated
scoring of responses and application of complex parsing, statistical and inferential models for response
process data (Ercikan and Pellegrino, 2017112)). Critical data to consider include the time taken to perform
various actions, the actual activities chosen, and their sequence and organisation. The potential exists for
examining the global and local strategies students use while solving assessment problems and their
implications, including how such strategies relate to the accuracy or appropriateness of final responses.
Although capturing such data in a digital environment is relatively easy, making sense of the data is far
more complicated. The same can be said for capturing data to constructed response questions where
students may be expressing in written and/or graphical form an argument or explanation about some social,
economic or scientific problem or phenomenon, describing the design of an investigation, or representing
a model of some structure or process.

The data capture contexts described above are challenging regarding scoring and interpretation. It is here
that artificial intelligence and machine learning may play a significant role in future innovative assessments
(Zhai et al., 2020a(13; 2020by141). Developments in machine learning also may allow researchers to analyse
complex response process data, including to reveal patterns that provide important insights into students’
cognitive processes in problem solving (Zhai et al., 2020ar13); 2020by143; 2021(15); Zhai, 202116); Zhai, Krajcik
and Pellegrino, 2021171). Such data may prove to be especially informative about student thinking and
reasoning and thus add greatly to the knowledge gained about student competence from large-scale
assessments like PISA. An interesting example was provided in a recent report by Pohl et al. (2021) who
showed that differences in student response processes, when combined with scoring methods, can
significantly change the interpretation of a country’s performance in PISA.

In summary, digital technologies hold great promise for helping to bring about the changes in assessment
that many believe are necessary. Technologies available today and innovations on the immediate horizon
can be used to access information, create simulations and scenarios, allow students to engage in learning
games and other activities, and enable collaboration among students. Such activities make it possible to
observe, document and assess students’ work as they are engaged in natural activities — perhaps reducing
the need to separate formal, external assessments from learning in the moment (Behrens, DiCerbo and
Foltz, 201918)). Technologies will certainly make possible the greater use of formative assessment that in
turn has been shown to significantly impact student achievement. Digital activities may also provide
information about abilities such as persistence, creativity and teamwork that current testing approaches
cannot. Juxtaposed with this promise is the need for considerable work to be done on issues of scoring
and interpretation of evidence before such embedded assessment can be useful for these varied purposes.
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Developing assessments of complex cognitive competencies requires being explicit about all three
elements of the assessment triangle and their inter-relationships. While Chapters 1-4 of this report primarily
focus on Argument 1 concerns regarding the cognition element of the assessment triangle, Chapters 5-10
address various aspects of Argument 2 regarding the observation and interpretation elements of the
assessment triangle, with an emphasis on how technology can be exploited through and within a principled
design process to create assessments of the complex cognitive and socio-cognitive performances that
matter. Through a combination of argument and specific examples, Chapters 5-10 provide support for the
claim that next-generation assessments are possible but can only be generated through a highly principled
design process that makes explicit the evidentiary chain of reasoning at the core of valid assessment. The
chapters also reveal the complexities that accrue in designing such assessments and then making sense
of the multiple forms of evidence they can produce.

Argument 3: Valid interpretation and use of results

The joint American Educational Research Association (AERA), American Psychological Association (APA)
and National Council on Measurement in Education (NCME) Standards (199919;; 2014201) frame validity
largely in terms of “the concept or characteristic that a test is designed to measure” (2014, p. 1120). In
Messick’s construct-centred view of validity, the theoretical construct the test score is purported to
represent is the foundation for interpreting the validity of any given assessment (Messick, 199421)). For
Messick, validity is “an integrated evaluative judgment of the degree to which empirical evidence and
theoretical rationales support the adequacy and appropriateness of inferences and actions based on test
scores” (1989, p. 13p227). Important work has been done to refine and advance views of validity in
educational measurement (Haertel and Lorie, 200423); Kane, 199224}; 2001 25); 200626}; 201327); Mislevy,
Steinberg and Almond, 20032s)). Contemporary perspectives call for an interpretive validity argument that
“specifies the proposed interpretations and uses of test results by laying out the network of inferences and
assumptions leading from the observed performances to the conclusions and decisions based on the
performances” (Kane, 2006, p. 232q)).

Kane (2006261) and others (Haertel and Lorie, 200423;; Mislevy, Steinberg and Almond, 2003 25)) distinguish
between: 1) the interpretive argument, i.e. the propositions that underpin test score interpretation; and 2)
the evidence and arguments that provide the necessary warrants for the propositions or claims of the
interpretive argument. In essence this view identifies as the two essential components of a validity
argument the claims being made about the focus of an assessment and how the results can be used
(interpretive argument), together with the evidence and arguments in support of those claims.
Appropriating this approach, contemporary educational measurement theorists have framed test validity
as a reasoned argument backed by evidence (Kane, 200626)). An argument and evidence framing of
validity supports investigations for a broad scope of assessment designs and purposes, including many
that go beyond typical large-scale tests of academic achievement or aptitude and move one into the arena
of innovative and instructionally supportive assessments (Pellegrino, DiBello and Goldman, 20164)).

Given the nature of the constructs of interest, including their inherent complexity and multidimensionality,
we must acknowledge from the outset the challenges that will be faced in establishing validity arguments
for innovative assessments of 21st Century competencies, including the reporting of results for various
intended use cases. Validity arguments will depend on well-developed interpretive arguments that include:
1) clear specifications of the constructs of interest and their associated conceptual backing; 2) the forms
of evidence associated with those constructs; and 3) the methods for interpretation and reporting of that
evidence. Such interpretive arguments are essential to guide assessment design processes, including
carefully thought-out applications of technology and data analytics to support the observational and
inferential aspects of the overall reasoning-from-evidence process. As noted above, carefully developed
and articulated claims about what is being assessed and reported then need to be supported by empirical
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evidence. Such evidence can be derived from multiple forms of data involving variations in human
performance and are essential to establishing an assessment’s validity argument.

In pursuing innovative assessments of 21st Century competencies, of paramount concern are issues of
equity and fairness as part of the validity argument. Of particular concern is the comparability of results
and validity of inferences derived from performance obtained across different modes of assessment,
especially for varying groups of students (Berman, Haertel and Pellegrino, 202029). As large-scale
assessment has moved from paper-and-pencil formats to digitally-based assessment, the general focus
has been on mode comparability and concerns about student familiarity and differential access to the
hardware and software used (Way and Strain-Seymour, 202130;). However, as the digital assessment
world advances, a significant issue for large-scale innovative assessment is determining how student
background characteristics including language, culture and educational experience influence performance
on different types of tasks and innovative assessment designs that leverage the power of technology. As
the assessment environments and tasks become more innovative, equity and fairness concerns become
even more important than general mode comparability effects. Thus, a key part of the validity argument for
any innovative assessment will be establishing the socio-cultural boundaries related to equitable and fair
interpretations and uses of the assessment results.

Much of this report focuses on critical aspects of design and development as part of establishing the validity
of next-generation assessments for 21st Century competencies. More specifically, Chapters 5-10 focus on
the validity evidence that would be derived through the application of a principled design process that
forces one to articulate, in varying degrees of detail, the connections between and among the cognition,
observation and interpretation components of the assessment. Such evidence contributes to the
assessment’s overall validity argument but needs to be complemented by various forms of empirical data
on how the assessment performs. Chapters 11-13 extend the validity evidence and argument discussion
by considering comparability and fairness concerns in large-scale, technology-rich assessments, as well
as considering the valid interpretation and use of results derived from innovative analytic approaches.
These chapters discuss methodologies and principles for examining validity issues throughout assessment
design and once assessment data have been collected.

Towards more coherent systems of assessment

No single assessment can evaluate all of the forms of knowledge and skill that we value for students; nor
can a single instrument meet all of the goals held by parents, practitioners and policymakers. As argued
below, it is important to envision a coordinated system of assessments in which different tools are used for
different purposes — for example, formative and summative, or diagnostic vs. large-scale reporting. Within
such systems, however, all assessments should faithfully represent the constructs of interest and all should
model good teaching and learning practice.

At least four major features define the elements of assessment systems that can fully reflect rigorous
standards and support the evaluation of deeper learning (see Darling-Hammond et al. (20131;) for an
elaboration of the relevance, meaning and salient features of each of these criteria):

e Assessment of higher-order cognitive skills through most of the tasks that students encounter — in
other words, tasks that tap the skills that support transferable learning rather than emphasising
only those that tap rote learning and the use of basic procedures. While there is a necessary place
for basic skills and procedural knowledge, it must be balanced with attention to critical thinking and
applications of knowledge to new contexts.

e High-fidelity assessment of critical abilities, as articulated in the standards — such as
communication (speaking, reading, writing and listening in multi-media forms), collaboration,
modelling, complex problem solving and research, in addition to key subject matter concepts.
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Tasks should measure these abilities directly as they will be used in the real world rather than
through a remote proxy.

e Use of items that are instructionally sensitive and educationally valuable — in other words, tasks
should be designed so that the underlying concepts can be taught and learned, distinguishing
between students who have been well- or badly-taught rather than reflecting students' differential
access to outside-of-school experiences (frequently associated with their socio-economic status or
cultural context) or interpretations that mostly reflect test-taking skills. Preparing for (and
sometimes engaging in) the assessments should engage students in instructionally valuable
activities, and results from the tests should provide instructionally useful information.

e Assessments that are valid, reliable and fair for a range of learners, such that they measure well
what they purport to measure, be accurate in evaluating students' abilities and do so reliably across
testing contexts and scorers. They should also be unbiased and accessible and used in ways that
support positive outcomes for students and instructional quality.

A major challenge is determining the conditions and resources needed to create coherent systems of
assessments that work across contexts ranging from the classroom to larger organisational units such as
districts, states, countries and internationally. Regardless of their context of implementation, assessments
in such systems must support the ambitious goals we have for the educational system, meet the
information needs of different stakeholders, and align with the criteria above. Aspects of this assessment
system design and implementation challenge are taken up in the Conclusion chapter of this report.

Conclusion

Innovation and change are always challenging no matter the context. They have been especially
challenging in education systems given long standing and entrenched histories of educational policy and
practice. Many have argued that education has changed little over the last 50-100 years in terms of how it
is organised, delivered, what is taught and how it is assessed. Yes, there have been changes in the subject
matter learned, in the pedagogies employed and, most recently, in the uses of technology. Those changes
have been evolutionary and not revolutionary. Not surprisingly, much the same can be argued about
educational assessment regarding what we assess and how we do so, including applications of technology
to the practice of assessment — evolutionary, but not revolutionary.

This report is focused on an alternative and perhaps revolutionary vision that starts with the complex
cognitive competencies that are deemed critical for citizens of the 21st Century. The report’s chapters
provide a vision of what they are by characterising how we might create environments and situations where
the competencies of interest would necessarily be expressed in addition to describing the evidence that
those environments could provide about those competencies. Some might find it curious that a vision for
the future of education starts with assessment rather than curriculum and instruction. One of the benefits
of thinking first about the outcomes we desire from the educational system, with a particular focus on what
they would look like, is that this information provides the basis for a ‘Backwards Design’ process regarding
the design of curriculum and instruction that can lead to those outcomes (Wiggins and McTighe, 2011 32)).

As you read the chapters in this report, we hope they help you consider the costs and benefits of innovative
educational assessment. These considerations include the competencies described, the types of
environments for assessing them, conceptual and operational design and implementation challenges, and
the value of the information derived in terms of its utility for classroom teaching and learning and for
education more broadly. We also suggest that you consider what it might take to move in the directions
highlighted by this report given the many entrenched assumptions, policies and practices that have come
to dominate the educational assessment landscape. These and other process of change issues are taken
up in the concluding chapter that closes this report.
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1 21st Century competencies:

Challenges in education and
assessment

By Natalie Foster

(OECD)

This chapter reviews several frameworks of so-called “21st Century
competencies”, reviewing their main ideas and the vision of education they
seek to promote. It also elaborates on the interrelations between 21st
Century competencies — both among each other and to disciplinary learning
— before discussing some of the key challenges that this vision of education
presents for contemporary education systems. In particular, this chapter
discusses challenges in the context of their assessment, including defining
assessment constructs and learning progressions, generalisability of
assessment claims, task and item design, interpreting scoring and evidence,
reporting and validation.
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Introduction

What is worth knowing, doing and being has been subject to a global conversation since before the turn of
the 21st Century. Success in global contemporary society demands a wider set of competencies that go
beyond the traditional literacies of reading, mathematics and science. Information and communication
technologies (ICTs) have radically transformed our societies connecting people around the world and
delivering unprecedented amounts of information to us, in turn giving rise to new forms of decentralised
and autonomous learning. Young people today must not only learn to participate in a more interconnected,
digital and rapidly changing world, they must also learn to develop their own agency and make decisions
that contribute to individual and collective well-being. They need to understand and appreciate different
perspectives, interact and collaborate successfully with others, and take responsible action towards
creating a cohesive and sustainable future for all.

The nature of work is also changing. A declining proportion of the labour market in OECD economies is
engaged in jobs consisting of routine work and manual labour (OECD, 20161;). The past two decades have
seen a significant shift towards economies and societies that increasingly rely on human knowledge to
produce new goods and services, underpinned by skills such as creative thinking, innovation and complex
problem solving.

These significant trends have important consequences for schooling, teaching and learning. The
knowledge and skills that today’s students need to thrive in rapidly changing labour markets and to live
with others as responsible, democratically- and socially-engaged citizens are changing. Value has shifted
away from memorising content towards developing interdisciplinary skills (so-called “21st Century skills”
or competencies) and acquiring deeper learning outcomes or transferable knowledge.

Over the past 20 years a growing body of research has examined this global narrative, producing a variety
of international frameworks that describe the knowledge, skills and attitudes that young people need for
active and effective participation in the emerging global knowledge society (Pellegrino and Hilton, 2012pj;
Fadel and Groff, 20183); Binkley et al., 20114;; Scott, 2015(5; World Economic Forum, 2015); European
Commission, 2019(71). The OECD’s Learning Framework 2030 goes one step further, emphasising the
need to cultivate students’ agency as a key goal of a 21st Century education so that young people are able
to fulfil their potential and actively contribute to the well-being of their communities and the planet (OECD,
20181s1). A number of works have also comparatively analysed such frameworks (Voogt and Roblin, 2012gj;
Scott, 2015s; Chalkiadaki, 2018;105; Joynes, Rossignoli and Amonoo-Kuofi, 201911)).

While the literature reveals a general consensus on what 21st Century competencies are and why they
are important, there remain significant challenges to the adoption of this agenda in practice. First, there is
no singularly agreed-upon approach for identifying the competencies that should be prioritised in formal
education nor how specific competencies are defined or delimited in relation to others. Second, shifting a
greater focus on the development of 21st Century competencies throughout formal education requires
accompanying shifts across curricula, pedagogy and assessment, as well as ensuring that these systems
closely align. Yet several open questions remain about how best to learn, teach and assess 21st Century
competencies in the classroom.

This chapter begins by examining frameworks of 21st Century competencies. It discusses the twin issues
of a lack of theory and definition and the need for education system alignment in some detail, with a
particular focus on their implications for educational assessment. It then identifies six interconnected
assessment challenges for developing assessments of 21st Century competencies: 1) construct and
learning progression definition; 2) generalisability; 3) task and item design; 4) interpreting and scoring
evidence; 5) reporting; and 6) validation. The chapter concludes by summarising the implications of these
interconnected assessment challenges in terms of the requirements they impose on next-generation
assessments of 21st Century competencies.
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What are 21st Century competencies?

Before going further, it is useful to establish what exactly the term “21st Century competencies” means.
There is a diversity of terminologies employed interchangeably within this relatively crowded space: “21st
Century skills/competencies”, “soft skills”, “interdisciplinary skills” and “transferable skills”, to name just a
few. This terminological ambiguity also extends to the ways in which different frameworks identify and
define specific competencies (e.g. ICT literacy vs. digital literacy vs. media literacy). For the sake of clarity,
this chapter uses the term 21st Century competencies to refer to the broad vision of education set forth by
the frameworks cited above and to the various competencies that they describe. They are generally
understood to refer to the knowledge, skills and attitudes necessary to be successful for living and working
in the 21st Century global knowledge economy, to participate appropriately in an increasingly diverse
society, to use new technologies effectively, and to adapt to change and uncertainty.

Although frameworks vary, they tend to describe 21st Century competencies as being:

e transversal (i.e. relevant or applicable in many fields);
e multidimensional (i.e. encompassing knowledge, skills and attitudes); and

e associated with higher-order skills and behaviours that represent the ability to transfer knowledge,
cope with complex problems and adapt to unpredictable situations (Voogt and Roblin, 20129)).

Beyond general convergence around these core characteristics, frameworks identify, organise and classify
21st Century competencies in different ways. Some group competencies based on their conceptual
features, for example cognitive, interpersonal and intrapersonal competencies (Pellegrino and Hilton,
2012y2)). Others group competencies according to their purpose or context of use, for example ways of
thinking, ways of living in the world, ways of working and tools for working (Binkley et al., 20114)).
Abstracting from the specificities of each framework, some broadly distinct categories of competencies do
consistently emerge (Figure 1.1). While these six broad categories capture the essence and exhaustive
lists of competencies identified across different frameworks, note that not all frameworks include each
category, nor do they always assign specific competencies to the same broader categories.

Figure 1.1. Broad categories of 21st Century competencies

Intrapersonal

e.g. persistence, adaptability,
flexibility

Cognitive Interpersonal

€.g. problem solving, critical e.g. communication,
thinking, creative thinking collaboration

ICT and digital

e.g. digital literacy, media
literacy

Metacognitive Civic and citizenship

e.g. self-regulated learning, e.g. intercultural
metacognition communication

Identifying common categories of competencies provides some useful insight into the broader goals of
education that these frameworks seek to promote, but they nonetheless remain strongly interlinked in the
sense that engaging one “type” of competence often requires engaging other “types” simultaneously.
For example, problem solving (usually categorised as a cognitive competence) also requires individuals to
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monitor their progress and adapt accordingly (i.e. metacognitive competencies) and likely some degree of
persistence (i.e. intrapersonal competence) in order to reach a successful solution.

Regardless of the way in which specific competencies are categorised across the 9 frameworks reviewed
here, critical thinking, creative thinking, communication and ICT-related competencies are consistently
identified as those that young people need to develop. This also largely reflects the 21st Century
competencies that are most commonly cited within national curricula documentation (Care, Anderson and
Kim, 20161127). All frameworks identify the importance of civics and citizenship, although some regard these
as a cross-cutting knowledge area (along with others like financial, health, environmental and global
literacies) rather than a specific type of competence. Most frameworks also identify problem solving,
collaboration, metacognition and self-regulated learning, as well as some intrapersonal competencies.

The intersection of digital competencies with other 21st Century competencies is also addressed within
each framework. This is because the proliferation of ICTs in both personal and professional life forms one
of the central arguments for developing 21st Century competencies, primarily through their functionalities
that enhance our capacity for communication, collaboration, use of knowledge and information-finding.
However, frameworks differ in how they conceptualise digital competencies: some consider them to be
their own distinct category of competencies (Partnership for 21st Century Learning, 2019y13); Binkley et al.,
201114)), whereas others employ more integrative approaches where the development and use of ICT
knowledge and skills is embedded within other 21st Century competencies such as critical thinking,
problem solving, communication or collaboration (Voogt and Roblin, 2012g)).

A multi-faceted challenge for education systems

Nearly one quarter of the way through the 21st Century, the idea of “21st Century competencies” is no
longer particularly new. So why has there not been more progress towards achieving this vision of
education? In their analysis of national education documents in 102 countries, Care, Anderson and Kim
(2016/127) found that although a majority of countries acknowledge 21st Century competencies within their
broader educational vision statements there is wide variation across countries in terms of the specific skills
or competencies they reference. One major obstacle is the lack of a clear and universal definition of 21st
Century competencies that moves beyond general rhetoric — one that specifies both what is included within
this umbrella term and how those competencies relate (or not) to one another.

There is also clearly a lack of shared understanding of how these competencies develop and how they can
be taught. Even if most countries acknowledge 21st Century competencies in some way, relatively fewer
explicitly integrate them within their curricula or provide clear developmental progressions for them (Care,
Anderson and Kim, 201612;). This in turn provides little practical guidance to educators in terms of
designing and implementing educational approaches to teaching, learning and assessing these
competencies. A second major challenge is therefore how to actually implement a 21st Century
competencies agenda in practice. Real change towards adopting this agenda has implications across all
aspects of education systems — from curriculum to pedagogy to assessment — and requires all three to be
well-aligned.

Challenges in curriculum and pedagogy

While a more in-depth discussion about curriculum and pedagogy is beyond the scope of this chapter, they
are nonetheless central components of any 21st Century competencies agenda and are intricately
connected to how these competencies can and should be assessed. One ongoing debate in the field
concerns disciplinary versus interdisciplinary approaches to teaching and learning 21st Century
competencies. While these competencies are widely accepted as being interdisciplinary, what it means to
problem solve, think critically or be creative in one context may be very different in another context. In other
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words, being able to successfully engage 21st Century competencies when embedded in different domains
depends, at least to some extent, on a foundation of relevant knowledge in that domain. Pellegrino and
Hilton (2012, p. 412;) suggest that 21st Century competencies represent “transferrable knowledge” that
comprises both “content knowledge in a domain and also procedural knowledge of how, why, and when to
apply this knowledge”.

In a review of the literature on four different 21st Century competencies, Lai and Viering (2012[14))
concluded that domain-specific knowledge is an important requisite — although to different extents
depending on the specific competence. Critical thinking, for example, requires a foundation of domain-
specific knowledge (with some even refuting the existence of domain-general critical thinking processes),
while experts tend to agree that creativity has both domain-specific and domain-general components (Lai
and Viering, 2012p141). Yet even for competencies with some domain-general components, the context in
which they are engaged can influence the degree to which those components are relevant. For example,
both convergent and divergent thinking processes are important for creative thinking across domains, but
convergent thinking might be relatively more important in scientific or engineering domains than in artistic
domains.

This has implications for both curriculum and pedagogy. First, curriculum designers need to know what
foundational knowledge facilitates the development and application of 21st Century competencies within
different domains. Curricula need to integrate 21st Century competencies in the context of particular
content knowledge and to treat both as equally important. Second, and related, more effort needs to be
directed towards defining developmental progressions so that students are taught the right foundational
knowledge to support the integration of 21st Century competencies at the right time — and so teachers can
be informed about what to reasonably expect from students at different stages of education. When students
first encounter new ideas or concepts, their understanding is shallow and often bound to specific examples.
Students need to develop and organise their conceptual knowledge and understanding sufficiently to
facilitate its application to novel situations by engaging 21st Century competencies. The teaching strategies
that allow students to do this integrate carefully-designed direct instruction with hands-on inquiries that
actively engage students in using material they have learnt with higher-order competencies of increasing
complexity (Darling-Hammond et al., 201915)). In an iterative process, learning that engages higher-order
competencies allows knowledge to be understood deeply enough to be recalled and used for other
purposes in novel situations (Learning Policy Institute and Turnaround for Children, 20211¢)).

All of this means that opportunities to engage 21st Century competencies must be integrated systemically
and strategically throughout the curriculum. One way to do this is through student-centred learning
methods, such as problem-based or project-based learning, that empower students to work on real-world
problems in authentic and genuinely meaningful ways. These participatory approaches to learning enable
students to research and evaluate information using different resources and to actively construct their own
knowledge and skills instead of passively absorbing and memorising information. Real-world problems are
also rarely confined to a single content area, which make them ideal contexts for engaging interdisciplinary
21st Century competencies. Problem-based and project-based learning approaches encourage students
to make connections between content areas and engage competencies like critical and creative thinking,
problem solving and collaboration (Paniagua and Istance, 201817).

Despite the fact that student-centred pedagogical approaches are widely acknowledged as beneficial, they
impose additional demands on educators. They require that teachers invest time in devising engaging,
student-centred lesson plans connected to the curriculum and manage a more interactive classroom in
which students collaborate with each other and engage in autonomous research. At the system level, this
requires a greater investment in teacher development and training, as well as ensuring that educators are
given the autonomy to integrate the curriculum in ways that make sense for their classrooms and that they
feel empowered to do so.
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Challenges in assessment

There is little point in investing heavily in curriculum and educator training reform without investing in
assessment to evaluate what is (or is not) being accomplished in the classroom. Curricula, pedagogy and
assessment are intricately connected and must be aligned in well-functioning education systems.
Assessments — especially large-scale — are important signposts indicating what students should learn and
what they can do. Shifts in curricula and pedagogy can thus be driven by changes in an education system’s
assessment focus and by the educational gaps that they reveal, in turn informing policymaking and reform.
Moreover, explicitly focusing assessment on these competencies requires that they are clearly defined and
requires being specific about what exactly they involve at different educational levels, therefore contributing
to establishing a shared understanding of these competencies and how they should be taught.

However — despite some promising examples at scale (e.g. the Programme for International Student
Assessment) — there is currently a lack of systemic understanding in how to measure or capture the
attainment of 21st Century competencies (Care et al., 20181g); Vista, Kim and Care, 201819)). This is
because several of the challenges related to defining or integrating 21st Century competencies in
curriculum and pedagogy have similarly complex implications for assessment. Six major interconnected
assessment challenges, described below in Table 1.1, are discussed in detail in the remainder of this
chapter. These assessment challenges are: 1) defining constructs and learning progressions; 2)
generalisability; 3) task and item design; 4) interpreting and scoring evidence; 5) reporting; and 6)

validation.

Table 1.1. Challenges for the assessment of 21st Century competencies

Challenge Source of complexity Implication(s) for assessment
] glztrr?jlrt]izjizec:s?;%e;f?&%slviarzg zgg]nﬁtlﬁl); The constituent variables need to be clearly defined at the beginning of
Defining metacognitive and aff’ective processes ' any assessment design process to inform task design, the evidence to be
constructs and They are also strongly interconnected ' collected, and the claims to be made about student performance.
learning when engaged authentically. Robust It can be d?fﬁcult to ?solat_e and interpret evidence for Qiscretg constrgcts.
progressions learning progressions are also generally It can be difficult to identify processes and outcomes (i.e. evidence) linked

Generalisability

Task and item
design

Interpreting and
scoring
evidence

Reporting

Validation

lacking.

21st Century competencies require some
degree of domain-specific knowledge to
be meaningfully engaged, and they may
also be understood and defined differently
in different domains.

Students need to work on more open-
ended, interactive and authentic tasks in
order to engage 21st Century
competencies and demonstrate their
proficiency.

Students need to work on more open-
ended, interactive and authentic tasks in
order to engage 21st Century
competencies. Processes and behaviours
are also key aspects of performance.

21st Century competencies are complex
and multidimensional, involving cognitive,
metacognitive and affective processes.

21st Century competencies are complex
and multidimensional, involving cognitive,
metacognitive and affective processes.
Processes and behaviours are also often
associated with performance.

to different levels of mastery.

Domain-general assessments lack validity.

The greater the domain-specificity of an assessment, the weaker the
generalisability of its claims about students’ capacity to engage 21st
Century competencies outside of that specific domain context.

Simple item types cannot fully reflect the range of authentic scenarios that
engage complex constructs nor capture the range of evidence of
proficiency (e.g. interpersonal competencies are evidenced primarily
through behaviours when interacting with others).

Multiple instruments or item types are generally required to gather
information about all relevant aspects of the construct.

Evidence generated by process data can be challenging to interpret and
use for scoring.

Open-ended items without a pre-determined list of “correct” responses
may require human scoring (with implications in terms of time and cost).

Unidimensional score scales are inadequate, but multiple scales (or scales
with clearly distinct dimensions) are difficult to achieve given the
constraints of large-scale assessments (e.g. limited testing time).

Some constructs might not be best described by linear point scales, but
the exploration of alternative reporting methods has been scarce so far.

How constructs are defined and how student performance is interpreted are
more susceptible to cultural bias than traditional tests of knowledge.

More open, interactive and process-oriented task and scoring models
impose additional burdens in terms of establishing a validity argument.
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Defining constructs and learning progressions

21st Century competencies are complex and multidimensional constructs. They involve a combination of
cognitive, metacognitive and affective processes, and are supported by a set of knowledge, skills and
attitudes. These multiple components are often strongly inter-related with other 21st Century competencies
and most authentic, real-world contexts require individuals to engage several competencies
simultaneously — making it difficult to clearly distinguish mastery in one competency from another.
For example, problem solving involves aspects of metacognition, self-regulated learning and persistence
— and depending on the context and typology of the problem, it could also involve elements of creative
thinking and collaboration, as well as domain-specific knowledge (see Generalisability section below).

For any assessment to fully represent and measure its target construct, all of the constituent elements of
the construct must be clearly defined and captured reliably through the assessment instrument(s). As set
forth in the Introduction, a sound theoretical framework must describe the kinds of evidence that need to
be generated and collected to sustain claims about students’ performance and to design appropriate tasks
and define proficiency scales that reflect the different levels of competence mastery (Wilson et al., 2011 20j;
Ercikan and Oliveri, 2016217). However, the complexity of these constructs and the conceptual crowding
within the broader discourse on 21st Century competencies means it is difficult to break down constructs
into discrete and independently measurable components, as well as isolate and attribute evidence
generated by students to one particular competence or another (Ercikan and Oliveri, 2016211).

This definition issue is challenging not only in terms of identifying exactly what to measure but also in terms
of how to interpret performance. A lack of well-defined learning progressions mean it is harder to identify
the processes and outcomes that students demonstrate at different levels of competence mastery, as well
as to design and locate assessment tasks that sample students’ competency at various levels of complexity
or sophistication. This is particularly relevant in the context of assessing 21st Century competencies since
significant evidence is also expressed through students’ behaviours and processes not only their final
output (Care et al., 20181g)).

Generalisability

While 21st Century competencies can be applied across subject domains, they are all bound by some
extent to the context in which they are applied. This tension between domain-specificity and domain-
generality has important implications for assessment. First, assessment designers need to be clear about
whether and how the target construct changes across domains — for example, whether one aspect of the
construct is relatively more important in some domains of application compared to others — and they need
to design items that can elicit relevant kinds of evidence accordingly. This of course relies on a strong
foundation of theory about the nature of the construct both within and across domains.

Second, the role and importance of domain-specific knowledge in the assessment needs to be considered,
with important trade-offs in terms of developing authentic tasks and making generalisable claims about
student performance. One approach is to limit the relevance of domain knowledge to the target construct
by situating tasks in neutral and accessible contexts or by focusing measurement on domain-general
processes. However, this limits the authenticity of the tasks and assessment claims as 21st Century
competencies are rarely exercised in reality in contexts where no relevant knowledge is beneficial.
Providing the knowledge that test takers need directly within the task prompt could be one way to mediate
this limitation but test takers with existing, well-organised knowledge schemas or knowledge of domain-
relevant strategies might nonetheless have an advantage.

A different approach is to acknowledge that it is neither possible nor desirable to disentangle 21st Century
competencies from domain-specific knowledge and instead integrate their measurement within domain-
specific assessments (see Chapter 4 of this report for an example of this approach) — although this has
consequences on the generalisability of inferences made about student performance beyond the given
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assessment domain (Ercikan and Oliveri, 201621;). One way to mediate the limitations of this approach is
to employ a sampling design: in other words, recognise that knowledge is a relevant component of 21st
Century constructs and develop assessment tasks across several domain contexts so that the assessment
can provide a more comprehensive view of students’ strengths and weaknesses across domains (Lai and
Viering, 2012p14)). This approach clearly has practical implications in terms of developing sufficient items
across contexts and gathering enough information from students, both within and across different domains,
to be able to draw valid and reliable conclusions about student performance.

Item characteristics and task design

Most large-scale assessments rely on traditional item formats, such as multiple choice, true/false
statements or close-ended responses, to elicit indicators about students’ underlying abilities. While static
and close-ended items are easy to code and score, they inherently limit what can be captured about
students’ performance and essentially target the reproduction of content knowledge. For constructs like
mathematics knowledge, the link between test indicators and construct is fairly direct: a correct response
demonstrates knowledge of the topic. But these items are not optimal for generating indicators that capture
the complexity and multi-component nature of 21st Century competencies, especially as these constructs
are defined (at least in part) by behaviours or processes (Lai and Viering, 2012p14;; Care et al., 20181gj;
Vista, Kim and Care, 20181g9)).

Assessments of 21st Century competencies need to generate evidence that indicates not just what
students know but also how they deal with complex situations and iterate towards a solution. For example,
“good” self-regulated learning or collaboration is characterised as much by behaviours, attitudes and ways
of thinking as it is by eventual (successful) outcomes. The challenge for assessment is that simple
indicators of knowledge or outcomes do not capture well these underlying processes. As such, test items
for measuring 21st Century competencies need to focus on making students’ behaviours and thought
processes visible (Lai and Viering, 201214)).

This key issue requires innovation in task and item design in two interconnected ways. First, assessment
tasks must mirror the kinds of authentic situations that require 21st Century competencies — not only to
stimulate the processes and behaviours from which to generate indicators of the construct (Care, Anderson
and Kim, 2016y12;) but also to ensure that claims about student abilities actually reflect performance in real-
life contexts (Care et al., 20181g;; Lai and Viering, 2012[14;; Ercikan and Oliveri, 201621). The literature
generally agrees that 21st Century competencies empower individuals to address new and complex
problems and adapt to unpredictable situations, meaning authentic tasks are best situated within the
context of open-ended, ill-structured problems (see also Chapter 2 of this report). What’s more, some types
of 21st Century competencies require situations that involve others with whom to interact (e.g.
collaboration, communication) or that trigger some kind of personal state, emotion or level of investment
(e.g. persistence, conflict resolution, self-regulated learning). These types of authentic problem situations
are clearly more difficult to generate within the constraints of a controlled test environment and in a way
that engages all students to the same extent (i.e. that elicits evidence from all students).

Second, and closely related, test items need to be open-ended and interactive so that they can make
visible test takers’ behaviours and thinking processes. For many 21st Century competencies, this means
providing students with tools for doing and making and a test environment that enables them to engage in
the entire process of idea conception to implementation by providing them with choices and opportunities
to explore and iterate upon their ideas. These kinds of affordances cannot be sufficiently provided by the
static, closed-response item types typically used in large-scale assessment. While technology provides
new opportunities to address these needs (see Chapters 5 and 7 of this report), designing and validating
technology-enhanced items also demands more time and financial resources.
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Interpreting and scoring evidence

The scoring of items in any assessment is closely related to the task and item design, the claims that the
assessment aims to make, and the definition of the construct and its learning progressions (Csap6 et al.,
2011227). Assessment tasks must elicit relevant evidence from students, but this evidence needs to be
interpreted, clearly connected to the construct and levels of performance (as defined by construct maps or
learning progressions) and accumulated using some kind of statistical model. Traditional assessments
focusing on knowledge reproduction are easy to code and score: if students select or write the correct
response then they receive credit. However, this simple scoring model can rarely be applied in the context
of measuring 21st Century competencies that are largely defined by thought processes and behaviours,
and for which it is not possible to define a concise, finite list of correct responses.

In recent decades, advances in computer-based assessment mean that evidence of student behaviours
and thought processes can be captured through process (or log-file) data. But the interpretation of this
evidence is far from straightforward: similar patterns of behaviour may mask real differences in thinking
processes and approaches. For example, a prolonged period of recorded inactivity could be an indicator
of disengagement or of a student who is deep in thought. Such behaviours may also be more susceptible
to cultural differences, emphasising the importance of validation activities in computer-based assessments
that make use of process data (see Validation section below, and also Chapter 12 of this report). Even
when the interpretation of the behaviour is clear, it can be challenging to establish a scoring hierarchy
among different behaviours and strategies as the optimal choice may depend on a host of other factors
including the test taker’s level of prior knowledge, motivation and even personality traits. For example, Roll
et al. (2014231) demonstrated that while productive help-seeking was an optimal self-regulated learning
strategy for most learners in an online problem-solving environment, trial-and-error was actually the most
beneficial strategy for those with the lowest levels of prior knowledge.

New and more advanced analytical models are required to use evidence derived from process data,
possibly in combination with more traditional types of outcome data. Authentic assessments of 21st
Century competencies require test takers to engage in extended, performance-based tasks using
interactive tools and resources — but these affordances introduce complexity in scoring and data analysis
by giving test takers choice (meaning they may not experience the test in the same way, thus threatening
comparability) and by introducing dependency across items (whereby students’ prior decisions and actions
determine later possibilities and outcomes). While making good choices during the assessment is a part
of the construct, it may nonetheless confound other metrics. Innovative analytical models therefore need
to account for these dependencies across items and the implications of additional constructs (such as
choice) that are in play (see Chapter 8 of this report). New methods are also required to model changes in
a students’ proficiency over an extended task, as interactive and resource-rich test environments afford
possibilities for students to learn over the course of the assessment.

It is not just process data that can pose interpretation and scoring challenges — for some 21st Century
competencies it is also challenging to interpret students’ outcome data. For example, in an assessment of
creative thinking, there may be an infinite number of possible creative outcomes or solutions that cannot
be pre-defined. In these cases, automated scoring methods are not possible without integrating some sort
of sophisticated artificial intelligence or machine learning model; and human scoring of such complex and
open-ended responses can also be unreliable and require a large investment in time and financial
resources. Moreover, without clearly defined learning progressions for these competencies, it can be
difficult to classify and score outcomes that reflect different levels of mastery.

Reporting

Once evidence from a test has been identified, collected and interpreted, it needs to be accumulated and
reported in ways that are appropriate and useful for the intended purpose of the assessment. The reporting
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of student performance in large-scale assessments is especially important as these assessments are used
to inform policymaking and system-level reform (Vista, Kim and Care, 201819)).

21st Century competencies are complex and multidimensional constructs meaning that assessments
intending to measure them should aim to make claims on students’ ability across those different
dimensions. One challenge in terms of reporting relates to how to generate evidence in such a way that
the data scale together to provide an overall picture of student performance on the test, while at the same
time providing insights on students’ relative strengths and weaknesses. In large-scale assessment, test
developers have prioritised achieving a single, reliable scale that summarises students’ overall
performance. Even when sub-scales are developed to measure different dimensions of the construct,
these sub-scales are generally highly correlated with each other so that high (or low) performing students
on the overall scale tend also to be high (or low) performing across all the sub-scales. More actionable
information on strengths and weaknesses would require developing a more diverse set of item types that
target the different dimensions of the construct, but this poses practical challenges including higher
development costs and requiring a longer assessment time.

Another reporting challenge concerns how to describe complex behaviours in a way that provides
actionable information to the users of the assessment data. For example, digital tests make it possible to
record the different strategies that students adopt to solve complex, open problems. Analysing this process
data can reveal different “profiles” of problem solvers, for example those who rapidly test ideas versus
those who pause and reflect before attempting a solution. These data on solution processes provide a
window into how students reason and construct their knowledge, giving potentially useful insights on the
quality of instruction they have received. However, data on processes might be hard to convert into a linear
point scale as some processes are not necessarily preferable to others. While some methodologies, such
as cluster analysis, can be used to identify and describe profiles (e.g. different types of problem solvers),
such reports are more complex to understand for policymakers and other users of the assessment data.

Validation

Innovative assessments of complex constructs like 21st Century competencies require more
comprehensive validation processes that go beyond psychometric considerations of the reliability of scores
(Vista, Kim and Care, 20181g;; Care et al., 20181g); Ercikan and Oliveri, 201621;; Ercikan et al., 201624).
Like all assessments, innovative assessments need to be built on strong validity arguments that
demonstrate that they measure what they intend to (construct validity), that student performance in the test
is related to performance in relevant and authentic real-life situations (external validity), and — in large-
scale assessment — that performance across student groups is comparable (fairness and cross-cultural
and cross-linguistic comparability).

One set of challenges relates to whether 21st Century competencies are understood and expressed in
similar ways across cultures and student groups. While it may be reasonable to assume that some
competencies, like problem solving or critical thinking, involve similar thinking processes across cultures
and student groups, others — such as those with stronger inter- or intra-personal components — are likely
to be more sensitive to cultural or gender differences in terms of how they are expressed. This idea also
extends to the ways in which different cultures or student groups may value different 21st Century
competencies and consider them appropriate in certain situations (e.g. defining whether an output is
creative or whether a problem requires a creative solution). It is therefore important that the target
populations of any assessment of 21st Century competencies share a common understanding of the target
construct to ensure there is a good degree of construct equivalence (Ercikan and Oliveri, 201621)).

Another set of challenges relates to validating test tasks and items and ensuring fairness among student
groups. Many of these validation issues apply to all assessments: task contexts should aim to be equally
familiar to students from different backgrounds, while avoiding socio-cultural, gender or other types of
biases; task instructions (and translations, where applicable) should be expressed in the most appropriate
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way to ensure that students clearly understand what is required of them; and response modes should be
simple and intuitive so that construct-irrelevant factors do not unduly influence performance. In technology-
enhanced assessments that provide more open and interactive test environments, the user interface
design and user experience need careful attention so that the test remains accessible to all students.
Students from different socio-cultural backgrounds may lack familiarity with such digital assessment
platforms and their affordances, which may create sources of incomparability and jeopardise cross-cultural
comparability. Cognitive laboratories and log data analysis can provide insight into students’ thinking
processes and test taking experiences that can be used for the purpose of validating tasks (see Chapter
12 of this report), but these exercises require a greater human and financial investment during the test
development process (Ercikan and Oliveri, 2016121;; Care, Anderson and Kim, 2016(12)).

The third set of validity challenges relates to the evidence and scoring models employed in innovative
assessments of 21st Century competencies. A central tenet of score comparability across cultural and
language groups is measurement invariance, which refers to the degree to which similar constructs are
being measured and scores are comparable for test taker groups. In innovative assessments that integrate
evidence from process data into scoring models, one challenge is ensuring that those processes are
equivalent across student groups. However, students from different socio-cultural backgrounds or with
different levels of prior knowledge may not use the tools and affordances of the test environment similarly,
or they may not use the same strategies to solve tasks. This differential engagement can threaten the
validity of conclusions and comparisons about student performance if evidence of those processes is
interpreted and scored as evidence of mastery of the construct. International assessments further
compound this challenge as linguistic or cultural differences may also lead to behavioural differences. For
a comprehensive discussion of these issues in large-scale, innovative assessments of 21st Century
competencies, see Chapters 11 and 12 of this report.

Finally, as technology-enhanced assessments are able to capture more complex process data, more
complex and automated analyses for interpreting and scoring data using machine learning and artificial
intelligence algorithms have also been developed (DiCerbo, 2020p25). However, if the data sources used
to create these scoring algorithms are not representative of all cultural and student groups then the
resulting scores may not have equivalent validity and accuracy for all groups. One challenge for
implementing such methods at scale is ensuring that all relevant student groups are adequately
represented in training the algorithms, and that the scoring algorithms are sufficiently evaluated for validity,
accuracy and comparability of scores for all of the diverse student populations.

Conclusion

21st Century competencies are increasingly recognised as key competencies for today’s young people to
develop so that they can effectively participate in the global knowledge economy, thrive in an increasingly
diverse society, use new technologies effectively, adapt to change and uncertainty, and continue to engage
in lifelong learning. Nonetheless, there remain significant challenges to the adoption of this agenda in
practice across all aspects of the education system, from curriculum to pedagogy to assessment. This
chapter focused on discussing six major challenges associated with designing valid assessments of
complex 21st Century competencies. Doing so requires innovation throughout the entire assessment
development process: from defining the conceptual framework, to task design, test delivery, validation,
scoring, analysis and reporting.

Developing assessments of 21st Century competencies first requires clearly defining the target construct
and establishing the theoretical underpinning of the assessment. The extent to which domain-specific
knowledge supports the target construct also needs to be addressed in the conceptual framework as this
will affect how assessment tasks are contextualised and the extent to which student performance in the
assessment can be generalised. Without a clear conceptual framework, well-defined learning progressions
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or construct maps, it is difficult to interpret and score student performance. This challenge is further
amplified by the fact that 21st Century competencies are characterised as much by process as by outcome,
that there is often no single or pre-defined “correct” response and that constructs are multidimensional (so
performance may not be uniform across all dimensions). Because of the relative emphasis on students’
processes, assessment tasks need to be more open and interactive to provide opportunities for students
to demonstrate how they engage in those processes. Task designers must therefore identify the types of
complex yet accessible problems and situations that call for students to engage 21st Century
competencies as well as develop test environments that allow students to respond in authentic ways and
that generate interpretable evidence about their ways of thinking and doing. Finally, these challenges all
pose additional demands in terms of establishing the validity argument for innovative assessments to
ensure that tasks and scoring methods are equally accessible for different student groups and free from
cultural, gender and linguistic bias.
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This chapter presents key insights from research in the learning sciences
and from experimental evidence on instructional design to inform the design
of next-generation assessments. It argues that research from the learning
sciences emphasises that learning is a social process, and that expertise
requires organised knowledge and the capacity to adapt and transfer that
knowledge to novel situations. The chapter then sets forth several
assessment design innovations that are aligned with these research insights,
including using extended performance tasks that integrate opportunities for
learning and iteration, that account for the role of knowledge in performance,
and that have “high floors, low ceilings” to cater to different proficiency levels.
It argues that such innovations may provide more valid information on how
well educational experiences are preparing students for their future.
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Introduction

In order to respond to the challenges of a world that is changing at an unprecedented speed, researchers,
educators, policy makers and business leaders have emphasised the need to support 21st Century
competencies. As discussed in the Introduction and Chapter 1 of this report, 21st Century competencies
refer to the capacity to perform real-life activities such as analysing information critically, creating
innovative solutions to problems, working productively with others and communicating effectively to
different audiences. These competencies allow individuals to adapt effectively to changes in the labour
market and society, and perform tasks on the job or roles within their communities that computers cannot
replace (Levy and Murnane, 2004 1)).

The learning experiences that support these higher-order thinking and performance skills involve inquiry
and investigation, the application of knowledge to new situations and problems, and the collaborative
creation of ideas and solutions (Pellegrino and Hilton, 20122). In these situations, students are invited to
reflect on what is important to consider, plan what to do next and decide who to call on for help or feedback.
The outcomes of these active learning experiences are often referred to as ‘deeper learning’, a type of
learning whose positive effects transfer beyond the initial context of instruction (National Research Council,
20013). 21st Century competencies constitute the integrated body of cognitive, intrapersonal and
interpersonal skills that enable students to learn in ways that support not only information retention but
also competent behaviour in other situations. As such, deeper learning experiences and 21st Century
competencies are connected to each other in a self-reinforcing cycle: 21st Century competencies are
developed in the context of deeper learning experiences, and deeper learning does not occur unless
students can mobilise multiple 21st Century competencies simultaneously.

As argued in earlier chapters of this report, assessments are important markers of teaching and learning:
if we want more students to engage in deeper learning experiences and to develop 21st Century
competencies, then we need to develop new assessments that are capable of eliciting and measuring
these competencies. Assessments at scale and across multiple cultural contexts can also help us to better
understand these new constructs and how they interact in authentic problem situations. Assessments are
more likely to yield valid evidence about what students know and can do if they confront students with the
types of learning situations that actually require 21st Century competencies in real life, and such an
alignment can generate evidence that differentiates between those students who have benefited from
experiences of deeper learning at school from those who have not.

This chapter presents insights from research in the learning sciences on how expertise develops and from
experimental evidence on instructional design that has implications for how to assess 21st Century
competencies. The chapter then describes a number of design innovations for the next generation of
assessments of 21st Century competencies that are aligned with these research insights and that have
the potential to provide more valid information on how well educational experiences have prepared
students for their future.

Research insights on deeper learning

Itis increasingly recognised that expertise in a given domain is not limited to knowing facts and procedures,
but extends to being able to organise this knowledge in a mental schema, to develop new solutions when
established procedures fail or are unsuitable, and to communicate one’s own emerging understanding and
ideas to achieve a particular outcome (National Research Council, 20013). Any assessment involves
observing how an individual performs in only a handful of particular situations. Traditional large-scale
assessments evolved to foster time and cost efficiency and compliance with established measurement
models, resulting in a narrow focus on situations where test takers demonstrate the knowledge they already
master rather than interacting with peers or mentors and building new knowledge. The focus of traditional
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measurement approaches is also limited to the evaluation of response correctness — in other words,
abstracting from the cognitive, interpersonal and intrapersonal processes that supported the response. As
a result, the interpretation of a person’s performance and behaviours in the types of restricted and static
situations used in traditional assessments might not provide particularly valid inferences on that person’s
capabilities to think, act and learn in real-life situations outside of the test context.

Itis possible to reduce this misalignment between assessments and contemporary theories of how people
learn and solve problems in real life. This requires, as a first step, taking stock of the main findings from
the research that has investigated the mental structures that support problem solving and learning. Some
of this research has involved studies that contrast “experts” with “novices”. In what follows, we use the
word “expert” in relative terms to refer to individuals who have constructed solid mental models that connect
ideas central to a given domain and who have learned, through participation in key practices, how to apply
these ideas to new problems. We therefore do not necessarily refer to “experts” as established
professionals with extensive experience in a specific discipline. Conversely, we refer to “novices” as those
individuals who have learned the basics of a given domain but who have not had opportunities to
consolidate their knowledge through practice.

The second step towards reducing this misalignment — and a much more difficult one — consists of creating
an internally consistent system of teaching practices and assessments that reflect these research insights:
in this system, deeper learning experiences prepare students for future learning and assessments measure
how effectively students have engaged with these deeper learning experiences.

Research insight 1: Developing expertise is a social process

Over the last two decades, one of the main conclusions from research in the learning sciences is that
learning is a socially situated process (Dumont, Istance and Benavides, 2010yj; Darling-Hammond et al.,
20195)). People develop expertise in a variety of domains, for example literature, engineering or the
culinary arts, by participating in the practice of a community of experts and by learning to use the tools,
languages and strategies that have been developed within that community (Mislevy, 2018s); Ericsson,
2006;7; Pellegrino and Hilton, 2012p2;). The key to becoming skilful in a domain is acquiring fluency with
the language and other cultural representations of the community, learning the ways of thinking and acting
that are aligned with those representations, and soliciting and using feedback from other members of the
community or from the situations themselves. Throughout life people learn interactively, trying different
actions and observing their effects and consequences in the social space (Piaget, 2001g)).

The fact that learning is mediated by socially-constructed practices has clear implications for instruction.
Deeper learning occurs when students are given the opportunity to engage in activities that are realistic,
complex, meaningful and motivating, and when they feel part of a community of learners that they can call
on for support. In a responsive social setting, learners observe the criteria that others use to judge
competence and adapt to these criteria. Innovative pedagogies have engaged students in highly interactive
educational activities in which everyone is responsible for each others’ learning. Some evidence shows
that such practices, if carefully implemented by teachers, result in better academic results and higher
enjoyment of learning — see, for example, the case of Railside school (Boaler and Staples, 2008g). The
rewards and meaning that students derive from becoming deeply involved in collaborative knowledge
building provide them with a strong motivation to learn and positive beliefs about what they can accomplish
(Tan et al., 202110)).

Research insight 2: Experts engage in reflective practices and can adapt to new
situations

A recurrent observation from studies that have compared experts to novices is that experts have strong
metacognitive skills (Hatano, 1990p11)). In the course of learning and problem solving, experts display
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regulatory behaviours such as knowing when to apply a procedure, predicting the outcomes of an action,
planning ahead, monitoring their progress and efficiently apportioning cognitive and emotional resources.
They also question limitations in their existing knowledge and avoid simple interpretations. This capability
for self-regulation and self-instruction extends to situations when learning and problem solving happens in
collaboration with others (Hadwin, Jarvela and Miller, 2017}12)).

The capacity to regulate one own’s learning and (re)act accordingly is what distinguishes routine experts
from adaptive experts, with the latter being “characterized by their flexible, innovative, and creative
competencies within the domain” (Hatano and Oura, 2003, p. 2813)). Adaptive experts are able to detect
anomalies in their tasks and are consequently alerted when following established rules might result in sub-
optimal outcomes; they also do not mind making errors in some situations, as errors teach them what not
to do in particular situations and result in more integrated knowledge (Hatano and Inagaki, 198614).

Research reveals that metacognition does not necessarily develop organically through traditional
educational practices but that it can and should be explicitly taught in context (National Research Council,
2001;; Roll et al., 2007151). Reflecting on one’s own learning — a major component of metacognition —
does not typically occur in the classroom: when students are unable to make progress in their learning and
are asked to identify the source of difficulty, they tend to report being “stuck” without analysing what they
need to make progress. However, there are some notable examples of metacognitive strategies being
used to improve learning in various domains. In mathematics, for example, teachers have had success
with techniques that combine problem-solving instruction with control strategies for generating alternative
problem-solving approaches, evaluating among several courses of action and assessing progress
(Schoenfeld, 1985(1g)).

Research insight 3: Expertise requires specialised and organised knowledge

Cognitive research has shown that general problem-solving procedures (or “weak methods”) such as trial-
and-error or hill climbing, are slow and inefficient (National Research Council, 20013]). Experts instead use
deep knowledge of the domain (“strong methods”) to solve problems. This deeper knowledge cannot be
reduced to sets of isolated facts or propositions; rather, it is knowledge that has been encoded in a way
that closely links it with its contexts and conditions of use. When experts face a new problem, they can
readily activate and retrieve the subset of their knowledge that is relevant to the task at hand (Simon,
1980117)). For example, chess experts encode mid-game situations in terms of meaningful clusters of pieces
(Chase and Simon, 1973(1g]). Research shows that students progress in their mastery of a discipline
through similar processes of acquisition and use of increasingly well-structured knowledge schema.

The central role of domain knowledge for performance and future learning has strong implications for the
teaching of 21st Century competencies. It would be unfair to expect that students can apply these
competencies to a problem they know nothing about and cannot connect to their previous learning
experiences. Finding a creative solution or communicating effectively about a topic generally require a
deep understanding of relevant concepts and linguistic and socio-cultural patterns in the given domain.
The teaching of these higher-order thinking and behavioural skills thus needs to be embedded within the
conventions and “ways of knowing” of each learning area in the curriculum, and should possibly encourage
students to establish connections between different disciplines.

Design innovations for new assessments of 21st Century competencies

As Chapter 1 of this report explained, we have a good understanding of what skills students need in order
to learn and function in their future roles within society — but we do not yet have enough nor sufficiently
adequate instruments to measure them. The objective of the following section is to highlight some general
characteristics of what we consider to be “next-generation assessments” (NGA, for short), informed by the
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above insights from the learning sciences, that can yield potentially valid evidence on where students are
in their development of 21st Century competencies (in summative applications) and on what they need to
do to progress in these skills (in formative applications).

Design innovation 1: Allow for extended performance tasks

Assessments that aim to measure how prepared students are for deeper learning have to engage students
in active and authentic learning processes. As discussed earlier (see Research insight 1), students engage
21st Century competencies in situations in which they interact with others, evaluate available resources,
make choices about what to focus on and disregard as well as the course of action to take, try out multiple
strategies or iterations, and adapt according to the results. From an assessment perspective, this means
providing students with a purposeful challenge that replicates the key features of those educational
experiences where deeper learning happens as a result of interactions with the problem situation and
knowledgeable others — including the capacity to make decisions (see Chapter 4 of this report for more on
the importance of decision making in defining and assessing 21st Century competencies like problem
solving).

In the context of summative assessments, in particular, efficiency considerations have led to short, discrete
tasks being preferred over longer performance activities. In general, using many short items provides more
reliable data on whether students master a given set of knowledge and can execute given procedures
because the information is accumulated over a larger number of observations. Measurement is also easier:
the evidence is accumulated by applying established psychometric models to items that are fully
independent. However, if the purpose of assessment shifts to evaluating students’ capacity to construct
new knowledge in choice-rich environments then students should be given the time they need to
demonstrate what they can do in these environments. This includes giving students time and affordances
for reflective activities (Research insight 2).

Extended units that include multiple activities sequenced as steps towards achieving a main learning goal
can provide students with a more authentic and motivating experience of assessment. Encouraging a shift
in the test taker’s mindset — from “I have to get as many of these test items right” to “| have a challenge to
accomplish” — might ultimately provide more valid data (i.e. evidence that is predictive of what students are
capable of doing outside of the constrained and stressful context of a test). These extended experiences
are more challenging to design because developers need to establish a coherent storyline that keeps
students engaged as well as address dependency problems (for example, by providing rescue points to
move struggling students from one step to the next).

The OECD PISA 2025 test of Learning in the Digital World incorporates these ideas by including extended
test units of 30 minutes. Each unit comprises various phases, including a learning phase (where students
learn and apply concepts to simple problems) and a challenge phase (where students apply what they
have learned earlier in the unit to solve a more complex problem). Another relevant model is the
Cognitively-Based Assessment of, for and as Learning (CBAL) that uses scenario-based tasks designed
by modelling high-quality teaching practices (Sabatini, O’Reilly and Wang, 201819]). A typical CBAL
includes: 1) a realistic purpose; 2) sequences of tasks that follow learning progressions in a domain; and
3) learning material derived from multiple sources that reflect key practices in the content area.

Advances in technology (further explored in Part Il of this report) allow much more data to be captured on
how students spend their time in extended tasks by immersing them in simulated environments and
communities of practice. These environments can facilitate a more open interpretation of students’ goals
and their exploration of the problem constraints, reward diverse solution strategies and outcomes, and
provide feedback to learners. This also makes it possible to observe metacognitive processes that are
crucial to learning in a non-obtrusive way, tracking how students plan and implement strategies, how they
behave when they are stuck and how they respond to feedback (Nunes, Nunes and Davis, 2003207). The
application of a principled design process can lead to a productive use of these process data to augment
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the evidence that is derived from final solutions, therefore reducing the trade-off between reliability and
authenticity (see Chapters 5-7 of this report).

Despite these advances, efficiency considerations (i.e. to collect as many observations as possible in
limited testing time) will remain an important constraint. The argument here is thus not to shift completely
from one assessment paradigm (i.e. using only short discrete items) to another (i.e. using only extended
performance tasks) but rather encouraging the use of a more diversified set of assessment experiences
where the breadth and depths of tasks and associated measurement models are aligned with what the
assessment intends to measure.

Design innovation 2: Explicitly account for domain knowledge in assessment design and
reporting

The socially-constructed nature of learning (Research insight 1) and the important role of knowledge for
real-life performance (Research insight 3) both imply that we can hardly assess students’ competencies
like creativity, critical thinking or communication in a domain-neutral way. These skills are neither exercised
nor observed within a vacuum. In an assessment context, students’ ability to perform these skills will always
be observed in a given situation and their knowledge about this context or situation will influence the type
of strategies they use as well as what they are able to accomplish (Mislevy, 2018)). Attempting to design
completely decontextualised assessment problems or scenarios threatens validity: if a student does not
require any knowledge to solve a task, can the assessment truly claim to measure the types of complex
competencies it claims to be interested in?

When designing assessments of 21st Century competencies, it is important to explicitly identify the
knowledge students need to meaningfully engage with test activities and evaluate the extent to which
differences in prior knowledge will influence the evidence we can obtain on the target skills. Moving beyond
the idea of decontextualised assessments of 21st Century competencies can also help to make more valid
claims when reporting what students can or cannot do. In the context of large-scale summative
assessments in particular, it might be misleading to make general claims such as “students in country A
are better problem solvers than students in country B”. From a single summative assessment we might
only be able to claim that “students in country A are better than students in country B at solving problems
in the situations presented in the test” — most likely, a limited number of situations contextualised in one or
few knowledge domains (see Chapter 3 of this report for a further discussion on how to define suitable
assessment contexts for 21st Century competencies).

We suggest that measuring the relevant knowledge that students have when engaging with a performance
task (for example through a short battery of items) should become an integral part of the design and
assessment process in NGAs. This information can also help to interpret student’s behaviours and choices
in complex performance tasks (see Chapters 6 and 9 for a detailed presentation of the PISA 2025 Learning
in the Digital World assessment that adopts this approach and considers students’ actions in the context
of what they already know).

Design innovation 3: Provide opportunities for productive failure and learning on the test

Metacognition, self-regulated learning and the capacity to flexibly apply one’s knowledge to address new
problems differentiates routine from adaptive experts (Research insight 2). Design choices related to the
content and organisation of task sequences in NGAs can draw upon insights from research on instructional
design for guidance on how to elicit these competencies in an assessment context. There is evidence that
we can make robust claims about students’ preparedness to learn new things by studying how they work
on problems they have not encountered before (Roll et al., 201121;; Schwartz and Martin, 200422)).

One promising method involves “invention activities” that ask students to solve problems requiring
concepts or procedures that they have not yet been taught, with the aim of encouraging students to invent
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methods that capture deep properties of a construct before being taught expert solutions (Roll et al.,
2012p237). While inventing their own original approaches to solving novel problems, students tend to make
mistakes and fail to generate canonical solutions. However, experimental evidence shows that students
who learn through invention activities are better at transferring their knowledge (i.e. solving other tasks
requiring the same knowledge schemes but in a different application) in comparison to students who are
directly told what to do and then practice those procedures (Loibl, Roll and Rummel, 201624;; Kapur and
Bielaczyc, 2012p25)). Invention activities therefore help students to deeply understand concepts, identify the
limitations of previous interpretations and procedures when they do not work, and look for new patterns
and interpretations that build upon and connect with their earlier knowledge.

Similar ideas can also be found in frameworks defining effective classroom practices, such as the “teaching
for understanding” framework by Wiske (199726)). In the instructional context, these early attempts to solve
problems prepare students to learn from subsequent instruction; in this way, they augment rather than
replace instruction. When transposed to an assessment context these types of activities can provide
important evidence about whether students can flexibly apply their knowledge schema to unfamiliar
contexts as adaptive experts do.

Learning activities have to be carefully designed in order to support students in building their understanding
while inventing and interacting with problems. In traditional tests, students are left to their own devices —
they typically cannot draw upon anything other than their existing knowledge — and if they do not know the
relevant procedure to follow there is little they can do to progress (Schwartz and Arena, 2013p277). In the
real world, we can access resources when learning and problem solving: we compare challenges to
previous assignments, search the Internet for similar problems or solution strategies, or ask a
knowledgeable other for directions (Research insight 1). Similarly, assessments that challenge students to
create knowledge or solutions that are new to them should incorporate relevant resources for learning
because problem solving always requires some degree of knowledge (Research insight 3). These
resources should be carefully crafted so that they do not give the solution away but rather provide
opportunities to learn more about the problem and the likelihood that trying a given solution or implementing
a certain strategy will help them to make progress toward a solution.

Contrasting cases represent one approach to providing such structure in learning and invention activities
that has proven effective in experimental settings and that could be applied to larger-scale assessments
(see Box 2.1). Contrasting cases highlight key features that are relevant to specific decisions or concepts
that students might overlook when addressing a problem, especially when they have nothing to compare
to their current problem. With contrasting cases, students are encouraged to invent a representation that
is general (i.e. works across different cases) rather than particular — thus encouraging knowledge transfer.

Integrating more than a single resource to learn from in an assessment task can provide additional
evidence about whether, what and how students choose to learn. For example, Schwartz and Arena (2013)
designed a game where young students are provided with a familiar problem (mixing colours) applied to
an unfamiliar context (projecting lights onto a stage). Students had to learn that the result of mixing colours
for light is different to mixing colours for paint, as light depends on a different set of primary colours (additive
colours) than paint (subtractive colours). They had two tools from which to learn this concept — an
experiment room, where they could directly mix light colours, and a set of catalogues (i.e. contrasting
cases) — which made it possible to track how students decided to learn.
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Box 2.1. Examples of invention activities using contrasting cases as learning resources

Schwartz and Martin (200422;) designed an invention activity for learning about applications of the mean
deviation formula. Students had to find a procedure to identify which of four baseball-pitching machines
was more reliable at aiming a target. Students were given four grids with different features including the
number of balls shot by each machine. By comparing grids students could notice the effect of sample
size on their measure, which helped them to understand why the standard deviation formula includes
division by the number of observations.

In another experiment, first-year biology students were asked to design walls for a zoo exhibit of small
rodents (Taylor et al., 2010p28]). Students were shown images of a squirrel, a chipmunk and a mouse,
along with the approximate mass and dimensions of each rodent, and then provided with diagrams of
two exhibits (see Figure 2.1). In both cases, the wall design needed to allow one rodent to freely pass
from side to side while preventing the other rodent from doing so.

Figure 2.1. Contrasting cases example for designing a zoo exhibit

Exhibit 1. Exhibit 2.
Squirrels _ Mice <
-~ -~
«” e~
<«- - > Mice Chipmunks — il — >

Squirrels in Exhibit 1 must remain in the left room.
Mice must be able to freely pass from room to room.

Mice in Exhibit 2 must remain in the left room.
Chipmunks must be able to pass into the right room

and not return to the left room.

Source: Taylor et al. (2010;2g)).

Students realised quickly that the wall in Exhibit 1 could use holes big enough for mice but too small for
squirrels, but this simple solution did not work for Exhibit 2. Solution ideas for Exhibit 2 varied but
typically students would use differences in mass, length of the chipmunks (to reach higher) or jumping
ability to allow the chipmunks to cross. Some students also invented more original ideas, such as a tail
scanner.

This problem is analogous to a problem biology students encounter in the study of living cells (e.g. the
need for transport proteins to selectively allow certain molecules to cross a cell membrane) although
on the surface it appears to have little to do with course material. The researchers found that students
who engaged in these invention activities were much quicker to engage with unfamiliar biology problems
and provided multiple reasonable hypotheses to explain unfamiliar problems compared to other
students.
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Design innovation 4: Provide feedback and instructional support during assessment

To complement providing resources for students to make sense of a problem and start inventing solutions
(Design innovation 3), NGAs should also consider including guidance during the solution process in the
form of advice, feedback or prompts. This type of instructional support can promote deep learning in
beginners and enable the observation of decisions they make in their learning (Azevedo and Aleven,
2013p295; van Joolingen et al., 200530]). Targeted feedback and interventions can also reduce the risk that
beginners disengage from an assessment because they perceive it to be beyond their capacities — which
is especially important in the context of more extended performance tasks (Design innovation 1).

Instructional support and feedback can play a variety of important functions including: 1) engaging a
student’s interest when they appear disengaged; 2) increasing their understanding of the requirements of
a task when they demonstrate confusion; 3) reducing the degrees of freedom or the number of constituent
acts required to reach a solution; 4) maintaining a student’s direction; 5) signalling critical features including
discrepancies between what a student has produced and what they recognise as correct; 6) demonstrating
or modelling solutions, for example reproducing and/or completing a partial solution attempted by the
student; and 7) eliciting articulation and reflection behaviour (Guzdial, Rick and Kehoe, 200131)).

In the context of large-scale assessments, feedback to students needs to be automated. This is clearly
challenging because effective feedback is both task- and tutee-dependent: the feedback system must be
based on a complete model of the task’s demands, affordances and solution space, while also adapting to
the performance of the student. Without attending to both, the system cannot generate feedback that is
useful for all students, in turn failing to bring each student to their zone of proximal development (Vygotsky,
197832)). Artificial intelligence (Al) holds promise for answering to this challenge, at least for some types
of learning and assessment experiences (see Chapter 10 of this report for more on Al-enabled adaptive
feedback). Another challenge relates to the fact that students often do not proactively seek feedback or
consult resources in interactive learning or assessment environments. It is therefore important to design
such affordances in way that they are not too intrusive and distracting while being sufficiently visible and
accompanied by explanations that invite test takers to use them.

Researchers have also invested considerable effort in creating multimedia learning environments that
incorporate collaboration affordances as a way of supporting and monitoring knowledge-building
processes (Lei and Chan, 2012;33)). In these environments, students receive feedback directly from their
peers. Integrating these real-time, collaboration features in large-scale learning and assessment
landscapes remains a challenge, although explorations are underway (see Rosé and Ferschke (2016(34))
as well as examples described in Chapter 3 of this report).

Including feedback and instructional support in summative tests is often challenged because of fairness
concerns (e.g. concerns about unfairly penalising students who do not need support or threats to the
validity of assessment claims). Shute, Hansen and Almond (2008;35)) undertook a rigorous evaluation of
the psychometric quality of an assessment of algebra delivered by a digital learning system that combined
adaptive task sequencing with instructional feedback. A comparison of metrics for a treated (with feedback)
and control (without feedback) sample showed that providing instructional support did not make the
assessment less able to detect differences between students or less valid. Indeed, providing feedback and
support to students is more reflective of authentic learning experiences (Research insight 1). From a
measurement perspective, the main challenge remains to develop and validate psychometric models for
large-scale assessments that take into account how these resources affect students’ measured ability, as
this ability can no longer be considered as fixed but can progress as a result of using resources and
feedback (see Chapters 6 and 8 of this report for a more in-depth discussion of this issue).
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Design innovation 5: Cater to different ability levels by using challenges with “low
floors, high ceilings”

In NGAs, all students should be able to demonstrate their ability to learn and progress by using the tools
and resources available to them regardless of their initial level of knowledge or skill. Adapting assessment
challenges to different abilities not only improves the quality of the measures but also the authenticity and
attractiveness of the assessment experience. In real life people seldom take on challenges that they find
either too easy or impossible to achieve, yet in traditional tests this happens quite frequently.

One approach to catering to different student ability levels involves designing tasks that have so-called
“low floors, high ceilings”, meaning that they are accessible to all students while still challenging top
performers. Ensuring tasks are accessible for all students in terms of connecting to their previous learning
experiences responds to the idea that successfully engaging 21st Century competencies requires some
degree of relevant knowledge (Research insight 3). However, these types of problems are much more
difficult to design than the standard problems found in traditional tests, where the item is matched to one
specific level of difficulty and there is typically only one correct response.

One cluster of low floor, high ceiling problems asks students to produce an original artefact: this might be
a story, a game, a design for a new product, an investigation report on some news, a speech, etc. These
more open performance tasks generate a wide range of qualitatively distinct responses, and even top
performers have incentives to use resources that can help them produce a solution that is more complete,
richer and unique. The low floor, high ceiling design can also be used in the context of more standardised
problem solving tasks if students are told that there are intermediate targets to achieve and that they are
expected to progress as much as they can towards a sophisticated solution (see Box 2.2 for an example
assessment experience using a low floor, high ceiling approach to task design).

Box 2.2. Catering to different student ability groups in PILA

The Platform for Innovative Learning Assessments (PILA) is a research laboratory coordinated by the
OECD. Assessments in PILA are designed as learning experiences that provide real-time feedback on
student performance, typically for use in the context of classroom instruction. One overall objective of PILA
is to make assessment designers, programmers, measurement experts and educators work together to
explore new ways to close the gap between learning and assessment.

Designing low floor, high ceiling tasks for computational problem solving

One assessment application developed in PILA focuses on computational problem solving. Students use
a block-based visual programming interface to instruct a turtle robot (“Karel”) to perform certain actions.
Tasks have a low floor, high ceiling: the intuitiveness of the visual programming language and the
embedded instructional tools (e.g. interactive tutorial, worked examples) allow students with no
programming experience to engage successfully with simple algorithmic tasks, yet the same environment
can present complex problems that challenge expert programmers. Figure 2.2 shows an example task
asking students to create a single program that moves Karel to the goal state in two different scenarios.
To solve the problem, students can toggle between the two scenarios to visually observe the differences
in the environment and how well their program works in both. Even students with solid programming skills
generally require multiple iterations before finding an optimal solution for both scenarios, but the scoring
models take into account partial solutions (e.g. solving the problem in only one scenario).
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Figure 2.2. A low floor, high ceiling task in the PILA Karel application

“Two worlds” problem: the same program must solve the problem in both Scenario 1 (top) and Scenario 2 (bottom)

Challenge: Fill in the missing code in the Reset Code define main
main function to help Karel achieve the [ wiie [CTOTTTE
goal for both Scenarios. m ‘,, e =
move forwar
. . ' front is clear |
Start: Goal: -
= @ {
* ‘ * * * * o * Ql pickup stone
i front is clear - |
while

® Scenario 1: Not Tried O Scenario 2: Not Tried

Play Speed
@
m (slow) (fast)
Challenge: Fill in the missing code in the mave forward
main function to help Karel achieve the =
goal for both Scenarios. m '“E
Start: Goal: —
place stone
o o IR -
LY front is clear
L3 front is clear -
O Scenario 1: Not Tried ® Scenario 2: Not Tried
Play Speed
a

m L i

Source: OECD (n.d.;3s1), OECD'’s Platform for Innovative Learning Assessments (PILA), https:/pilaproject.org/.

Simple adaptive design for assessment experiences

Each PILA assessment experience is also structured as a progression of increasingly complex tasks (see
Figure 2.3) that have a common learning target (e.g. using functions efficiently). Assessment designers
and teachers have the option of locking students within a particular task until they are able to solve it (i.e.
a ‘level-up’ mechanism) or giving students control over how they move along the task sequence. Only
highly skilled students are expected to finish the whole task sequence and this is communicated clearly to
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students at the beginning of the assessment experience to reduce potential frustration. In the future, PILA
plans to include adaptive pathways (i.e. problem sequences that adapt in real time to student performance)
in order to further align the experience with the students’ previous knowledge and skills.

Figure 2.3. Assessment experience “map” (sequence of tasks) in the PILA Karel application

PILN Pilot Session 2A O

00:00

Source: OECD (n.d.36)), OECD's Platform for Innovative Learning Assessments (PILA), https://pilaproject.org/.

Adaptive designs can also address the complexity of measuring learning-in-action amongst heterogenous
populations of students. A relatively simple way to cater to different student ability groups involves creating
scenarios where students have a complex goal to achieve and they progress towards this goal by
completing a sequence of tasks that gradually increase in difficulty (similar to a “level-up” mechanism, also
described in Box 2.2). More proficient students will quickly complete the initial set of simple tasks, after
which they will encounter problems that challenge them. Less prepared students are also still able to
engage meaningfully with the tasks and demonstrate what they can do in this task sequence design, even
if they do not complete the full sequence. Both groups of students work at the cutting edge of their abilities
with obvious benefits in terms of measurement quality and test engagement. With current technologies,
this design could be further improved by introducing multiple adaptive paths within a scenario: on the basis
of the quality of their work, students could be directed on-the-fly towards easier or more difficult sub-tasks.

Conclusion

This chapter has argued that the next generation of assessments should focus on observing and
interpreting how students solve complex problems and learn to do new things. Exclusive reliance on
traditional tests risks encouraging a skill-and-drill education system that does not prepare students
adequately for future learning and for solving problems they have not yet seen. Students use 21st Century
competencies to learn and solve problems in situations in which they interact with others, evaluate what
course of action to take, consider their available resources, try out multiple strategies and adapt according
to the results. If we want to assess those competencies, then we must reproduce the interactive features
of these learning situations in assessments — otherwise we risk measuring something different.
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In order to design these new assessments, we need a good understanding of what drives productive
learning and therefore what students should be expected to demonstrate in such situations. Research
comparing novices to experts (i.e. those that can apply their knowledge and skills to novel problems) tells
us that experts acquire competence through interactions in communities of practice, organise their
knowledge into schema they continuously consolidate and overcome the limits of their current knowledge
through self-regulation and reflection. These processes can be reproduced and observed, at least to some
extent, with extended assessment tasks that stimulate students to engage productively with learning
resources and affordances in relatively open environments. The research on instructional design points
towards some general design innovations that are worth trialling at scale in assessment. These include
the use of interactive and extended performance tasks that confront students with problems they have not
seen before, that provide them with resources to explore and build their understanding, that assist them
with feedback and support when they struggle to make progress, and that adapt in terms of complexity to
what students can and cannot do.

Clearly, creating these types of assessment experiences that enable the observation of learning-in-action
is not without complexity from a design perspective; making sure that they work from a measurement
perspective is even more challenging. Enriching the range of assessments we use to measure students’
development of 21st Century competencies will require coordinated efforts in multiple directions. First, we
have to better understand how learning unfolds across different domains and types of human endeavours
and how to design tasks that reproduce the key elements of the social processes behind expertise. Second,
we need improved measurement models that can validly interpret complex patterns of behaviours in
dynamic environments, where both a student’s knowledge and the problem state change as a result of
their actions. Third, we need enhanced processes to validate the inferences we make from these more
complex and performance-oriented assessments, including their sensitivity to cross-cultural differences.

Finally, we need to keep in mind that the complex patterns of behaviours generated by these assessments
may ultimately not be strong or separable enough to make claims about students — but it is important to
find this out. We contend that we must take on this challenge because, for better or worse, assessments
drive the teaching and learning that takes place within education systems. As much as teachers, business
leaders and global policymakers might affirm the importance of developing competencies like persistence,
critical thinking or collaboration, ultimately students and teachers will be guided by the focus of
assessments.
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3 Framing the focus of new
assessments of 21st Century
competencies

By Mario Piacentini and Natalie Foster

(OECD)

This chapter provides a simple guiding framework to identify gaps within
existing assessment systems and orient decisions on which kinds of next-
generation assessments to develop. The chapter does not prescribe a fixed
or exhaustive list of new assessments that should be conducted nationally or
internationally; rather, it provides a framing for how decision makers might
map their assessment needs and define their priorities when developing new
assessments. The chapter presents several examples of innovative
assessments of 21st Century competencies that are consistent with this
framing approach.
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Introduction

As set forth in the Introduction and previous chapters of this report, mastering 21st Century competencies
means being ready to successfully engage with different life situations and roles including those that are
difficult to anticipate. Chapter 2 also argued that it is possible to assess these competencies by observing
and interpreting how students engage with complex problems in interactive and resource-rich assessment
environments that include opportunities for learning. The types of situations that students will need to
successfully face throughout their lives are extremely diverse and in turn will call upon a combination of
21st Century competencies. Part of the challenge when it comes to assessing these competencies thus
lies in being able to develop a sufficiently rich and diverse set of assessment experiences that adequately
balances and reflects this diversity.

This chapter aims to provide some guidance on the complex challenge of determining where there are
gaps in assessment systems and deciding how to address them by developing next-generation
assessments (NGA). It does not prescribe a fixed or exhaustive list of assessments that should be
conducted nationally and internationally; rather, it provides a simple framework to help decision makers
map their assessment needs and define their priorities in the context of developing new assessments that
assign value to a wider set of learning outcomes and capabilities. The chapter presents several examples
of innovative assessments of 21st Century competencies that are consistent with this framing.

Towards a more comprehensive system of assessments: Framing initial design
decisions

As argued in Chapter 1 of this report, different types of authentic problems or learning activities call upon
a different combination of knowledge and skills. One example might be validating a claim, which primarily
requires students to understand what information needs researching, to identify the available tools to
conduct the research, and to engage their motivation and self-regulation skills to conduct a thorough
investigation and process information critically. Another example might be debugging a dysfunctional
system or inventing a more efficient method to achieve a desired outcome; these problems primarily require
exploration and ideation skills, the capacity to implement and monitor strategies, and persistence.

When it comes to defining the knowledge and skills required to tackle a particular problem or learning task,
the context of application clearly matters too: developing an engaging movie idea and building an efficient
IT network can both be considered creative activities but they each call upon a different set of domain-
relevant knowledge and tools and emphasise different aspects of creativity-related skills and dispositions.
Similarly, learning and problem solving in a group setting involves different processes and requires
additional skills with respect to individual learning and problem solving.

The point here is to underline that decisions about what to assess and how to define assessment constructs
depend on multiple contextual elements that need to be considered together and that need to be explicitly
identified and addressed in the initial stages of assessment design. If the goal is to assess 21st Century
competencies in a more valid and comprehensive manner, then we need a holistic system of assessments
that reflect the diversity of authentic problems and learning activities that engage those competencies —in
both disciplinary and cross-disciplinary contexts.

While the scope of that realisation may seem daunting, we suggest a simple framework for how we might
think about determining what to assess when the intended purpose is to provide better quality information
about students’ development of 21st Century competencies. We argue that three interrelated questions
should guide decision making on the focus of assessments (see Figure 3.1), and therefore how target
constructs are defined and assessment tasks are designed:
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1. For which kinds of roles and related activities do we want to understand students’ preparedness?
This question relates to explicitly defining the scenarios and assessment activity (or activities) of
interest, and the relevant practices students should demonstrate while engaging in those activities.

2. In which contexts of practice can students engage in these activities? This question relates to
acknowledging the relevant body of context-relevant knowledge, skills and attitudes that students
need to engage productively with a given type of activity within a given context of practice. In other
words, it relates to situating the activity within the boundaries of a discipline or making it cross-
disciplinary but specifying the context(s) of application.

3. For the purpose of assessment, are those activities organised as an individual or a group activity?
This question relates to determining whether the test taker is working independently or
collaboratively during the assessment.

Figure 3.1. Framing the focus of next-generation assessments

Which context?
- Disciplinary
- Cross-disciplinary

Which assessment activity?

- Searching for information

- Understanding, modelling and optimising systems
- Designing creative products

- efc.

What should we assess?

v

Which agent?

- Individuals
- Groups

Our perspective is that we can make robust claims on students’ preparedness for their future if we collect
data on how they engage with different types of relevant activities; if we contextualise those activities in a
sufficiently diverse set of disciplinary and cross-disciplinary domains; and if we — for at least some of the
activities — provide opportunities for collaborative work. These assessments can be designed as valuable
learning activities in their own right, such that using them does not take time away from important
educational targets.

Contexts of practice or domains of application

In Chapter 2 of this report, we outlined the defining features of next-generation assessments (NGA) of 21st
Century competencies and argued that the types of authentic problems suited to assess them all share a
set of common characteristics. These include: 1) requiring students to draw on robust knowledge schemes
within a disciplinary domain or to integrate knowledge from several domains; 2) allowing students to work
through them in different ways that may lead to different, yet reasonable outcomes; 3) requiring iterative
processes of reasoning and doing, and therefore calling upon metacognitive reflection; and 4) enabling
most students (regardless of ability level) to make some progress towards their learning and problem-
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solving goal(s), while allowing proficient and motivated students to produce rich and sophisticated
solutions. In sum, we suggest that NGA should be interactive and resource-rich, and based on extended,
iterative and adaptive tasks that test students on their capacity to create knowledge or solve complex and
authentic problems.

We also argued that a student’s performance in these types of assessments depends on their knowledge
or prior experience of situations that have similar patterns to the ones presented in the assessment. In
other words, the domain of application clearly matters when it comes to student performance and
consequently the interpretation of their performance. It is therefore critically important at the beginning of
an assessment design process to make explicit and motivated choices on whether to contextualise NGA
within a specific knowledge domain or to situate tasks across multiple disciplines. Cross-disciplinary here
does not mean taking a domain-general approach, as the competencies that students need to engage still
depend on a well-defined set of knowledge; rather, cross-disciplinary implies only that the knowledge
required to engage with those tasks is not limited by the bounds of a single discipline.

Practice-oriented, disciplinary assessments

In education, the most widely used assessments of learning outcomes are typically set in one single
disciplinary area (e.g. mathematics, biology, history) and primarily focus on the reproduction of acquired
knowledge and procedures relevant to that discipline. We argue that, if applied to disciplinary domains
along with more traditional assessment approaches, NGA could bring a better balance between the testing
of disciplinary knowledge and the evaluation of students’ capacity to apply this knowledge to new problems
in authentic contexts.

NGAs invite students to engage in authentic practices that reflect how disciplinary knowledge is used in
real life, to address both professional and everyday problems. In science, for example, an NGA could ask
students to engage in an exploration of a scientific phenomenon in a virtual lab using relevant tools and
progressing through the sequence of decisions that real scientists follow in their professional practice (see
Chapter 4 of this report for a more detailed proposal for assessing complex problem solving in science and
engineering domains). Similarly in history, students might be asked to collaboratively investigate and find
biases in an historical account of an event.

New cross-disciplinary assessments

While we argue that the NGA principles outlined in Chapter 2 of this report should be adopted in subject-
specific assessments to deepen evaluations of disciplinary expertise, we also acknowledge that there is
value in situating NGA in contexts that do not reflect established school subjects. This is simply because
life outside of school is not neatly organised by subject area. Moreover, assessment tasks that span across
different disciplinary areas may better reflect the nature of classroom-based, knowledge-building activities
that have proven effective for developing 21st Century competencies.

Research shows that engaging students in “epistemic games”, where they simulate the work of
professionals, is a productive pedagogical choice for developing 21st Century competencies (Shaffer et al.,
2009y1)). Epistemic games are immersive, technology-enhanced role-playing games where players learn
to think like doctors, lawyers, engineers, architects, etc. Evidence shows that what students learn during
epistemic games transfers beyond the game scenario and helps them to become fluent in valuable social
practices that cross disciplinary boundaries. For example, when learning to investigate a news report as
journalists do, learners acquire critical thinking skills that will be valuable in their lives no matter their future
profession. Many professional roles also require individuals to connect different areas of disciplinary
knowledge and use their intrapersonal and interpersonal skills to solve unfamiliar problems. Some existing
innovative assessments adopt this approach and simulate or immerse students in a professional task
where they have to draw upon and creatively apply their knowledge from multiple disciplines (see Box 3.1).
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Box 3.1. Simulating the role of a city planner in SimCityEdu

In SimCityEdu, students assume the role of a city planner (Mislevy et al., 20142). The 3-D simulation
environment includes many of the features of a real city: students can build or demolish buildings, transport
systems, power plants and schools, as well as interrogate virtual agents on the state of the city. The
assessment mission requires students to replace large polluters in the city with green technologies to
improve the air quality while at the same time supporting the city’s employment. The assessment within
the game was designed to measure students’ capacity to understand, intervene and optimise systems that
are comprised of multiple variables — a 21st Century skill that is generally referred to as systems thinking
or complex problem solving (Arndt, 20063)).

Success in the assessment demands strong metacognitive and reflective capabilities: in the fast-moving
simulation, students have to analyse what happened, why it happened, what the consequences are, and
what to do next. Students must also understand a city planner’s role, be able to read data on employment
and pollution as well as understand written language well enough to make sense of the games’ goals, the
citizens’ complaints and other live feedback. The example nicely illustrates how simulated professional
contexts provide fertile grounds for assessing 21st Century competencies that cross disciplinary domains.
It also demonstrates how any assessment of a particular 21st Century skill — in this case, systems thinking
— cannot be decoupled from students’ prior knowledge and other skills

Figure 3.2. Screenshot from the SimCityEdu interface
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Source: Mislevy et al. (20142).
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Simulating professional work thus represents a fertile ground for cross-disciplinary assessments. However,
readiness for life — the core aspiration behind efforts to teach and measure students’ development of 21st
Century competencies — implies more than just being prepared for undertaking a particular job or shifting
to a new job when circumstances change. Preparing students for life also involves giving them the means
to make decisions in the social and civic sphere. Making responsible decisions in these contexts requires
students to develop an understanding of how various social and civic problems arise as well as how they
can be solved. Arguably, multiple disciplines contribute to such a complex body of knowledge.

Research shows that the capacity to act as members of a social group and in the public sphere can be
acquired through collaborative, project-based learning experiences where students participate in the life of
a real or simulated community, expressing opinions on issues, practicing decision making and taking on
different roles (Feldman et al., 20074). It follows that some NGA should be contextualised in situations
where students have to act as responsible citizens, confronting problems involving a group of peers, a
neighbourhood or wider communities. Modern simulation-based assessments can incorporate many of
these experiential learning techniques, affording opportunities to make social choices and develop
empathetic understanding by projecting oneself through an avatar (Raphael et al., 2009;5)). These types of
simulations are particularly suited to assess socio-emotional skills like communication, cooperation and
empathy, and an increasing number of role-play games have been designed to assess them in a stealth
way. For example in the game Hall of Heroes, students enrol in a superhero middle school where they
must develop their powers and skills to make friends, resist peer pressure and save the school from a
supervillain (Irava et al., 2019g)).

One significant challenge concerning cross-disciplinary assessments of 21st Century competencies is the
lack of solid theories about how knowledge and skills develop in these contexts. Precisely defining which
factors should be considered construct-relevant or -irrelevant, and what exactly constitutes “good
performance”, in cross-culturally valid ways, are related challenges (see Chapter 6 of this report for an in-
depth example of domain analysis and modelling for complex constructs).

Relevant activities for assessing 21st Century competencies

Not all assessment problems can give us a rich body of evidence on learners’ cognitive, metacognitive,
attitudinal and socio-emotional skills. Traditional models of problem solving, known as phase models
(Bransford and Stein, 19847) suggest that all problems can be solved if individuals: 1) identify the problem;
2) generate alternative solutions; 3) evaluate those solutions; 4) choose and implement a solution; and 5)
evaluate the effectiveness of the chosen solution. While these descriptions of general processes are
useful, they might wrongly imply that problem solving is a uniform activity (Jonassen and Hung, 2008;g)).
In reality, problems significantly vary in several important ways including the context in which they occur,
their structure or openness, and the combination of knowledge and skills that the problem solver needs in
order to reach a successful outcome.

We illustrate here three clusters of assessment activities that can likely provide valid evidence about how
well learning experiences have prepared students for their future. We name these three clusters as follows:
1) searching for, evaluating and sharing information; 2) understanding, modelling and optimising systems;
and 3) designing creative products. This is not by any means an exhaustive typology of NGA activities; a
definitive typology does not exist and might even have the perverse effect of constraining the ideation of
new assessments, not to mention the fact that the types of problems and activities for which students will
need to be prepared for their future will continue to evolve over time. Moreover, we acknowledge that these
three clusters of activities are not mutually exclusive and that they can overlap to some extent. This is
particularly so in the context of classroom assessment where it would be possible to combine them into
rich, extended experiences of knowledge creation and problem solving. However, we find these three
clusters illustrative of different problem types that draw upon distinctly different sets of knowledge and skills
but that each provide opportunities to observe higher-order thinking and learning processes.
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Activity cluster 1: Searching for, evaluating and sharing information

In this cluster of activities, the main problem solving or learning goal for test takers consists of searching
for and using information to reason about a problem and communicate a supported conclusion. These
activities focus on how students interact with various types of media and information resources, and
represent authentic and relevant activities in virtually any disciplinary or cross-disciplinary knowledge area
(i.e. context of practice).

Focus competencies

Engaging in these type of activities is frequently defined in the literature as information problem solving
(Brand-Gruwel, Wopereis and Vermetten, 2005; Wolf, Brush and Saye, 2003;1q)). Information problem
solving emphasises 21st Century competencies such as critical thinking, synthesis and argumentation,
communication and self-regulated learning, which are all core competencies that students need for their
future — and increasingly so as the rise of the Internet and social media has brought about changes to the
way people consume news and information (Brashier and Marsh, 2020p11;; Flanagin, 201712;). However,
research shows that many students are not able to solve information problems successfully (Bilal, 2000;13;;
Large and Beheshti, 2000;14)).

Selected assessment examples

In an NGA context, the sequencing of tasks in this activity cluster should require students to identify their
information needs, locate information sources in online or offline environments, extract, organise and
compare information from various sources, reconcile conflicts in the information, and make decisions about
what information to share with others and how.

Several existing assessment examples focus on these type of information problems and incorporate the
NGA design principles described in Chapter 2 of this report. In the United States, the National Assessment
of Educational Progress (NAEP) Survey Assessments Innovation Lab (SAIL) “Virtual World for Online
Inquiry” project (Coiro et al., 201915)) developed a virtual platform simulating a micro-city world, where
students are presented with an open inquiry challenge (e.g. to find out whether an historical artefact should
be displayed in the local museum). Students must build their knowledge by planning an inquiry strategy
with a virtual partner, asking questions to virtual experts, searching for information on a web environment
or in a virtual library, and using different digital tools to take notes and redact a report. The environment
includes several adaptive design features (e.g. hints, prompts and levelling) to help students regulate their
inquiry processes and to encourage efficient and effective information gathering.

Similar assessments can also be fully integrated within learning experiences, with evidence about students’
competencies extracted in a “stealth” way by analysing the sequences of choices students make during
their inquiry processes in addition to the final outcome of their information search and synthesis (see
Box 3.2 on the Betty’s Brain learning environment).
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Box 3.2. Betty’s Brain: Searching for and representing information in an open learning
environment

In the Betty’s Brain environment developed by researchers at Vanderbilt University (Biswas, Segedy
and Bunchongchit, 2015y16]), students engage in an extended learning-by-teaching task in which they
teach a virtual agent, “Betty”, about a scientific phenomenon. They do so by searching through
hyperlinked resources and constructing a concept map that represents their emergent understanding
of the phenomenon. Students can ask Betty to take tests where she responds using the information
represented in the concept map; Betty’s performance on this test informs students about wrong or
missing elements in the map. The students can also interact with another computer agent, “Mr. Davis”,
who helps them understand how to use the system and provides useful suggestions on effective
learning strategies (e.g. how to test Betty and interpret the results of the test).

Figure 3.3. Screenshot from the Betty’s Brain interface
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The learning-by-teaching paradigm implemented through a computer-based learning environment
provides a social framework that engages students and helps them learn. However, over a decade of
research with Betty’s Brain shows that students experience difficulties when going through the complex
task of building digital representations of their understanding (Biswas, Segedy and Bunchongchit,
2015p1¢)). In particular, many students are unable or not motivated enough to conduct systematic tests
of their concept map. In order to be successful in the environment, students must apply metacognitive
strategies for setting goals, developing plans for achieving these goals, monitoring their plans as they
execute them, and evaluating their progress. The data collected in this blended learning and
assessment environment are thus particularly valuable for evaluating students’ self-regulated learning
skills.
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The rapid evolution of digital and social media and new modes of interacting with these kinds of information
resources also need to be reflected in NGA, meaning assessments centred on this activity cluster should
also expand their focus to evaluating the transmission of (mis)information and fact-checking behaviours in
open, networked information environments (Ecker et al., 2022}17]). Next-generation assessments focusing
on these aspects of information problem solving might draw inspiration from existing digital games and
simulations that promote the development of these skills. For example, games such as “Fake It To Make
It” (Urban, Hewitt and Moore, 2018/1g)), “Bad News” (Roozenbeek and van der Linden, 20181g) or “Go
Virall” (Basol et al., 202120)) teach players common techniques for promoting misinformation in the hope
that this prepares them to respond to it. In “The Misinformation Game”, learners can engage with posts in
ecologically valid ways by choosing an engagement behaviour (with options including liking, disliking,
sharing, flagging and commenting), and they are provided with dynamic feedback (i.e. changes to their
own simulated follower count and credibility score) depending on how they interact with posts containing
either reliable or unreliable information (van der Linden, Roozenbeek and Compton, 2020p21)).

Activity cluster 2: Understanding, modelling and optimising systems

In this cluster of activities, the main problem solving or learning goal is to model a phenomenon or engineer
a desired state within a dynamic system. For example, this might involve troubleshooting a malfunctioning
system, generating and testing hypotheses about faulty states, or exploring a simulated environment with
the goal to produce or achieve a certain output (see the simulated city example, SimCityEdu, described in
Box 3.1). In short, what unites this cluster of activities is that learners have to generate their own
understanding about how a (complex) system works through their interactions and experimentation with a
given set of tools and then use this understanding to achieve a particular outcome or make some kind of
prediction.

Focus competencies

Engaging in these types of activities emphasises the inquiry and problem-solving practices that are the
focus of modern science and technology education, such as conducting reasoned experiments,
understanding systems and engineering solutions. Typically, these activities require students to plan and
execute actions systematically, observe, interpret and evaluate changes resulting from their interventions,
and adapt their strategies based on their observations. As such, this activity cluster works particularly well
when contextualised within scientific disciplines.

However, these practices are also relevant in many real-life contexts beyond scientific disciplines and
these types of problems also require significant metacognitive and self-regulated learning skills. This is in
part due to the various sources of complexity that these types of problems may include related to: 1) the
number of different variables; 2) the mutual dependencies between variables; 3) the role of time and
developments within a system (e.g. the time between an action and observed effect); 4) transparency
about the involved variables and their current values; and 5) the presence of multiple levels of analysis,
with potential conflicts between levels (Dérner and Funke, 201722;; Wilensky and Resnick, 199923)). This
cluster of activities can therefore also provide valuable information on how well students can address
complexity and uncertainty, and how persistent and goal-oriented they are.

Selected assessment examples

In an NGA context, this cluster of activities require complex system environments with multiple variables.
These environments essentially function as micro-worlds in which students can make decisions about
which variables to manipulate and how, and in which the environment dynamically changes either as a
function of the sequence of decisions made by students or independently of them (or both).
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Since the early 1980s, researchers have developed simulations of complex problems in different contexts
in order to examine learning and decision making under realistic circumstances (see work by Berry and
Broadbent (198424;) or Fischer, Greiff and Funke (2017125)), for example). In one micro-world developed
by Omodei and Wearing (199526)), students played the role of a Chief Fire Officer and had to combat fires
spreading in a landscape using truck and helicopter fire-fighting units. The micro-world depicted a
landscape comprising forest, clearings and property, the position of initial fires, the position of fire-fighting
units, and the direction and strength of the wind. The problem state of the micro-world changed both
independently (e.g. as a result of changes in the wind) and as a consequence of the learners’ actions.
Task performance in the assessment was measured as the inverse proportion of the number of cells
destroyed by fire.

More recently, many micro-worlds have been developed to assess inquiry and decision-making processes
in the context of science, technology, engineering and mathematics (STEM) education. One interesting
example is Ing-ITS virtual lab (Gobert et al., 201327]), a web-based environment in which students conduct
inquiry with interactive simulations and the support of various tools. In one Ing-ITS simulation, students
examine how the populations of producers, consumers and decomposers are interrelated with one
another. Students are asked to stabilise the ecosystem, and in order to solve the problem they have to
form a hypothesis, collect data by changing the population of a selected organism, analyse the data by
examining automatically generated data tables and population graphs, and communicate the findings by
completing a brief lab report. Measures of students’ skills are derived from the analysis of the processes
they follow while conducting their investigation.

When it comes to designing the kinds of micro-worlds described here, one challenge — particularly in the
context of summative assessments — relates to the level of complexity to include within the system. Simple
micro-worlds with limited affordances, such as the Micro-Dyn problems used in the 2012 PISA problem
solving assessments (Fischer, Greiff and Funke, 201725), do not require an extended familiarisation
process for learners. They can also typically present several shorter problems to students in time-limited
assessment windows as compared to more complex systems that are characterised by multiple non-linear
relationships, moderating variables and rebound effects; this in turn can increase the reliability of
measurement claims as well as facilitate the generalisability of those claims (as evidence is accumulated
by observing how students solve different problems with different tools). However, aiming to minimise
complexity is not necessarily the best approach as simple simulations might not yield sufficiently valid
insights into the way students deal with complexity and uncertainty (Dérner and Funke, 201722)).

Activity cluster 3: Designing creative products

The third cluster of activities we discuss here are those that engage students in creative work resulting in
a variety of purposeful and expressive products. These practices and resulting products can be imagined
in a variety of contexts, from the engineering space (e.g. inventing a new product) to the expressive (e.g.
producing a work of art or writing a poem). Creative design problems can also clearly be cross-disciplinary,
and there is a growing interest in incorporating “maker settings” in education. By blurring the boundaries
between disciplinary subjects, “making” activities introduce students to the expression, exploration and
design processes that are central to many professional domains as well as support the development of
intrapersonal skills and interpersonal skills (Martinez and Stager, 20132g;; Blikstein, 201329)).

Design problems are also good examples of open and relatively unstructured problems, in the sense that
they include many degrees of freedom in the problem statement (which might only consist of desired goals,
rather than achieving a specific objective or outcome). This ambiguity also extends to how students’
products should be evaluated because responses tend to be neither right nor wrong, only better or worse.
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Focus competencies

Engaging in these types of activities requires individuals to generate, elaborate and refine their ideas,
emphasising 21st Century competencies like creative and critical thinking and persistence. Because of the
often ill-structured and complex nature of design problems, learners also have to engage in extensive
problem structuring (Goel and Pirolli, 199230)). Moreover, design making is an iterative activity that is not
created in a vacuum: typically, the product created by the student relates to the end goal of satisfying a
“client”, which in turn requires students to consider different perspectives during the design process.

Selected assessment examples

In a NGA context, these cluster of activities should monitor how students engage throughout the entire
design process, from the initial phases of idea generation and formation (via prototyping) through to the
completion and review of a product in response to external feedback. Ideally, these assessment activities
would allow learners to move naturally between phases of active designing and more reflective review of
their work, and evidence should be collected both on the final product and on the processes students
engage in while developing their ideas.

To date, the majority of assessments focusing on design and creative activities have been conducted in
the formative space. Some of these have developed sophisticated and multidimensional rubrics to evaluate
the quality of students’ final products as well as their processes of invention and self-reflection (Lindstrém,
2006132) (see Box 3.3). Performance tasks replicating authentic design processes have been much rarer
in summative and large-scale assessments. Beyond the constraints of available testing time, other
challenges relate to providing students with resources for engaging in creative production (e.g. physical
tools) and to assigning objective scores on the quality of students’ work at scale — especially if the intended
use of the assessment is to compare performance across different linguistic and cultural student groups.
There is, however, potential in adapting best practices that have been trialled in classroom settings to a
summative context (e.g. by reducing expectations on student products or by providing them with a partially-
developed product they need to finish or improve), and some performance assessments have been used
successfully both at small and large scale. For example, the Assessment of Performance in Design and
Technology was administered to 10 000 15-year-olds in the United Kingdom (Kimbell et al., 199133)).

Box 3.3. Assessing students’ design work in E-Scape

Kimbell (201131;) validated a formative assessment activity, E-Scape, where students had to design a
pill dispenser. The activity lasted about six hours and was facilitated by a teacher. In validation trials,
students were organised into groups of three and each student stored their own and their groups’ work
in a digital portfolio. The activity proceeded as a sequence of individual and group brainstorming
sessions, where students sketched prototypes on paper and modelled them using given materials.

The assessment model alternated between creation and reflection phases. Approximately one hour into
the activity, learners took photos of their modelling work and reported in the portfolio what they thought
was going well (or not) with their work. Group members also exchanged their work and commented on
each other’s portfolio. Before finishing the activity, learners recorded a 30-second videoclip explaining
the features of their new product and how it met the demands of the specific user.

The final portfolio was evaluated using a comparative judgement approach. Pairs of portfolios were
presented to experts and, guided by a set of criteria, they were asked to identify which of the two
portfolios represented the better piece of work. This simple judgement process was then repeated many
times, comparing many portfolios with many judges.
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Integrating collaborative tasks in assessment

In real life, people learn and develop their skills by solving complex problems collaboratively (either face-
to-face or through digital media), and collaboration itself is a key 21st Century competency. Group work is
increasingly used as a pedagogical practice despite the challenges teachers face to effectively structure
and moderate collaborative learning (Gillies, 201634;), and researchers and teachers have become
increasingly aware of the positive effects that collaboration can have on students’ achievement and social
abilities (Baines, Blatchford and Chowne, 200735); Gillies and Boyle, 201036]). We consider collaboration
to be a third dimension in our simple framework for determining what to assess as it can be introduced for
any of the cluster of activities outlined above and in any disciplinary or cross-disciplinary context. In other
words, integrating affordances for collaboration can introduce additional target skills in an assessment, but
any collaborative tasks must nonetheless be situated within a disciplinary or cross-disciplinary context and
draw upon a set of interrelated practices depending on the cluster of activities chosen.

Similarly to the design activities cluster, formative assessment practices have made more progress with
respect to assessing student collaboration (e.g. with teachers using rubrics to make judgements).
However, two notable large-scale exceptions are the PISA 2015 collaborative problem-solving assessment
and the Assessment and Teaching of 21st Century Skills (ATC21S) project (see Box 3.4 for more).

Box 3.4. Collaborative tasks in large-scale assessments: examples from PISA and ATC21S

The Assessment and Teaching of 21st Century Skills (ATC21S) project

ATC21S used interactive logical problems with an asymmetrical distribution of tools and information
between paired students to incentivise collaboration. For example, in the “Olive Oil” example task
(Figure 3.4), Student A and Student B needed to work together to fill Student B’s jar with 4 litres of olive
oil. Each student was given different tools: Student A had a 3-litre jar, an olive oil container, an “entry”
pipe and a bucket, whereas Student B had a 5-litre jar, an “exit” pipe and a bucket. Neither participant
was aware of what was available to their partner before interacting with them, and both students had to
explore the task space to find out they needed additional resources from their partner. Students had to
identify that Student A needed to fill their jar at the container and place it under the “entry” pipe so that
Student B could accept the oil from the “exit” pipe. The two students could choose when and how to
communicate using the free text chatbot to establish a shared understanding and solve the problem.

Figure 3.4. Asymmetric distribution of tools and information in the “Olive Oil” task

Partner A view Partner B view

O Olive Oil

Olive Oil

Olive Oil Olive Oil
1 Tt sk your partne a0 Sfloreet e £ yours. Work bogether 1 traecder oot ol Brcugh the ppe urtl one cf the s Contains 1 st your partner Nt Sfereet soe jor 10 yours, Work Ragether 10 transier e o trough the pipe unl ose of the jars containg

cactly four Btoes. The pioe s conmected 10 your partaar’s view of the tack ety four s The piow ' comnected 1 your partner's view of the tack
Send
: ’ ] ]

Source: Care and Griffin (2017;37).
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The PISA 2015 assessment of Collaborative Problem Solving

The PISA 2015 assessment of collaborative problem solving presented students with an interactive
problem scenario and one or more “group members” (computer agents) with whom they had to interact
over the course of the unit to solve the problem. Across different assessment units, the computer
agent(s) were programmed to emulate different roles, attitudes and levels of competence in order to
vary the type of collaborative problems students were confronted with.

The interaction of the students with the computer agent(s) were limited to pre-defined statements using
a multiple-choice format and every possible intervention of the students was attached to a specific
response by the computer agents or event in the problem scenario. Differing student responses could
trigger different actions from the computer agents, both in terms of changes to the state of the simulation
(e.g. an agent adding a piece to a puzzle) or the conversation (e.g. an agent responding to a request
from the student for a piece of information).

Figure 3.5. Example task interface for the PISA 2015 Collaborative Problem-Solving Assessment

PISA 2015

’ » Xandar - Introduction \
| » Part1-Directions |
Who's in the Chat @ m

YOU Alice Zach ' Geography People Economy

r

Alice: Hi. I'm not sure about the best way to do this.
|
i Zach: Let's just get going.
| You are continuing the chat. Click on a choice below. Then click on
| Send
|

Geography | l People | | Economy

You:

’ | wonder if some of the other teams have started yet.

’ I hope the questions are easy.

Maybe we should talk about strategy first. ‘

’ Alice, you can see what to do- once we get started.

[ Send ]

Source: OECD (20173g)).

Although targeting similar core competencies underpinning collaboration, one major difference in approach
set these two large-scale assessments apart: in PISA, students interacted with computer agents, whereas
in the ATC21S assessment they engaged in real human-to-human collaboration. PISA’s choice to simulate
collaboration using computer agents was guided by the goals of standardising the assessment experience
for students and of applying established and automated scoring methods. While the highly controlled PISA
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test environment represented a trade-off in terms of the authenticity of the assessment, there are obvious
challenges for scoring in tasks using human-to-human collaborative approaches. In more open
assessment environments, student behaviours are difficult to anticipate and the success of any student
depends on the behaviour of others in their group. This generates a measurement problem in terms of how
to build separate performance scores for individual students and for student groups, and raises the issue
of whether it is fair to penalise a student for the lack of ability or motivation of another student in their group.

A more recent example of a collaborative, cross-disciplinary and multi-activity cluster approach to
measuring 21st Century competencies developed by the Australian Council for Educational Research
(ACER) asked students to collaboratively design a plan to integrate refugees in their community (Scoular
et al., 2020;39)). The first collaborative task in the assessment required students to brainstorm ideas before
choosing one to implement. In the second task students were assigned group roles, with each being tied
to certain responsibilities and resources, and the third task required students to bring independent research
into the group discussion to improve and finalise their collaborative idea. As in the ACT21S collaborative
problem-solving assessment, students exchanged ideas and information using a digital chatbot. Analysis
of the chat data from multiple groups showed that it is possible to differentiate the quality of collaborative
work according to different criteria, such as the level of participation of each group member or the
coherence of the group’s conversation. Adequate rates of agreement were reached when different raters
scored the chats according to a multidimensional rubric.

Although scoring collaborative tasks at scale remains a challenge, advances in natural language
processing (NLP) now make it possible to design intelligent virtual agents that “understand” what students
write in open dialogues and that can respond accordingly (see Chapter 10 of this report for more on
intelligent virtual agents). Providing students with choice over when and how to interact with virtual agents
via open chat functions is also consistent with the vision of moving towards more choice-rich assessments
and can help increase the face validity of simulated collaborative tasks by removing fixed-script constraints.
Advances in NLP can also improve the quality and reduce the cost of analysing written chats among peers
in genuine human-to-human collaboration, potentially enabling the automated replication of expert
judgements to large sets of authentic conversational data.

One further strategy to improve inferences from conversational data is to ask students to highlight
passages of their recorded conversations that they themselves consider to be evidence of good
collaboration, using rubrics as a reference. These student ratings could then be used to validate the
judgement of external raters or trained scoring machines and could provide in themselves additional
evidence on students’ understanding of what constitutes “good” communication and collaboration
practices.

The pioneering assessment experiences and analytical approaches highlighted in this chapter suggest
that it is possible to imagine a not-so-distant future in which collaborative tasks become an increasingly
integral component of both summative and formative assessments in order to provide a more
comprehensive outlook on students’ development of 21st Century competencies. However, it is also clear
that developing authentic collaborative tasks in next-generation assessments will require substantial
parallel innovation in measurement as standard analytical models cannot yet deal with the many
interdependencies across time and agents that inherently arise in collaborative settings.

Conclusion

Earlier chapters of this report established that education systems are increasingly signalling the need to
develop students’ 21st Century competencies. As a result, many are reforming their assessment systems
with the aim of monitoring the extent to which students have developed these skills. We argue that the first
step in this process should be to map current assessment gaps in order to determine which types of next-
generation assessments are needed. While these decisions need to be taken by responsible actors in
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each jurisdiction, according to local priorities, there is still a need for guidance from the research community
on what kinds of assessment options exist, both at scale and in the classroom, and what factors are
important to consider when making such decisions. This chapter offers a simple framework for guiding
such decisions.

We argue that a productive way forward involves developing valid assessments of how students create
knowledge and solve different types of complex problems, either on their own and collaboratively, in
different contexts of application, rather than creating separate assessments for every single 21st Century
skill described in the many lists that have been proposed but that abstract from authentic contexts of
practice. This perspective might seem to narrow down our assessment ambitions, restricting the target to
a set of skills associated with cognitive functioning — but this is not necessarily the case. Observing and
interpreting how students tackle a variety of complex and contextualised problems can give us valid
evidence on a wide set of cognitive, interpersonal and intrapersonal skills. Our perspective is rather to
recognise one of the key conclusions from Chapters 1 and 2 of this report: that authentic problem scenarios
draw upon multiple competencies simultaneously and that the context of application, the nature of the
problem and the number of actors involved inherently define which combination of competencies are
required for successful performance. Some clusters of activities are more similar than others in terms of
the constituent elements that support performance; it follows that if we want to make claims about students’
preparation for future learning, then we need to develop several different kinds of next-generation
assessments that are carefully balanced in terms of their contextualisation, the purpose and organisation
of the learning activity, and opportunities for collaboration.

The examples discussed in this chapter illustrate three clusters of learning and problem-solving activities
that, between them, invite students to think critically and creatively, monitor their emerging understanding,
preserve their motivation and goal-orientation, and regulate their learning processes and emotions. All
three clusters can be situated in disciplinary or cross-disciplinary contexts. If designed to allow for multiple
students working on the same problem, it would also be possible to observe how students engage in
important communication and collaboration skills. Despite their promise, however, we acknowledge that
many of the examples presented in this chapter have not left the lab where they were invented; and even
in cases where they have gained high research visibility, they have not (yet) changed the way that
assessment is done at scale. One clear implication of that is a need for more substantial investment in
assessment design and validation to bring these innovation efforts to full maturity and to scale them up
when they prove they can effectively measure what is hard but nonetheless important to measure.
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4 Assessing complex problem-solving
skills through the lens of
decision making

By Carl Wieman and Argenta Price

(Stanford University)

Solving novel complex problems is a core competency in the modern world
but progress on how to effectively teach and assess such skills has lagged.
This chapter argues that better characterisation of problem solving will allow
for more successful assessment and teaching of this competency. The
chapter presents a detailed characterisation of the problem-solving process
in science and engineering domains, in which a set of core decisions that
frame the problem-solving process have been empirically identified. It also
presents a template for assessment designs that allow for the observation of
specific decision-making processes and that address assessment design
issues including the criteria for selecting good problems, integrating
scaffolding for decision-making opportunities and the use of technology to
collect evidence on students’ processes.
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Introduction: Scientific problem solving as a core competency

This chapter elaborates on one of the 21st Century competencies introduced in Chapter 1 of this report.
We provide an example of applying the assessment triangle (see the Introduction chapter) to define and
develop assessments for the construct of complex problem solving in science and engineering (S&E).
Complex problem solving, particularly in S&E fields, is a core competency of the modern world. It is the
instantiation of adaptive expertise in those fields — expert scientists and engineers are not experts because
they are good at following a specific procedure or technique, rather it is because they are good at applying
their knowledge and technical skills to solve complex problems in their work. Thus, problem solving is what
scientists and engineers do and it is the primary goal of their education and training. Many newer science
standards include problem solving, or aspects of problem solving, at the core of their standards — for
example, the Next Generation Science Standards (NGSS) practice of “asking questions (science) and
defining problem (engineering)” (National Research Council, 2013y1)). In the past decade, the Programme
for International Student Assessment (PISA), NGSS and others have worked to improve science,
technology, engineering and mathematics (STEM) education by better defining the desired core
competencies and measuring how well educational systems were teaching such competencies. Problem
solving and its associated skills underlie most of the cognitive and process competencies that have been
identified. Here we provide a more detailed characterisation of the problem-solving process in S&E and
we argue why a better characterisation of problem solving (the cognition vertex of the assessment triangle)
will allow more successful assessment and teaching (interpretation vertex) of these competencies.
Furthermore, we introduce assessment designs that allow observation of the constituent components of
problem solving (observation vertex).

A need for specificity in defining complex problem solving in S&E

A construct to be assessed needs to be carefully defined in operational terms (i.e. the cognition vertex of
the assessment triangle) for assessments to be designed to collect evidence about students’ performance
on elements of that construct (i.e. the observation vertex). Extensive research on problem solving and
expertise has been conducted over many decades (Frensch and Funke, 19952;; Csapé and Funke, 20173,
Dérner and Funke, 20174;; Ericsson et al., 20185)). Much research has focused on looking for cognitive
differences between experts and novices using limited and targeted tasks (Chi, Glaser and Rees, 1981g;
Hegarty, 19917; Larkin et al., 1980g;; McCloskey, 19839;; Card, Moran and Newell, 201810;; Kay, 1991[11)
and has revealed important novice-expert differences in ability to identify important features and use well-
organised knowledge to reduce demands on working memory. Studies that challenged experts with
unfamiliar problems also found that, relative to novices, they had more deliberate and reflective strategies
and could better define the problem by applying their more extensive and organised knowledge base
(Schoenfeld, 1985;12;; Wineburg, 1998;13;; Singh, 2002;141). The tasks used to measure these expert-novice
differences are not very authentic, so a criticism of this body of work is that it is not clear whether what has
been measured is necessary or captures what makes someone an expert performer while doing their
real-life jobs (Sternberg, 1995}15)).

Prior assessments of problem solving have been developed both as research instruments and for
standardised assessment of students. An extensive thread in this work has been to measure
“domain-general” problem-solving practices (see Frensch and Funke (19952) for review), but those focus
on generalised practices while neglecting the necessary role that disciplinary knowledge plays in the
process of solving authentic problems. Recent work on the standardised assessment of problem-solving
skills has recognised the importance of the “acquisition and application of knowledge” and led to the
development of more innovative assessments that do not provide all the necessary information up front to
assess whether test takers recognise what information they need and how to obtain it. This work has also
recognised the uncertainty involved in real problem-solving tasks (Csapé and Funke, 20173). These
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research and assessment efforts have contributed a better characterisation of the complexities of complex
problem solving, culminating in the OECD formulation of a framework of problem solving reflecting these
ideas and the development of a PISA exam to assess it (Ramalingam, Philpot and Mccrae, 201716;; Csapo
and Funke, 2017(3)). Despite these advances, the process by which scientists and engineers specifically
solve problems in their discipline has not been well studied and assessing the complex construct of
problem solving in its various contexts has remained a challenge.

We have recently completed a study to identify the elements of problem solving in science and engineering,
which we use to define the cognition vertex for assessment development. We developed an empirically-
grounded framework that decomposes the problem-solving process into discrete cognitive components,
or a set of specific decisions that need to be made during the solving process (Price et al., 202117;). We
chose to focus on decisions because they are identifiable, measurable and important for students to
practice. We identified a set of 29 decisions-to-be-made by examining the detailed problem-solving
process used by experts from different areas of science and engineering. We observed that nearly all these
decisions were made by every expert and that these decisions determine almost every action in the
solution process. In making each of these decisions, experts invoke discipline-specific knowledge relevant
to the problem’s context. While the specific decisions were identified by examining the processes of experts
in solving highly complex problems, most decisions apply to a large range of contexts covering nearly all
educational levels. Examples of such decisions include: 1) what information is needed; 2) what concepts
are relevant; 3) what is a good plan; 4) what conclusions are justified by the evidence; 5) whether the
solution method works; and so on. How well these decisions are made, in a relevant context, is amenable
to accurate assessment. Such assessment provides a detailed characterisation of a learner’s problem-
solving strengths and weaknesses including how well they can apply their relevant knowledge where
needed.

Figure 4.1. School problems and authentic problems

Three example physics problems of different levels of authenticity and knowledge required

acceleration i .
Photo credit: NASA

Physics textbook and exam problem: Authentic physics problem: Authentic but constrained physics problem:
“Two masses hang from a pulley. If m;=5kg “Design a rocket that will launch the James “You are building a treehouse, using a rope hung
and m,= 12 kg, calculate the acceleration of the Webb telescope. What will be the physical over a branch to pull items up. How much weight
masses. Assume the string is massless, the parameters of the rocket to launch the it into can you pull up to the treehouse? How strong
pulley has no mass or moment of inertia, and it space and get it to its final location (size, does the rope have to be? Is it worth the time and
is frictionless.” weight, thrust, amount of fuel, etc. ...)?" money to get a pulley to attach to upper branch?”

Source: Adapted from Price and Wieman (forthcoming;1s)).

When thinking about the decisions involved in problem solving it is important to consider the type of
problem. There is a difference between “school problems” and “authentic problems”, as illustrated in
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Figure 4.1. Solving the types of problems typically found on school exams and in textbooks requires
recognising and following a single, well-established procedure. These problems can be complicated, in
that they require multiple steps, but very few decisions are required and hence they provide very limited
assessment of problem-solving skills. They do not call upon the cognitive processes required for making
many of the decisions essential for solving authentic problems. Authentic problems, like the rocket example
in Figure 4.1, have much greater complexity and many unknowns. Unlike the school problem, this — like
all real problems — has a mixture of relevant and irrelevant information. Some of the most challenging
aspects are recognising what information is needed and how to seek out that information, evaluate its
reliability and apply it. In complex authentic problems, all those decisions involve incomplete information
or uncertainty and so require judgement to make good decisions. These problems are sometimes referred
to as “ill-structured problems” because they cannot be solved by deterministically following a set of
instructions (Simon, 197319]). A problem can still be authentic, requiring solvers to make decisions instead
of following a prescribed procedure, but be constrained to require the knowledge expected of students at
a particular level (as in the tree house example in Figure 4.1). This implies that an authentic assessment
of problem solving must involve problems that call upon the student to make many decisions including
those that require judgement beyond just choosing to follow a memorised procedure.

Typical school problems are thus inadequate for assessing meaningful problem-solving skills and they are
also poor at teaching them. In the process of solving such school problems, the student does not practice
the problem-solving decisions that are necessary to thrive as a member of the STEM workforce. Research
on using more complex problems in teaching, such as the Mars Mission Challenge and Jasper Woodbury
problems in secondary school (Hickey et al., 199420;; Cognition and Technology Group at Vanderbilt,
1992121)) and research experiences at the undergraduate level (National Academies of Sciences,
Engineering and Medicine, 201722), have demonstrated the benefits of having students practice complex
problem solving. Assessments signal what is important for teaching, so to shift teaching toward providing
practice of these more meaningful skills assessments also need to require students to make problem-
solving decisions. An ideal problem could be used interchangeably as a learning activity or formative
assessment in which students work through the problem in groups with timely feedback from instructors,
or as summative assessment in which students solve the problem individually.

The problem-solving process of experts in science, engineering and medicine

A decision framework defined by 29 decisions

We studied the problem-solving process by systematically characterising how experts across a wide range
of science (including medicine) and engineering fields solved problems in their work (Price et al., 202117)).
In effect, we carried out a detailed domain analysis focusing on the processes involved in contextualised
problem solving in S&E. From the point of view of assessment design, this domain analysis constitutes the
basis of the cognition vertex of the assessment triangle. We did this through detailed interviews with over
50 experts, where they described the process of solving a specific authentic problem from their work. We
then coded the interviews in terms of the decisions represented, either as explicitly stated or implied by a
choice of action between alternatives. Coding these interviews required a high level of expertise in the
respective discipline to recognise where choices were being made and why. We focused our analysis on
what decisions needed to be made, not on the experts’ rationale for making that decision: in other words,
noting that a choice happened, not how they selected and chose among different alternatives for action.
This is because, while the decisions-to-be-made were the same across disciplines, how the experts made
those decisions varied greatly by discipline and by individual. The process of making the decisions relied
on specialised disciplinary knowledge and experience. For example, planning in physics or biology may
involve an extensive construction and data collection effort, while in medicine it may be running a simple
blood test.
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Table 4.1. Problem-solving decisions in science and engineering

Decision Example: Ecology professor studying animal migration changes
A. Selection and goals
1. What is important in the field? Is/why is animal migration interesting to study?
2. Does problem fit solver's expertise? Is my group well equipped/does my group have appropriate expertise to carry
out this research?
3. What are goals, criteria, constraints? What will be the scope of my project?
B. Frame problem
4. Important features, concepts, info? What environmental factors should | analyse?
5. What mental model to apply? How are the factors that matter connected in my understanding of migration

and ecological environment?
6. How to narrow down the problem? (Often involves formulating =~ Should | look at everything that migrates? What would be a more practical

specific questions and hypotheses) subset? Are migration changes species-specific or a general trend?

7. What related problems provide useful insights? What methods from previous meta-analyses | have conducted apply here?

8. What are potential solutions? Is climate change affecting migration? Is migration becoming a less good
strategy?

9. Is the problem solvable? Are there enough published analyses of the type | want to consider?

C. Plan process for solving

10. What are appropriate approximations and simplifications? What types of publications can | not include? Can | group different species
together?

11. How to decompose into sub-problems? Should | analyse different types of animals separately? (re-address #6)

12. Most difficult or uncertain areas? What are potential complications in my analysis?

13. What information is needed? What publications do | need to analyse? What methods do | need to learn?

14. What are priorities in solving? What should | start with?

15. What is the plan for getting the information needed? What are my specific plans for analysing publications to answer my questions?

D. Interpret information and choose solutions

16. What calculations and data analysis to perform? What statistical methods do | use for my meta-analysis? (iterate with #15, 25)

17. How to best represent and organise info? How should | organise results to notice patterns?

18. How believable is the info? (Valid? Reliable? What are = Do | take conclusions from publications at face value? How do | take data

potential biases?) quality/quantity into account?

19. How does new data compare to predictions? Do the factors | observe that affect migration for different species fit with my
mental model? Does my mental model need updating? (iterate with #5)

20. Any significant anomalies in data? Is there anything that does not fit?

21. What are appropriate conclusions from the data? I'm concluding that migration is changing broadly, but for different reasons for

different types of animals. How justified is that conclusion by the data? (iterate
with #8, #18, #19)

22. Choose the best solution. Does this conclusion answer my question?
E. Reflect

23. Are the assumptions & simplifications appropriate? As | analyse the data, does it still seem appropriate to group species and
environmental factors the way | have? (re-consider #11 and #16)

24. |s additional knowledge needed? Do I need more knowledge about statistical methods for meta-analysis? Where
can | get that? Do | need more data? (iterate with #13, #15, #16)

25. How well is solving approach working? Are my selection criteria for publications giving me the type of information |
need?

26. How good is the solution? | have limited data for some types of animals; for which do my conclusions

reliably apply?
F. Implications and communication

27. What are broader implications? What does this mean for human impacts on animal behaviour/evolution?
28. Who is audience for communication? Where will | publish/present this work?
29. What is the best way to present work? How will I explain/present my work?

Notes: Aniillustrative example of each decision is shown, not all of the decisions made to solve the problem. Although the decisions are presented
as a list, the sequence and number of iterations depends on the problem and problem solver. Decisions are not made in a sequential order and
many decisions are made multiple times about different aspects of the problem or in response to or reflection about or new information.
Source: Price et al. (2021117))
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The coding identified a set of 29 decisions that experts made when solving their problems (Table 4.1).
There was an unexpectedly large degree of overlap across the different fields with all experts mentioning
essentially the same set of decisions. On average, each interview revealed 85% of the twenty-nine
decisions and many decisions were mentioned multiple times in an interview. The set of decisions
represent a remarkably consistent, yet flexible structure underlying S&E problem solving. Our interviews
only show this set of decisions being made across S&E fields, but most of them are likely to apply in the
social sciences and humanities as well. Research on expert thinking in history supports this view, as the
thinking processes employed by expert historians align quite well with the decisions we have identified —
for example, deciding what information is needed, deciding if information is believable, etc. (Wineburg,
199813); Ercikan and Seixas, 2015/23).

For the purposes of presentation, we categorised the decisions roughly based on the purposes they
achieve (Table 4.1). We provide examples for each decision taken from an interview with an ecology
professor studying animal migration. There are corresponding decisions from every field, but this example
was relatively straightforward for a non-expert to understand. The ecologist heard a study about fish
migration that piqued her interest, so she decided to conduct a meta-analysis of published work to
investigate whether migration patterns are changing across animal species. In the process, she had to
make all the 29 decisions identified.

The actual process is far less orderly and sequential than implied by Table 4.1 or in fact any
characterisation of an orderly “scientific method.” Even how problems were initiated varied widely: some
experts discussed importance and goals (decisions 1-3 — importance, fit, goals), but others mentioned a
curious observation (decision 20 — anomalies), important features of their system that led them to questions
(decisions 4, 6 — features, narrow) or other starting points. We also saw that there were overlaps between
decisions where two or more needed to be made together. Many decisions were also mentioned
repeatedly, often about different sub-problems within the larger problem or as re-addressing the same
decision in response to reflection as new information and insights were developed. The sequence and
number of iterations described varied dramatically by interview, making it clear that there was no coherent
“scientific process” beyond that nearly all these decisions are made at some point.

A particular feature of all the problem-solving decisions is that there is not sufficient information to know
what to do with certainty. If there were, then it would be just a procedure with a clearly defined set of steps
to follow and thus could be carried out by a computer. For the problem-solving decisions we have identified
there is not complete information, but there is sufficient information to allow a “well-educated guess” as to
what would be the best choice between options. Having expertise in the discipline then means being able
to use past research and experience in the discipline to make choices that are most likely to provide a
desired outcome. This definition of expertise provides a standard by which to measure the quality of an
assessment question that asks the student to “make and justify” any one of these decisions.

The role, use, organisation and application of knowledge in decision making

The decisions-to-be made were consistent across all S&E disciplines we studied and most likely apply in
other fields as well. However, we do not believe these decisions can be measured in a domain-general
context, because how the decisions were made (and the decision outcome) was completely intertwined
with the discipline and the problem. Making any of the decisions requires the application of relevant
disciplinary knowledge including recognising when one does not have sufficient knowledge and/or
information and so needs to seek it out.

One aspect of knowledge was common across all interviews: experts had their disciplinary knowledge
organised in a manner optimised for making problem-solving decisions. Studies of expertise have
previously observed highly interconnected knowledge structures (Egan and Greeno, 1974p4; Klein,
200825;; Mosier et al., 2018261). We found that in this context of problem solving, these structures served
as explicit tools that guided most decisions. These knowledge structures were composed of mental models
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of the key features of the problem, the relationships between these features and an underlying level of
mechanism that established those relationships and enabled making predictions. The models always
involved some degree of simplification and approximation such that they were optimised for applying to
the problem-solving decisions. The models provided a structure of knowledge and facilitated the
application of that knowledge to the problem at hand, allowing experts to repeatedly run “mental
simulations” to make predictions for dependencies and observables and to interpret new information. While
the use of such predictive models was universal, the individual models explicitly reflected the relevant
specialised knowledge, structure and standards of the discipline, which arguably largely define expertise
in the discipline (Wieman, 201927)).

Examples of such models are: 1) in ecology, organisms with abundant food sources will continue to
increase in number until limited by using up the food available or by increased predation; or 2) in physics,
electric currents are electrons flowing through materials pushed along by an applied voltage, with the
amount of current determined by the resistance of the material through which they are flowing and the size
of the voltage.

Application of the decision framework to assessment across educational levels
and contexts

We define the construct of “science problem solving” as the set of problem-solving decisions required for
solving authentic problems in S&E. These decisions define much of the set of cognitive skills a student
needs to practice and master “thinking scientifically” in any context. They are also relevant across a wide
range of educational levels and contexts. Although these decisions were identified by studying the problem
solving of high-level experts, we argue that they provide a broadly applicable framework for characterising,
analysing and teaching S&E problem solving across all levels and contexts (except for decisions 1, 2 and
27 that are only relevant at high levels). The difference between educational levels is the relevant
knowledge and predictive models needed to make these decisions wisely. Having insufficient knowledge
does not negate the need to make the decisions (indeed, recognising when more knowledge is needed is
one of the decisions), but the types of problems one could be expected to successfully solve would depend
on the level of knowledge required. To assess the level of skill in a grade-level appropriate manner, the
assessment problem scenario needs to be appropriate, and the knowledge required for making the
decisions needs to match the educational level targeted.

The general applicability of the decisions is supported by other studies of student problem solving. In a
study of first year university students solving introductory physics problems, the degree to which students
followed the set of decisions in completing their solutions was well correlated with the correctness of their
solutions (Burkholder et al., 2020;2¢)). We have also studied how secondary and post-secondary school
students use a computer simulation to investigate and identify a hidden circuit (Salehi, 201829; Salehi
et al.,, 202030;; Wang et al., 2021317). We observed, through think-aloud interviews, a wide variation in
students’ solving abilities, matching the extent to which they correctly made decisions 3-26.

Our framework of decisions is consistent with previous work on “scientific practices” and expertise, but it
is more complete, specific, empirically based and generalisable across S&E disciplines. To support this
claim, in Table 4.2 we compare our decision framework with the PISA 2015 Scientific Literacy competency
framework (OECD, 2015) that is aligned with our vision of contextualised complex problem solving
because PISA aims to measure the real-world application of scientific knowledge rather than just
knowledge recall. After each PISA competency, we gave the decision number from our decision framework
(refer to Table 4.1) that captured how the competency is used in problem solving.
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Table 4.2. Comparison of scientific literacy in PISA and problem-solving decisions in S&E

PISA 2015 scientific literacy competencies

Problem-solving decisions in S&E

1. Explain phenomena scientifically
Recognise, offer and evaluate explanations for a range of natural and technological
phenomena demonstrating the ability to:

Recall and apply appropriate scientific knowledge 4,57
Identify, use and generate explanatory models and representations 5

Make and justify appropriate predictions 8,16-19, 21, 22
Offer explanatory hypotheses 6

Explain the potential implications of scientific knowledge for society 27

2. Evaluate and design scientific enquiry

Describe and appraise scientific enquiries and propose ways of addressing questions

scientifically demonstrating the ability to:

Identify the question explored in each scientific study 3,6
Distinguish questions that are possible to investigate scientifically 9
Propose a way of exploring a given question scientifically 10-15
Evaluate ways of exploring a given question scientifically 23,24,25
Describe and evaluate a range of ways that scientists use to ensure the reliability of data and

the objectivity and generalisability of explanations 16,18-22
3. Interpret data and evidence scientifically

Analyse and evaluate scientific information, claims and arguments in a variety of

representations and draw appropriate conclusions by demonstrating the ability to:

Transform data from one representation to another 17
Analyse and interpret data and draw appropriate conclusions 16, 18, 21
Identify the assumptions, evidence and reasoning in science-related texts decisions related to this occur in next two points
Distinguish between arguments which are based on scientific evidence and theory and those = 21, 23-26
based on other considerations

Evaluate scientific arguments and evidence from different sources (e.g., newspaper, Internet, = 21, 23-26

journals)

All of the decisions in our decision framework, except decisions 1, 2, 28 and 29, occur in one or more of
the PISA scientific literacy competencies and all the PISA competencies are covered by our set of
decisions. However, our decision list provides greater specificity in the cognitive skills required and
elements that assessment tasks should contain to collect evidence about those skills, so helps to specify
what the observation vertex of the assessment triangle should include.

This can be illustrated by looking at examples of the 2015 PISA science test, such as the “Running in Hot
Weather” example (Figure 4.2). This unit explores an authentic problem concerning the conditions in which
it is dangerous to run and why. To solve such a problem in real life, most of the decisions on our list would
be required. However, as written in the PISA example, the unit focuses primarily on two decisions: decision
15 (plan — in the narrow sense of whether they use a control-of-variables strategy) and decision 21
(appropriate conclusions — whether students correctly interpret the data they collect). The problem
structure artificially narrows down and decomposes the problem and sets priorities for solving it by limiting
students to consider only particular variables. The question in Figure 4.2 decides for the student that they
should collect information about the effect of air temperature on body temperature specifically and even
specifies how many pieces of data to collect. Essentially, the unit has made decisions 3, 4, 5, 6, 11, 13
and 14 for the students already and provides strong direction about decision 15, making it a very narrow
and correspondingly incomplete measure of their scientific problem-solving ability.
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Figure 4.2. “Running in Hot Weather” example problem from the PISA 2015 Scientific Literacy
assessment

pisa2015  HEERERR

Running in Hot Weather
Question4 /6

| » How to Run the Simulation

Run the simulation to collect data based on the
information below. Click on a choice, select data in the
table, and then type an explanation to answer the
question.

Based on the simulation, when the air humidity is 40%,
what is the highest air temperature at which a person can

run for one hour without getting heat stroke? Air Temperature (°C) w
D20°C Air Humidity (%) 20 40 i
S 25°C
30°C Drinking Water @ Yes O No
35°C
40°C

<4 Select two rows of data in the table to support your
answer.

Explain how this data supports your answer.

Source: OECD (201532).

Having identified these limitations in the PISA test unit, it is straightforward to set out how to modify it to
obtain a more complete assessment of problem-solving decisions. This involves a restructuring of the
problem with a few additional questions to probe the student’s ability to make these “missing” decisions.
For example, instead of presenting a series of questions about the decomposed relationships within the
simulation, students could be asked: in which conditions is it dangerous to run and why? The student could
then be prompted to make specific decisions in the problem-solving process such as asking them: 1) “which
variables could affect whether it is safe to run?” (decision 4 — features); 2) “what information do you need
to collect to figure out whether it would be dangerous to go for a run on a particular day?” (decision 13 —
information needed); and 3) “what assumptions are reasonable to make?” (decision 10 — assumptions).
The current assessment also fixes how the data is organised — a simple alternative would be to give the
student the choice of several different ways for laying out the information, thus assessing decision 17 (how
to represent and organise information); then the student would be asked specific questions about
interpretation of data. The simulation would have some realistic scatter in the data, as all authentic data
has, and in addition to the current data interpretation questions the student would be asked about the
believability of the information (decision 18). This demonstrates how the decisions framework provides a
complete and more specific guide for assessing scientific competencies. This also illustrates how our set
of decisions, with the three exceptions noted, applies to problem solving for almost every grade level given
a suitable choice of problem context and questions.
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The designers of the 2015 PISA test made choices to constrain the problem and the tested variables to
make a test that was practical to score, could be completed in a few minutes and met standards of fairness
in terms of specifically telling students exactly what information they needed to provide. This balance of
practicality with open-endedness (to allow assessment of the full range of decisions in a problem-solving
process) needs to be carefully considered in the design of any assessment. In assessments of complex
thinking there is a fundamental tension between the validity of what is being measured and the ease and
practicality of administering and scoring a test. The most accurate assessment of expertise would involve
giving the test taker a variety of authentic problems to solve which are very broad in scope, such as “design
a new cell phone” and then compare their solutions with how experts would solve the same problems —
but this is obviously impractical in most circumstances. At the other extreme, an assessment question can
be very easy to administer but so limited in context and scope that it involves essentially no meaningful
decisions, just simple memorisation, as seen in many poor assessments. Most typical S&E assessments
tend toward the “easy” end of the “validity-easy to use” spectrum. They test knowledge of information but
seldom test whether the subject can correctly choose and apply knowledge in novel contexts to make good
decisions to solve problems.

The optimum balance between authenticity and practicality is different for different level students and for
different purposes of assessment (e.g. large-scale standardised tests vs. assessments within a course).
Finding the appropriate balance involves choosing a problem context and questions that constrain the
problem solver — but not too much — as appropriate for the assessment context. Too much constraint
means the important resources and decision processes will not be probed, while too little constraint results
in responses that can vary so much that it is impossible to evaluate and compare the detailed strengths
and weaknesses of the test takers. Some strategies we have used for constraining the solution space, but
not too much, include scaffolding the problem to probe individual decisions, including rescue points where
important features are specified or information given in case students did not decide to consider those
independently, and providing a flawed solution or data collection plan to be improved upon. These are
discussed more in the assessment task design section below.

Designing tasks for decision-based assessments

Figure 4.3 shows a template for designing tasks (i.e. the observation vertex of the assessment triangle) to
assess a large subset of problem-solving decisions described in the decision framework (i.e. the cognition
vertex) (Price et al., 2022(33)). We have developed assessment tasks following this general design for
undergraduate students in mechanical and chemical engineering, biochemistry, medical diagnoses and
earth sciences. Problems were designed to take 30-60 minutes to complete, so are most appropriate for
use in classroom or department contexts. The template can be used for assessment at lower grade levels
by choosing a grade-appropriate scenario and knowledge requirements.

This assessment task starts with a realistic problem scenario that contains irrelevant and incomplete
information and that to solve requires knowledge that learners are expected to know. The assessment
should then call upon learners to make decisions and provide their reasoning and information used to
arrive at and justify their choices. Questions on the assessment probe different decisions and the specific
sequence of questions should follow the approximate order an experienced solver would use for that
problem. An important part of problem solving is recognising what information is needed and correctly
applying relevant information. The decisions involved in this process can be assessed by asking students
to decide what information is needed, providing them with new information and then asking them to
interpret and reflect upon new information.
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Figure 4.3. Decisions-based assessment template

Decisions-Based Assessment Template

Authentic Scenario (provided)
A) What are key features?

B) What are possible solutions?
C) What info needed? Plan how to

Define Problem

;‘E: collect. g

’ D) Reflect on assumptions g g
Optional: progressively more specific questions about A-D 3 %
More info (provided) ;3
E) How to interpret info? o

info

Interpret

Data

F) Reflect on info and strategy

<
=,
o

jonal: progressively more specific questions about E-F

G) What is best solution?

Choose
Solution

H) Reflect on solution

Source: Price and Wieman (forthcoming;1s)), adapted from Price et al. (2022;33)).

Authentic problem scenarios are, by definition, complex, with a wide range of possible solution paths. This
demands care in the design of assessment tasks to ensure the questions are sufficiently constrained so
that student responses can be interpretable and readily scored, but not too constrained that the decisions
are removed (as in the PISA 2015 “Running in Hot Weather” example, Figure 4.2). While each question
asked to the test taker probes a different decision, certain questions will end up being interdependent by
building on decisions made in previous questions. We have developed a few design strategies to build in
the appropriate level of constraint and to include “rescue points” to mitigate the issue of interdependence:

Constrain the solution space by providing a solution proposed by a “peer” and have test takers
evaluate it and improve on its flaws. The provided “peer” work could be an answer to the problem
or could be a plan for a particular sub-goal (e.g. collecting information through an experimental set-
up for a biology problem). The process of troubleshooting a flawed solution or design overlaps with
much of an expert problem-solving process because both involve evaluating and modifying
potential solutions, including mentally testing them with new information. Thus, incorporating this
kind of scenario still allows for the assessment of problem-solving decisions while significantly
constraining the solution space.

Start with broad questions followed by questions about particularly important features. For
example, the assessment could start with questions such as “what are the important criteria for
deciding when it is safe to run in hot weather?” or “what criteria will you use in evaluating the
proposed design?” to avoid leading students, then follow up with rescue points in the form of
questions that ask about particularly important features or that provide necessary information that
students might not have collected on their own. Examples include “is sweating important for running
in hot weather and if so, why?” or “how suitable was the choice of material for the design?”.
Learners at intermediate levels may not spontaneously recognise the significance of a factor on
the initial broad question but will if prompted, allowing for a better assessment of their skills.

Consider the question format. Some decisions, such as reflection decisions, need to be probed
explicitly through open-ended questions. Others can be probed with complex multiple-choice
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questions such as “which tests would you like to order to diagnose your patient?” followed by a list
of (relevant and non-relevant) tests the student has to select or that ask for multiple-choice
justifications (Walsh et al., 201934)). In an assessment that includes a simulation for collecting
information, the assessment could also collect information about planning decisions through the
actions the student takes (i.e. process data) rather than by asking the student directly. See Wang
et al. (2021317) and Wang, Nair and Wieman (2021s)) for work in this area.

The interpretation of data collected from an assessment (i.e. the interpretation vertex) occurs through
scoring. For scoring decision-based assessments, the goal is to determine the extent to which the student:
1) decides before being explicitly prompted through built-in scaffolding; and 2) applies the correct
reasoning and relevant information when making those decisions (whether prompted or not). For our
assessments that probe high-level expertise, such as that desired by a student who has completed a
university programme, we need to consult Ph.D. level experts to be sure of the correct information and
reasoning. For problem solving assessments at lower levels, such as the PISA example, problems are less
complex and require less extensive knowledge such that it is much easier to establish an “expert” decision.
For most assessments, an instructor who is knowledgeable in the subject will produce an answer that is
the same as someone very expert in the subject. Any question where there is not consistency among
expert responses, we believe is unsuitable.

Assessment format considerations

The decision-based assessments discussed above are designed for administration in a computer-based
survey format, where students fill in open-ended responses or complete complex multiple-choice
questions. As test takers progress through the assessment, they are given more information and asked
more questions, and are not able to go back to change earlier responses. In some cases, there is simple
branching — for example, the student may only receive the additional information they request.

Simulations are an alternative format that our group has investigated. Two simulations that we have studied
extensively are the PhET Interactive Simulations called “circuit construction kit black box” and the “mystery
weight” (see Figure 4.4).

Figure 4.4. Examples of simulations used for assessing problem solving in S&E
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Circuit Construction Kit: Black Box Study /ﬁ‘ ‘4@ PhETiO' E

Notes: On the left is the “circuit construction kit black box” problem (Salehi, 2018}29]) — students must identify the simple circuit hidden behind
the black square by hooking up components and meters to the four terminals. On the right is the “mystery weight” problem (Wang, Nair and
Wieman, 2021;35]) - students must determine the weight of the package by selecting weights and locating them on the beam to balance it.
Source: PhET Interactive Simulations, https://phet.colorado.edu/.
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The degree of constraint and complexity is built into the simulation, thereby determining the range of
decisions and problem-solving skills involved. Simulations such as these are more open-ended than the
survey format, in that they allow a less constrained context in which to investigate how students decide on
strategies for collecting data and how they analyse it. It is also possible to record and analyse their
keystrokes (“back-end data”) to get some measure of their thinking processes. The PISA 2015 simulation
example is more constrained than these PhET examples, which allows for an easier interpretation of back-
end data in PISA but at the expense of limiting the decisions involved.

This is work in progress, but what we have found so far is that the data collected from simulations are
informative for only a limited set of decisions. While students must make many other decisions to solve the
problem, it is not practical to determine these from their keystrokes (Wang et al., 202131;; Wang, Nair and
Wieman, 202135)). Analysing problem solving in think-aloud interviews with these simulations, we see
many of the decisions invoked in the survey format. Two unique capabilities that we have seen simulations
provide is: 1) the measurement of pause time; and 2) the evolution in student strategies. Students who
pause after receiving new information from the simulation, presumably to reflect on the significance of that
information, perform better than students who quickly try something else with no pause (Wang, Nair and
Wieman, 202135); Perez et al., 20173¢)). With the simulation, we can also see that some students start with
ineffective strategies but then later realise and adjust their strategies to be more effective, for example
running tests that provide more useful data (Salehi, 201829;; Salehi et al., 2020(30).

In conclusion, both survey and simulation format problems can sequentially provide additional information
as needed. As of now, we find the survey format to be superior but further work is clearly needed in this
area. With suitable affordances (e.g. what can be controlled, what can be observed, whether and how data
can be collected etc.) there are likely aspects of problem-solving decisions that simulations will be better
able to assess than surveys. Roll, Conati and others (Conati et al., 201537); Perez et al., 201736]; 201838])
have seen how the use of different simulation designs, question prompts and analyses methods can
provide other information. However, the skills and decisions that each test format is optimum for measuring
and how consistent they are remain open research questions.

Conclusion

We have presented a novel framework for the assessment of complex problem solving in STEM. It is based
on a set of 29 decisions that need to be made with limited information in the process of solving any
authentic problem in science, whether in making choices in an individual's personal life or carrying out
scientific research. The decisions were identified through a careful domain analysis by examining how
scientists and engineers solved problems in their work, but we have seen how nearly all these decisions
apply far more widely (across educational levels and across other disciplines). The decision framework
bridges the cognition and observation vertices of the assessment triangle to provide a template for
assessing the full range of knowledge and skills that it is valuable for an S&E student to learn.

An overarching implication of defining problem solving as this set of decisions is that by the time students
become skilled practitioners in their fields, they will be able to make such decisions when faced with novel
complex problems. This framework suggests a need for a fundamental re-evaluation of how assessments
and educational experiences need to be structured to provide students with opportunities to practice
making these decisions and to measure their progress toward mastery. We proposed a template for
designing problems to allow practice and assessment of these decisions. A virtue of this template design
is that it can be used in a very similar way for instruction as for assessment: learners would work through
a problem, practicing making the various decisions (Burkholder et al., 2020;2¢;; Wang et al., 202239)). The
main difference between instruction and assessment is that during instruction students would get feedback
and guidance on their decisions to help them improve. This follows Ericsson’s deliberate practice for the
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development of expertise (Ericsson, 2006p0;). We believe there is great benefit in having good assessment
and good instruction transparently connected in this fashion.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



References

Burkholder, E. et al. (2020), “Template for teaching and assessment of problem solving in
introductory physics”, Physical Review Physics Education Research, Vol. 16/1,
https://doi.org/10.1103/physrevphyseducres.16.010123.

Card, S. (ed.) (2018), The Psychology of Human-Computer Interaction, CRC Press, Boca Raton,
https://doi.org/10.1201/9780203736166.

Chi, M., R. Glaser and E. Rees (1981), Expertise in Problem Solving, Learning Research and
Development Center, University of Pittsburgh.

Cognition and Technology Group at Vanderbilt (1992), “The Jasper Series as an example of
anchored instruction: Theory, program description, and assessment data”, Educational
Psychologist, Vol. 27/3, pp. 291-315, https://doi.org/10.1207/s15326985ep2703 3.

Conati, C. et al. (2015), “Comparing representations for learner models in interactive
simulations”, in Conati, C. et al. (eds.), Artificial Intelligence in Education. AIED 2015. Lecture
Notes in Computer Science, Springer International Publishing, Cham,
https://doi.org/10.1007/978-3-319-19773-9 8.

Csapo, B. and J. Funke (eds.) (2017), The Nature of Problem Solving: Using Research to Inspire
21st Century Learning, Educational Research and Innovation, OECD Publishing, Paris,
https://doi.org/10.1787/9789264273955-en.

Dérner, D. and J. Funke (2017), “Complex problem solving: What it is and what it is not”,
Frontiers in Psychology, Vol. 8/1153, pp. 1-11, https://doi.org/10.3389/fpsyq.2017.01153.

Egan, D. and J. Greeno (1974), “Theory of rule induction: Knowledge acquired in concept
learning, serial pattern learning, and problem solving”, in Gregg, L. (ed.), Knowledge and
Cognition, Erlbaum, Hillsdale.

Ercikan, K. and P. Seixas (2015), “Issues in designing assessments of historical thinking”,
Theory Into Practice, Vol. 54/3, pp. 255-262,
https://doi.org/10.1080/00405841.2015.1044375.

Ericsson, K. (2006), “The influence of experience and deliberate practice on the development of
superior expert performance”, in Ericsson, K. et al. (eds.), The Cambridge Handbook of
Expertise and Expert Performance, Cambridge University Press, Cambridge,
https://doi.org/10.1017/cbo9780511816796.038.

Ericsson, K. et al. (eds.) (2018), The Cambridge Handbook of Expertise and Expert
Performance, Cambridge University Press, Cambridge,
https://doi.org/10.1017/9781316480748.

Frensch, P. and J. Funke (1995), Complex Problem Solving: The European Perspective,
Lawrence Erlbaum, Hillsdale.

Hegarty, M. (1991), “Knowledge and processes in mechanical problem solving”, in Sternberg, R.
and P. Frensch (eds.), Complex Problem Solving: Principles and Mechanisms, Psychology
Press, New York and London.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023

|93

[28]

[10]

(6]

[21]

[37]

(3]

(4]

[24]

[23]

[40]

(5]

(2]

(7]



94 |

Hickey, D. et al. (1994), “The Mars Mission Challenge: A generative, problem-solving School (20]
Science Environment”, in Vosniadou, S., E. de Corte and H. MandI (eds.), Technology-Based
Learning Environments, Springer, Berlin and Heidelberg, https://doi.org/10.1007/978-3-642-
79149-9 13.

Kay, D. (1991), “Computer interaction: Debugging the problems”, in Sternberg, R. and (1
P. Frensch (eds.), Complex Problem Solving: Principles and Mechanisms, Psychology Press,
New York and London.

Klein, J. (2008), “Some directions for research in knowledge sharing”, Knowledge Management (29]
Research & Practice, Vol. 6/1, pp. 41-46, https://doi.org/10.1057/palgrave.kmrp.8500159.

Larkin, J. et al. (1980), “Expert and novice performance in solving physics problems”, Science, (8]
Vol. 208/4450, pp. 1335-1342, https://doi.org/10.1126/science.208.4450.1335.

McCloskey, M. (1983), “Naive theories of motion”, in Gentner, D. and A. Stevens (eds.), Mental B
Models, Lawrence Erlbaum, Hillsdale.

Momsen, J. (ed.) (2021), “A detailed characterization of the expert problem-solving process in (7]
science and engineering: Guidance for teaching and assessment”, CBE—LIife Sciences
Education, Vol. 20/3, pp. 1-15, https://doi.org/10.1187/cbe.20-12-0276.

Mosier, K. et al. (2018), “Expert professional judgments and 'naturalistic decision Making™, in (26]
Ericsson, K. et al. (eds.), The Cambridge Handbook of Expertise and Expert Performance,
Cambridge University Press, Cambridge, https://doi.org/10.1017/9781316480748.025.

National Academies of Sciences, Engineering and Medicine (2017), Undergraduate Research (22]
Experiences for STEM Students, National Academies Press, Washington, D.C.,
https://doi.org/10.17226/24622.

National Research Council (2013), Next Generation Science Standards, National Academies (1
Press, Washington, D.C., https://doi.org/10.17226/18290.

OECD (2015), PISA 2015 Released Field Trial Cognitive Items, (32]
https://www.oecd.org/pisa/test/PISA2015-Released-FT-Cognitive-ltems.pdf (accessed on
23 March 2023).

Perez, S. et al. (2017), “Identifying productive inquiry in virtual labs using sequence mining”, in (36]
André, E. et al. (eds.), Artificial Intelligence in Education. AIED 2017. Lecture Notes in
Computer Science, Springer International Publishing, Cham, https://doi.org/10.1007/978-3-
319-61425-0 24.

Perez, S. et al. (2018), “Control of variables strategy across phases of inquiry in virtual labs”, in (38]
Rosé, C. et al. (eds.), Artificial Intelligence in Education. AIED 2018. Lecture Notes in
Computer Science, Springer International Publishing, Cham, https://doi.org/10.1007/978-3-
319-93846-2 50.

Price, A. et al. (2022), “An accurate and practical method for assessing science and engineering (33]
problem-solving expertise”, International Journal of Science Education, Vol. 44, pp. 2061-
2084, https://doi.org/10.1080/09500693.2022.2111668.

Price, A. and C. Wieman (forthcoming), “Improved teaching of science and engineering using (18]
deliberate practice of problem-solving decisions”, Innovative Teaching and Learning.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



Ramalingam, D., R. Philpot and B. Mccrae (2017), “The PISA 2012 assessment of problem
solving”, in Csap6, B. and J. Funke (eds.), The Nature of Problem Solving: Using Research to
Inspire 21st Century Learning, OECD Publishing, Paris,
https://doi.org/10.1787/9789264273955-7-en.

Salehi, S. (2018), Improving Problem-Solving Through Reflection, Stanford University,
https://stacks.stanford.edu/file/druid:gc847wj5876/ShimaSalehi-Dissertation-augmented.pdf.

Salehi, S. et al. (2020), “Can majoring in computer science improve general problem-solving
skills?”, Proceedings of the 51st ACM Technical Symposium on Computer Science
Education, https://doi.org/10.1145/3328778.3366808.

Schoenfeld, A. (1985), Mathematical Problem Solving, Academic Press, Orlando.

Simon, H. (1973), “The structure of ill structured problems”, Artificial Intelligence, Vol. 4/3-4,
pp. 181-201, https://doi.org/10.1016/0004-3702(73)90011-8.

Singh, C. (2002), “When physical intuition fails”, American Journal of Physics, Vol. 70/11,
pp. 1103-1109, https://doi.org/10.1119/1.1512659.

Sternberg, R. (1995), “Expertise in complex problem solving: A comparison of alternative
conceptions”, in Frensch, P. and J. Funke (eds.), Complex Problem Solving: The European
Perspective, Psychology Press, New York and London.

Walsh, C. et al. (2019), “Quantifying critical thinking: Development and validation of the physics
lab inventory of critical thinking”, Physical Review Physics Education Research, Vol. 15/1,
https://doi.org/10.1103/physrevphyseducres.15.010135.

Wang, K. et al. (2022), “Measuring and teaching problem-solving practices using an interactive
task in PhET simulation”, in AERA 2022 Annual Meeting, American Educational Research
Association, San Diego.

Wang, K., K. Nair and C. Wieman (2021), “Examining the links between log data and reflective
problem-solving practices in an interactive task”, LAK21: 11th International Learning Analytics
and Knowledge Conference, https://doi.org/10.1145/3448139.3448193.

Wang, K. et al. (2021), “Automating the assessment of problem-solving practices using log data
and data mining techniques”, Proceedings of the Eighth ACM Conference on Learning @
Scale, https://doi.org/10.1145/3430895.3460127.

Wieman, C. (2019), “Expertise in university teaching & the implications for teaching
effectiveness, evaluation & training”, Daedalus, Vol. 148/4, pp. 47-78,
https://doi.org/10.1162/daed a 01760.

Wineburg, S. (1998), “Reading Abraham Lincoln: An expert/expert study in the interpretation of
historical texts”, Cognitive Science, Vol. 22/3, pp. 319-346,
https://doi.org/10.1207/s15516709c0g2203_3.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023

|95

[16]

[29]

[30]

[12]

[19]

[14]

[19]

[34]

[39]

[39]

[31]

[27]

[13]






|97

Part |l Innovating How We
Assess



98 |

5 Exploiting technology to

iInnovate assessment

By Natalie Foster

(OECD)

This chapter provides an overview of how digital technologies can be
integrated in different assessment paradigms (traditional assessment,
technology-enhanced assessment and embedded assessment). The
chapter discusses the promise of technology in bridging educational rhetoric
with practical assessment challenges, and in particular discusses
technology-enabled innovations across the three interconnected models of
an Evidence-Centred Design (ECD) assessment framework. It considers
innovations at the conceptual model level (i.e. advances in the kinds of
complex and dynamic performances that can be elicited), at the task model
level (i.e. advances in task design) and at the measurement levels (i.e.
advances in data analysis and learning analytics). The chapter underlines
that technology must be used purposefully in assessment following the
principles of a coherent design process.
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Introduction

Digital technologies significantly expand our assessment capabilities: they offer new possibilities for
designing items and test experiences, generating new potential sources of evidence, increasing efficiency
and accessibility, improving test engagement and providing real-time diagnostic feedback for students and
educators, among other things. These possibilities can advance assessment in several ways depending
on the goals and intended purpose of assessment. Yet despite widespread recognition in the field of this
transformative potential of technology for assessment, its implementation as such remains somewhat
limited (Timmis et al., 2016)).

This chapter provides an overview of how technology can advance different assessment paradigms. It
discusses innovations in three dimensions that are aligned with the three integrated models of Evidence-
Centred Design (ECD). It does so to make explicit that technology does not just innovate assessment
design at the task model level (i.e. how we can present assessment tasks) but also at the conceptual and
measurement levels (i.e. what kinds of complex and dynamic performances we can target and elicit, and
how we can generate and make sense of the data). The chapters that follow (particularly Chapters 6-10 of
this report) explore some of the innovations discussed in this chapter in more detail.

The unexploited potential of technology to transform assessment

Technology offers the potential to transform what, how, why, when and where assessments happen.
Several theories or models address the different uses of technology in educational contexts: some are
general models of technology integration (Puentedura, 20132;; Hughes, Thomas and Scharber, 20063),
while others focus on teaching (Koehler and Mishra, 20094)), learning (Salomon and Perkins, 2005(s)) and
assessment (Zhai et al., 2020aye)) specifically. Despite these different perspectives, what they all share is
the core idea that technology can be more or less “transformative” depending on how it is integrated into
classrooms. In sum, transformative uses of technology enable new ways of learning and assessment that
are otherwise not possible, providing learners with interactive tools and affordances to support their
cognitive and metacognitive processes (Mhlongo, Dlamini and Khoza, 2017(7)). Less transformative uses
of technology replace or functionally improve otherwise unchanged teaching, learning or assessment
experiences and are often employed with the goal of making traditional activities easier, faster or more
convenient.

The integration of technology in educational assessment is not new nor has its potential been completely
untapped: over the past two decades, technologies have supported advances in large-scale assessment
across various assessment functionalities including accessibility, test development and assembly, delivery,
adaptation, adaptivity, scoring and reporting (Zenisky and Sireci, 2002;s); Bennett, 2010(g)). Item authoring
environments have expedited the production and packaging of tasks and computer-based assessment
delivery has streamlined logistical processes (albeit raising other issues related to equipment,
infrastructure and security). Advances in adaptive testing (i.e. presenting students with items at an
appropriate level of difficulty, based on their prior responses) have also improved test efficiency and
experience, and automated scoring engines have significantly reduced both the time and investment
required in coder training to score assessments.

For the most part, these uses of technology have supported the computer-based delivery of otherwise
unchanged tasks and item formats (i.e. selected- or constructed-response types), the automation of
administrative or logistical processes, or the automation of scoring and interpreting responses (Quellmalz
and Pellegrino, 200910)). In other words, digital technology has predominantly served to replicate or
streamline existing large-scale assessment practices without significantly transforming the type of
information that these assessments provide to students, teachers and other education stakeholders, nor
improving the quality of test experiences for students. Such uses of technology are of course useful in
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terms of efficiency gains but maintain assessment largely within the traditional assessment paradigm (i.e.
drop-from-the-sky tests of accumulated knowledge). There remains considerable potential to harness
digital technologies to transform what we can measure, how we make sense of test taker performance and
how assessment relates to learning (Thornton, 2012;11;; Timmis et al., 20161;; Zhai et al., 2020a; DiCerbo,
Shute and Kim, 2017112;; Shute and Kim, 2013(13;)

While technology-enhanced assessment (TEA) can support more innovative assessment practices and
systems, not all TEA are necessarily transformative. It is possible to identify two different TEA paradigms,
in part based on the extent to which technology has been used in fundamentally transformative ways but
also driven by the different goals of those assessments (Bennett, 201514;; Redecker and Johannessen,
2013p15)). In the first TEA paradigm, technology enables new task formats via multimedia stimuli and
interactive response-types as well as improvements in measurement precision by generating new potential
sources of evidence — but tests ultimately still look and feel like explicit tests for students. The other, more
transformative TEA paradigm integrates assessment and learning activities through embedded
assessment, where technology serves to create richer, immersive, interactive and unobtrusive learning
and assessment environments that evolve as students make choices and interact with them.

Embedded assessment — also referred to as stealth assessment (Shute, 201116)) — engages students in
carefully designed learning games and activities while unobtrusively gathering data and drawing inferences
about their competencies based on their behaviours and performance. The data produced during their
learning process can be used to trigger scaffolds or provide immediate feedback to learners and teachers
on their progress and future learning strategies. Embedded assessments therefore minimise the gap
between “teaching and learning time” and “assessment time”, translating into a fundamentally different
assessment experience for learners compared to explicit testing paradigms (Redecker and Johannessen,
2013p15)).

Leveraging technology across an evidence-centred assessment design process

The remainder of this chapter discusses how technology can innovate assessment design and practice
across these different assessment paradigms. Broadly speaking, the three assessment paradigms
identified above can be seen as situated along a spectrum of technology integration, from least (traditional
assessment) to most transformative (embedded assessment). As set forth in the Introduction chapter of
this report, a principled design process like Evidence-Centred Design (ECD) (Mislevy and Haertel, 200617))
supports the design of valid assessments, especially when measuring complex multidimensional
constructs using technology-enhanced tasks; this is because the complexity of student performances
coupled with the rich observations that such tasks provide can create interpretation challenges. The
following discussion is therefore structured around three key assessment design dimensions —assessment
focus, task design, and evidence identification and accumulation — that closely align with the three
interconnected models of an ECD framework. Table 5.1 summarises assessment capabilities across these
three dimensions for each of the assessment paradigms.

Framing the discussion in this way explicitly addresses how technology enables test takers to demonstrate
proficiency in new constructs, expands the ways in which tasks can be presented and behaviours observed
in assessment environments, and utilises new sources of evidence and interpretative methodologies for
the purposes of measurement and reporting on those constructs. While each dimension is addressed
separately, there is significant interdependence among them. As the discussion advances further along
the technology integration spectrum, note also that innovations enabled in less transformative uses equally
apply in more transformative uses.
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Traditional assessment
(Computer-based delivery of

traditional pencil-and-paper
tests)

Technology-enhanced
assessment

(Tests with technology-
enhanced stimuli and
response formats)

Embedded assessment

(Immersive learning and
assessment experiences)

Focus on what students already know at the time of
testing (knowledge mastery and recall)

Static task stimuli (text or visual)

Static problem (no learner choice or feedback)
Response types limited to multiple-choice or written
constructed responses

Limited sources of evidence
Accumulation of evidence exclusively based on
number of correct and incorrect responses

Assessment focus

Focus on whether students can solve well-defined
tasks in interactive environments (knowledge and
skills application in the context of a constrained
activity)

Task design

Interactive task stimuli (dynamic text, visual or audio)
Interactive problems and tools (some learner choice
and feedback)

Wide range of response types to explicit questions

Evidence identification and accumulation

Multiple sources of evidence

Accumulation of evidence based on correct
responses, solution quality and coherence of
solution processes

Focus on dynamic learning and problem-solving
behaviours in open environments (knowledge and
skills application in the context of an authentic
performance activity)

Interactive task stimuli (dynamic text, visual or audio)
or immersive virtual world

Dynamic, interactive and open-ended environments
that evolve according to the students’ behaviour
Wide range of possible interactions with tools and
real or virtual agents

Multiple sources of evidence
Accumulation of evidence based on a complex,
dynamic model mapping possible behaviours to
measures of skill proficiency
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Assessment focus

Traditional assessments typically measure what students know at a given point in time, generally by asking
them to recall facts and reproduce content knowledge or to apply fixed solution procedures for static and
highly structured problems (Pellegrino and Quellmalz, 2010y1s)). As described in Chapter 1 of this report,
these assessments cannot replicate the types of authentic problems needed to engage and capture more
complex and multi-faceted aspects of performance — especially those characterised by behaviours or
processes.

Technology can broaden the range of constructs we are able to measure by simulating complex problems
that are open-ended and dynamic, meaning that they evolve as test takers engage in iterative processes
of reasoning, problem solving and decision making. This makes it possible to measure more complex
constructs or additional aspects of performance that are not possible to replicate using static tasks and
problem types that focus on knowledge recall. More interactive and immersive environments allow students
to engage actively in the processes of making and doing, making it possible to track the strategies that test
takers employ and the decisions they make as they work through complex tasks. Taken together, these
opportunities represent a powerful shift in the focus of assessment away from simple knowledge
reproduction to knowledge-in-use. They also expand the range of information it is possible to capture about
test takers not only in terms of what they can do (i.e. better coverage of constructs) but also in terms of
how they do it (i.e. thinking and learning processes).

By simulating open-ended and dynamic environments and providing test takers with interactive tools that
generate feedback, either implicitly or explicitly, test takers’ knowledge and proficiency states may evolve
over the course of an assessment activity — especially if it occurs over an extended period. While traditional
testing models rely on assumptions about the fixed nature of knowledge and skills that constitute the target
of assessment, many complex competencies explicitly include aspects of metacognition and self-regulated
learning as part of their student model. Seeking and reacting to feedback is therefore an inherent part of
their authentic practice (and consequently, should be part of their assessment).

Being able to track a student’s knowledge and proficiency as it evolves over the course of an assessment
also provides opportunities to understand how students learn and transition into higher mastery levels and
how prepared they are for future learning (Xu and Davenport, 202019). Technology-rich embedded
assessment environments can integrate scaffolding to support learning, merging summative and formative
assessment and providing measures of the capacity of test takers to learn and transfer that learning to
other tasks. These types of environments are therefore particularly well-suited for both acquiring and
assessing 21st Century competencies (see Chapter 2 of this report for more on 21st Century competencies
and transfer of learning, and principles for designing next-generation assessments of these competencies).
Research has demonstrated that these types of assessments provide evidence of latent abilities that more
conventional measures fail to tap (Wolf et al., 201620]), more accurate measurements regarding what
students know and can do (Almond et al., 201021;), and more useful insights and guidance to practitioners
(Elliott, 2003227). This makes sense, given these environments are most similar to the kinds of learning
contexts in which students apply and develop their skills.

While these advances enabled by technology open new possibilities for measuring complex aspects of
performance, a key challenge lies in how to model these more dynamic competencies (i.e. defining how
student behaviours in open environments connect to variables within the student model). Chapter 6 of this
report further explores this issue.

Task design

Task design essentially refers to the tools at an assessment designer’s disposal for creating valid tasks
and generating relevant evidence about the target constructs. For traditional paper-and-pencil tests, this
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dimension long presented a weakness to assessment design (Clarke-Midura and Dede, 2010p3)). The
assessment designer’s toolbox was limited to static task stimuli, multiple- or forced-choice responses
among a list of pre-determined options, or simple constructed responses. As described above, these
simple tasks and item-types cannot authentically replicate complex problem scenarios, nor can they
generate a rich range of observations about students’ mastery of 21st Century competencies — most
notably about their behaviours and processes.

Digital technologies significantly expand the range of task stimuli it is possible to integrate in assessment,
including text, image, video, audio, data visualisations and haptics (touch). These can enhance features
of more traditional assessment stimuli (e.g. hyperlinked text or animated images) as well as create new
dynamic stimuli like videos, audio and simulations. Highly interactive tools and immersive test
environments can not only provide more open-ended, iterative and dynamic problems to test takers, but
they can also replicate situations that would otherwise be difficult to (re)create in a standardised way for
assessment (e.g. simulating collaborative encounters) or in the context of a classroom setting (e.g.
visualising and modelling dynamic systems). The affordances of technology-enhanced tasks provide
opportunities for test takers to make choices, iterate upon their ideas, seek feedback and create tangible
representations of their knowledge and skill, and advances in technology and measurement mean that
tasks can be designed to include intentional scaffolds (e.g. hints, information resources) to support
learning.

New task modalities, problem types, and affordances mean there are also new possibilities for response
types, and in turn, new sources of potential evidence about test takers. Digital platforms can capture, time
stamp and log student interactions with the test environment and affordances. This is especially
transformative in the context of measuring complex competencies as the process by which an individual
engages with an activity can be just as valuable for evaluating proficiency as their final product. These
process data, when coupled with appropriate analytical models, can reveal how students engage with
problems, the choices they make and the strategies they do (or do not) implement — all of which may
constitute potential evidence for the variables of interest in the competency model.

Chapter 7 of this report explores the expanded range of tools now at an assessment designer’s disposal
thanks to digital technologies, taking a deeper dive into different task formats, test affordances and
response types as well as discussing how design choices must interact with validity considerations.

Evidence identification and accumulation

Test taker responses in traditional assessments are typically scored as correct or incorrect, or as
polytomous items in ordered categories. In open and interactive TEA environments, test takers can provide
unique, relatively complex and unstructured “responses”. Potential sources of evidence may include time
spent responding to a task or interacting with an affordance, sequences of actions, interactions with agents
or human collaborators, multiple iterations of a product or (intermediate) solution states as well as other
behaviours that can be recorded using technology (e.g. pausing, eye movements, etc.). More open-ended
and interactive problem types also result in students navigating through tests in different ways. All this
means that the structure and nature of the data collected can vary widely across examinees and that test
items can effectively become interdependent, making it difficult or inappropriate to apply the same
psychometric methods used to accumulate evidence in more traditional assessments (Quellmalz et al.,
2012124)).

Advances in measurement technology however do offer new ways to reason about and interpret evidence
from TEA. Sophisticated parsing, statistical and inferential models that use Artificial Intelligence (Al),
machine learning (ML) or other computational psychometric techniques can enable the automated scoring
of complex constructed response data as well as accumulate evidence from different sources of data for
scoring and reporting. Dynamic analytical approaches that can distinguish construct-relevant differences
in student process data can integrate this information into scoring models to augment their precision. A
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recent study by (Zhai et al., 2020by25) reviewed the technical, validity and pedagogical features of ML-
involved science assessments and revealed significant advantages of these innovative assessments
compared with traditional assessments. Yet exploiting these advantages requires well-designed task
models that define the features of responses that matter for scoring as well as a clear conceptual
understanding of how different patterns in individual student actions align with competency states (i.e. by
reflecting variations in strategy or evolving psychological states). An ongoing challenge in the
measurement field relates to being able to parse the massive volumes of process data generated by TEAs
and to distil them into actionable pieces of information to inform claims about students’ competencies
(Bergner and von Davier, 20192¢]). Chapter 8 of this report focuses on this challenge and explores the
potential of hybrid analytical models to reliably integrate multiple sources of evidence for scoring.

There is also potential to bridge measurement models traditionally applied to large-scale summative
assessments with learning analytics methods that have been mostly applied in the context of monitoring
and optimising learning and the environments in which it occurs. Learning analytics can supplement
traditional performance scales by providing more descriptive and diagnostic information based on process
data to explain why students might attain a given score (e.g. by identifying the strategies they successfully
implemented or the types of mistakes they committed). This kind of detailed assessment reporting can
help to promote a vision of assessment that is more integrated with the processes of teaching and learning.
However, more work is needed to connect the disciplines of measurement science and learning analytics
(see Chapter 13 of this report for directions on how to integrate advances from the two fields).

Discussion

Technology clearly offers many new possibilities for assessment design that can help to bridge the gap
between educational rhetoric — the goal of assessing students’ preparedness for their future — and the
challenges that pose difficulties for assessing 21st Century competencies (see Chapter 1 of this report for
an in-depth discussion of these challenges). Technology is also particularly suited for responding to the
design innovations for next-generation assessments outlined in Chapter 2 of this report, namely providing
opportunities for learning, feedback and instructional support during extended performance tasks.
However, using technology to advance assessment in the ways described in this chapter warrants some
further reflection.

First, technology-enabled innovations are only useful insofar as they are integrated purposefully within a
principled design process. This means that choices about what aspects of performance to simulate, what
tools and affordances to include, what evidence to collect and what interpretations to draw from the data
are guided by an explicit chain of reasoning. Integrating more technology in assessment for technology’s
sake is not always better. To borrow from other frameworks on technology integration in education, in order
to create meaningful learning and assessment experiences then it is necessary to bring together
technology with pedagogical and content knowledge (Koehler and Mishra, 20094)).

Second, while the assessment paradigms described in Table 5.1 are presented along a technology
integration continuum, from less to more transformative, it is worth acknowledging that they are
conceptually different in terms of their intended purpose. Assessments in the first two paradigms
(traditional and technology-enhanced) intend to measure a fixed state or ability, usually in the context of
summative assessment; technology-enabled innovations have thus tended to focus on increasing
measurement efficiency or enhancing item-types. Conversely, embedded assessments can measure
dynamic abilities and processes (that may change during the assessment) and technology has been used
to enable more personalised learning and assessment experiences, primarily in the context of formative
assessment. Both types of assessment remain useful: if education stakeholders need a snapshot of
students’ knowledge across a vast content discipline (e.g. mathematics), then a more traditional
assessment might serve that purpose better by more efficiently sampling activities across the domain. This
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chapter does not intend to argue that one paradigm is inherently better than the other, nor that less
transformative assessments will become obsolete — at least, not in the near future. However, the single-
occasion, drop-from-the-sky model of assessment made of short and discrete items is clearly insufficient
for measuring complex constructs that are dynamic, iterative and that require extended performance-based
assessments. Measuring these constructs well necessarily requires assessments to be closer tied to the
processes and contexts of learning and instruction — something that technology can facilitate through
embedded assessment.

Third, the embedded assessment paradigm aligns with other visions of assessment in technology-rich
environments that are characterised by performance-based formative activities (DiCerbo, Shute and Kim,
2017112;; Shute et al., 2016[27); see also Chapters 2 and 3 of this report. In this vision of assessment,
students are immersed in different technology-rich learning environments that can capture and measure
the dynamic changes in their knowledge and skills, and that information can then be used to further
enhance their learning. This does not necessarily involve administering assessments more frequently, but
rather unobtrusively collecting data as students learn and interact with their digital environment and
systematically accumulating evidence about what students know and can do in multiple contexts —
therefore merging summative and formative assessment (see (Wilson, 20182g]), for more on facilitating
coherence between classroom and large-scale assessment). However, turning this vision into reality
requires the development of high-quality, ongoing, unobtrusive and technology-rich assessments whose
data can be aggregated to describe a student’s evolving competency levels (at various grain sizes) and
also aggregated across students (e.g. from student to class, to school to district, to state to country) to
inform higher-level decisions (DiCerbo, Shute and Kim, 2017[12). This is turn implies much higher
development and data analysis costs as well as addressing potential fairness issues including how such
assessments are communicated to students (i.e. do they know what they are being assessed on?) and
ensuring that innovative analytical and scoring models are unbiased.

Conclusion

This chapter has described how technology can innovate assessment across the three interconnected
dimensions of assessment design in different assessment paradigms. Technology can introduce new
forms of active, immersive and iterative performance-based tasks within interactive environments that
make it possible to observe how test takers engage in complex and authentic activities. These types of
tasks can provide richer observations and potential evidence about students’ thinking processes and
learning as well as enable the measurement of dynamic skills beyond the capability of more traditional and
static items. Interactive tools and affordances can also provide dynamic and targeted feedback to test
takers, supporting test takers’ learning progress, motivation and engagement.

Technology can also generate new sources of complex evidence that, when combined with sophisticated
analytical approaches, can identify patterns of behaviour associated with different mastery levels, increase
the precision of performance scores and produce diagnostic information on what support students need in
order to progress their skills. By allowing for the real-time measurement of students’ capacities as they
engage in meaningful learning activities, technology holds the promise of creating new systems of
evaluation where evidence on students’ progress is collected in a continuous way and assessment and
learning are no longer explicitly separated.

While these opportunities are exciting, the development of effective innovative assessments must follow
the principles of a coherent design process so that technology effectively serves the intended purposes of
the assessment. The opportunities discussed in this chapter also raise a set of new challenges for
assessment designers and measurement experts. These include how to design tasks that can simulate
authentic contexts and elicit relevant behaviours/evidence, how to interpret and accumulate the numerous
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sources of data that TEAs can create in meaningful and reliable ways, and how to compare students
meaningfully in increasingly dynamic and open test environments.
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& Defining the conceptual assessment
framework for complex
competencies

By Mario Piacentini

(OECD)

This chapter outlines the key elements and tools involved during the initial
phases of complex assessment design, focusing on the decisions required
of assessment designers to delimit the assessment domain, progressively
define the assessment arguments, describe the characteristics of tasks and
identify a suitable measurement model. Evidence-Centred Design (ECD) is
presented as a guiding framework for making these coherent design
decisions. The chapter then illustrates the process of assessment framework
development for a complex construct using the example of the PISA 2025
Learning in the Digital World assessment. This example typifies the
complexities of building a new assessment when the target competencies
lack established definitions and theories of development and when part of
the assessment validity argument relies on correctly interpreting test takers’
behaviours in open and interactive simulation environments.
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Introduction

Developing any new assessment is a challenging task. Assessment design essentially involves a series of
decisions starting from identifying broad objectives and possibilities before arriving at specific tasks and
measures, progressively adding in relevant constraints related to the context and circumstances of the
intended assessment. In this process, assessment developers must answer several interconnected
questions: 1) what claims do we want to make about students and how will these claims be used? 2) In
which type of situations do we expect students to apply the skills that we want to make claims about?
3) What defines good performance in those situations? 4) What constitutes evidence of different skill
levels? 5) Are those skills best evidenced in the processes or in the products of students’ work, or do we
need to consider both? 6) How can we accumulate the many observations of students’ actions and
behaviours into scores? 7) How do we report these scores so that assessment users can understand them
and make justified conclusions? As the competencies targeted for an assessment become more complex,
so does answering these questions — heightening the importance of following a principled design process
that builds in validity considerations at each step along the way.

This chapter outlines the key elements and tools of the initial phases of assessment design, focusing on
the decisions required of assessment designers to delimit the assessment domain and progressively define
the assessment arguments, describe the characteristics of tasks and identify a suitable measurement
model. The process of Evidence-Centred Design (ECD) (Mislevy and Riconscente, 2006}1) is presented
as a guiding framework for making these coherent design decisions. ECD is particularly useful for
conceptualising and designing assessments of complex competencies in interactive environments, where
students can acquire new knowledge and skills through automated feedback and interaction with learning
resources. The chapter then illustrates the framework development process using the example of the
Learning in the Digital World assessment, to be administered in the 2025 cycle of the Programme for
International Student Assessment (PISA). This example was chosen as it typifies the complexities of
building up a new assessment when the target competency lacks established definitions and theories of
development and when part of the validity argument relies on correctly interpreting test takers’ behaviours
in open simulation environments.

Complexity breeds complexity: The importance of theory to orient initial design
decisions

The conceptual assessment framework defines the target constructs and the key characteristics of an
assessment. In general, this framework includes an analysis of the domain, describes the target constructs,
lists the latent variables to be measured and describes expected progressions on these variables, defines
features of families of assessment tasks, indicates how students’ behaviours on these tasks can be
converted into scores, and how these scores are accumulated to provide summary metrics and make
claims about test takers. ECD provides a framework for connecting all these pieces of the assessment
puzzle into a coherent frame, where specifications for task design, task performance and competency
estimates are explicitly linked via an evidentiary chain.

In test development, arguably no other issue is as critical as clearly delineating the target domain and
describing the constituent knowledge, skills, attitudes and contexts of application that underpin
performance in that domain. Indeed, if the domain is ill-defined then no amount of care taken with other
test development activities nor complex psychometric analysis once data have been collected will
compensate for this inadequacy (Mislevy and Riconscente, 20061). It is far more likely that an assessment
achieves its intended purpose when the nature of the construct guides the construction of relevant tasks
as well as the development of construct-based scoring criteria and rubrics (Messick, 1994 2)).
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This critical activity becomes more challenging as the complexity of the domain (and its constituent
competencies) increases. One source of difficulty stems from the lack of validated theories about the nature
of such domains as well as models of how students progress in the development of relevant competencies.
If we want to assess reading ability, for example, assessment developers can rely on an extensive literature
that defines the knowledge and skills required and that has examined how children learn to read and
progress in proficiency. However, the same understanding of the target domain or knowledge on learning
progressions is not available for more complex competencies like collaborative problem solving or
communication.

Another difficulty relates to the multidimensional nature of these competencies: for example, collaborative
problem solving involves both the capacity to solve problems in a given domain as well as the skills and
attitudes to work effectively with others. These two sets of capabilities interact in complex ways, making it
hard to disentangle them from one another when reporting on students’ performance in collaborative tasks.

A third difficulty arises from the way that complex competencies manifest themselves in the real world. As
discussed in previous chapters of this report, validly assessing these competencies requires being able to
replicate complex performance tasks from which we can observe how people behave and adapt to problem
situations. ldentifying those situations, reproducing their core features in authentic digital simulations and
translating traces of actions within the digital test environment into evidence for the claims represents a
sequence of hurdles that assessment designers have to overcome.

In short, every new assessment needs to be guided by a theory of learning in the domain that identifies
what is important to measure. Anchoring the subsequent design of tasks and the evidence model into a
well-defined theoretical framework is therefore essential for generating valid inferences about test takers’
performance. However, while the theoretical knowledge accumulated during the domain analysis phase
provides critical direction, especially in the initial stages of an assessment design process, it does not
closely prescribe what the final assessment will look like.

Each assessment is ultimately the result of a creative design process, where a design team strives to
achieve near-optimal solutions under multiple (sometimes conflicting) constraints and a certain degree of
uncertainty. This design process is also iterative: several rounds of revisions are typical and, more
importantly, necessary when developing assessments of complex competencies that make use of
extended performance tasks. Test takers might interact with task situations in unexpected ways or things
might go wrong both in terms of the user experience and in terms of the data quality. During these iterations
the assessment designer often must go back and revise the theoretical student model because some
variables of interest inevitably end up being more difficult to measure than initially anticipated.

The following sections of the chapter discuss the various phases of defining an assessment framework
according to ECD. These phases are summarised in Figure 6.1. An analysis of the target domain — in other
words, clearly defining its constituent knowledge, skills, attitudes and relevant contexts — lies at the
foundation of any conceptual assessment framework. The following step is domain modelling, which
involves translating these core definitions into assessment claims. This preparatory work on describing the
domain orients the construction of more detailed test specifications through the three interconnected ECD
models: the student model, the task model and the evidence model. Although the phases are described
here sequentially, as earlier mentioned, in practice these phases are iterative.
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Figure 6.1. Phases of defining the conceptual assessment framework in an ECD process

Defining the assessment domain (domain analysis and modelling)

+ Gathering information about the domain, including its main components and the range of
problems and situations in which people use the target knowledge and skills.

+ Specifying assessment claims (what we wish to measure), data (how we are going to
measure it) and warrants (justifying the measurement approach).

Defining objectives
and focus

Defining what student performance looks like in the domain (the student model)

* Defining the variables (knowledge, skills and attitudes) we want to make claims on, the
relationships between these variables, and whether these variables are dynamic (i.e. if some
learning is expected).

* Providing a detailed vision of what students understand and can do at different levels of
proficiency, from lowest to higher levels of mastery, in each variable.

Defining the situations where evidence of performance can be found (the task model)

+ Specifying the tasks for which test takers can demonstrate proficiency, such as pre-defined
questions or items (e.g. multiple-choice items, reordering or completion tasks) or in
environments where the situation is shaped by test takers’ actions (e.g. simulations, games).

+ Defining drivers of task complexity and knowledge required, and the resources embedded
in the task including feedback or scaffolds to facilitate learning (if appropriate).

Operationalising the assessment
(ECD framework)

Defining performance scores and indicators (the evidence model)

+ Defining the evidence rules associating a score or value to what test takers do (e.g.
answering questions correctly/incorrectly, taking certain actions/decisions in a given situation).

+Building a statistical model summarising data across tasks in terms of updated beliefs about
the variables in the student model.

Establishing solid conceptual foundations: Domain analysis and modelling

Domain analysis

Domain analysis includes making an inventory of the concepts, language and tools that people use in the
target domain, identifying the range of problems and situations in which people use those target knowledge
and skills, and defining the characteristics of good performance in those domain contexts. There are many
possible methods to gather this information. In traditional assessments of disciplinary subjects (e.g.
mathematics), detailed descriptions of the domain are already available for use in assessment design. For
international large-scale assessments, comparative reviews of curriculum content are regularly undertaken
— for example for the International Association for the Evaluation of Educational Achievement (IEA) studies
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(Twist and Fraillon, 20203). However, this is generally not the case for assessments of complex
competencies. This means that it is essential to rely on the contribution of a group of experts capable of
constructing new representations of what expertise means in those domains using, to the extent possible,
empirical observations.

Cognitive task analysis (CTA) is one useful method for identifying and understanding the behaviours that
are associated with successful outcomes in complex problem situations (Clark et al., 20084;). CTA uses a
variety of interview and observation strategies including process tracing to capture and describe how
experts perform complex tasks. For example, an established strategy used for CTA is the “critical incident
technique” in which an expert is asked to recall and describe the decisions they made during an authentic
situation. These descriptions generated through CTA are then used to develop training experiences and
assessments, as they allow assessment designers to identify salient features of tasks that are appropriate
to include as well as identify decisions that are most indicative of expertise (see Chapter 4 of this report
for an example of CTA used to define the assessment domain of complex problem solving in science and
engineering as well as to inform subsequent assessment design via the lens of critical decision making).

The definition of an empirically-based model for the domain can be supported by observational studies of
how students work on tasks that engage the target skills. For example, in an assessment of collaboration
skills, developers can craft some model collaborative activities that reflect their initial understanding of
relevant situations in the domain. They can then use CTA methods to identify those students who are more
or less successful in driving the collaboration towards the expected outcome and make an inventory of
what students at different proficiency levels say and do (e.g. how they share information within a group,
how they negotiate the sharing of tasks, etc.). Observational studies provide clarity on the sequence of
actions that must be performed to achieve a performance goal and can produce exemplars of real work
products or other tangible performance-based evidence that can be associated to proficiency claims.

Domain modelling

In the domain modelling phase, assessment designers collaborate with domain experts to organise the
information collected during the domain analysis phase into assessment arguments (Figure 6.2). An
assessment argument consists of three main elements: claims, data and warrants (Toulmin, 2003s;
Mislevy and Riconscente, 2006(1;). A claim refers to what we wish to measure — for example, how
proficiently a student solves mathematics problems or how capable they are of using language
appropriately in an intercultural encounter. Data, such as the number of correct responses to test questions
or behaviours observed in an interactive simulation, serve to support the claims. The warrant is the
reasoning that explains why certain data should be considered appropriate evidence for certain claims.

Whenever an inference is based on complex data, such as those derived from actions in an open
performance task, it becomes useful to add a fourth element to the assessment argument: alternative
explanations. An alternative explanation refers to any other way(s) students could have done well in the
test without engaging the relevant skills (e.g. gaming the system or guessing the right answer). For
example, might a student struggle because of time pressure and not because they lack the relevant skills?
Could the student be distracted by game-like aspects of the assessment?

Assessment arguments can be usefully formalised using “design patterns”. Design patterns describe, in a
narrative form, the student knowledge, skills and abilities (KSAs) that are the focus of the assessment, the
potential observations, work products and rubrics that test designers may want to use, as well as
characteristics and variable features of potential assessment tasks. The design pattern structure helps to
identify which decisions have already been made and which still need to be made. Note that a design
pattern does not include specific information about how materials will be presented to students in a given
task nor about how scores will provide evidence about their proficiency in a domain; this more granular
level of information is provided in the successive steps of ECD via the construction of the student, task and
evidence models.
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Figure 6.2. Assessment design as a process of argumentation

Toulmin’s general schema for assessment arguments

[ Claim ]
w[ Alternative explanation ]

Since
[ Warrant ]7
{ Data ]

Notes: Inference flows from data to claim by justification of a warrant; the inference may also need to be qualified by alternative explanations.
Data are observed actions (by the student) that need to be contextualised in the specific assessment situation.
Source: Adapted from Mislevy and Riconscente (2006y1)).

Students’ actions

Assessment situation

The three models of an ECD assessment framework

While the domain analysis and modelling phases provide the conceptual foundations for assessment, the
three models of an ECD assessment framework guide the operationalisation of the assessment by
providing substantive, technical and operational specifications used by task designers and data analysts.

The student model

The student model defines in detail the variables (KSAs) we expect to make claims about and the
relationships between these variables. The student model is essentially the outcome of the assessment: it
provides a map of each student’s inferred KSAs, as specified in the domain model. In the simplest case
the student model contains a single variable and student performance is computed from the proportion of
tasks they answer correctly. For assessments of complex competencies with extended performance tasks,
there are invariably multiple skills that, together, determine proficiency. In these assessments the variables
in the student model generally include knowledge of key concepts in the domain, cognitive and
metacognitive processes, mastery of specific work practices and strategies, and attitudinal, motivational
and affect-regulation components.

The variables and their interconnections are often represented as a map in which each variable is a node
connected by one or more links with other nodes. Figure 6.3 shows an example of a student model
developed by Shute, Masduki and Donmez (2010p) for an assessment of system thinking using an
immersive role-playing game. The model consists of three first-level variables: 1) specifying variables and
problems in a system; 2) modelling the system; and 3) testing the model. Each of these first-level variables
is further broken down into a number of second-level variables for which it is possible to define specific
observables within the game environment corresponding to students’ actions (e.g. interviewing
stakeholders, collecting data, annotating hypotheses and conclusions, etc.).
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Figure 6.3. An example of a student model for system thinking

System thinking

| .

Specify variables and problems

— Define the problem mmmn  Understand system concept —
Gather information — —

mmmn  /dentify stakeholders _

Build an appropriate
representation

Source: Adapted from Shute, Masduki and Donmez (2010)).

In the student model it is important to provide a vision for what the assessment can tell us about examinees’
proficiency as they progress from the lowest to the highest levels of mastery in each of the constituent
variables. Construct mapping is a design process that embeds this idea of progression, supporting the
design of assessments that are closely connected to instructional goals. A construct map details what
students understand and can do at incrementally higher levels of one or more proficiencies and indicates
common misconceptions at each level (Wilson, 20097;). For example, in a construct map describing
students’ progression in their understanding of the Earth in the solar system, students at “level 3”
proficiency think that it gets dark at night because the Earth goes around the Sun once a day (a common
error for students at this level), while students a “level 4” no longer believe that the Earth orbits the Sun
daily and instead understand that this occurs on an annual basis (Briggs et al., 2006s)).

In most psychometric models the assumption is that the variables in the student model represent latent
traits that are “fixed” at the time of taking the test. This assumption might not hold in innovative simulation-
based assessments because students’ knowledge or ability may change as they interact with the test
environment. In other words, students may be able to learn during the assessment. This opportunity to
learn during the test depends largely on the degree to which explicit and implicit feedback is integrated in
the assessment tasks and environment (see Chapters 7 and 9 of this report for more on the design and
implications of providing feedback as an intentional assessment design choice). Measuring the occurrence
of learning within an assessment can help to identify those students who are more prepared for future
learning. As discussed in Chapter 2 of this report, one core feature of next-generation assessments
consists of shifting the focus of assessment from the reproduction of acquired knowledge to students’
capacities to learn from new situations and using resources.

One issue this raises is how learning dynamics can be represented within a student model. Arieli-Attali and
colleagues (20199)) have proposed to include additional “learning layers” for each of the three ECD models
in order to describe the dynamics of change from one state of knowledge to another in digital environments.
In their iteration of ECD, the “Student-Change model” specifies sequences of knowledge students are
expected to acquire in the test environment and the processes they need to enact in order to move along
this sequence. The sequence of knowledge components can be defined in terms of knowledge precursors
needed to perform a given practice in the student model. For example, sentence comprehension relies on
word identification, which in turn relies on letter recognition. The Knowledge-Learning-Instruction
framework developed by Koedinger, Corbett and Perfetti (2012}10)) indicates three kinds of learning
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processes: 1) memory and fluency building; 2) induction and refinement; and 3) understanding and
sense-making. Specifying which kind of process is needed across all the learning sequences in the
student-change model guides decisions about the scaffolding to include in the assessment environment.
For example, if the focal learning process is fluency building, the environment should provide multiple
opportunities to practice the relevant operation. In contrast if the focal learning process for a different KSA
is understanding and sense-making, then the system should provide explanations and examples (Arieli-
Attali et al., 20199)).

The task model

The task model defines the set of situations in which test takers can demonstrate their KSAs. It indicates
appropriate stimulus materials, tasks and affordances, and clarifies variables that affect task difficulty as
well as describes the work products that proficient students are expected to achieve (Mislevy et al.,
2010p11)). The task model is closely connected to the student model as the tasks should be designed to
elicit evidence for the KSAs. Multiple task models are possible in any given assessment, and different
dimensions of proficiency might be best measured through different families of tasks.

Informative task models can be represented in different ways. One useful approach involves defining a
Task-Model Grammar (TMG) following the principles of assessment engineering (Luecht, 201312)). The
TMG approach provides an explicit description of: 1) the combination of KSAs needed to solve the task;
2) the types of declarative knowledge components that are typically used to challenge the examinee; 3)
the complexity of the task components (e.g. investigating one simple variable vs. a complex system); 4)
auxiliary information, resources or tools that should be embedded in the task; and 5) other relevant
properties or attributes associated with each of the above components that might affect item difficulty.

There are no specific boundaries as to what constitutes an appropriate task. New ideas for engaging tasks
are constantly emerging as information, interactivity and gaming technologies become increasingly
integrated in assessment. Scalise and Gifford (2006(13]) presented a taxonomy of task formats in computer-
based testing, largely distinguished by response type and level of interactivity. In this taxonomy, multiple-
choice items represent the “most constrained” end of the taxonomy while presentations and portfolios
represent the “least constrained” task formats; between them lies a range of other types of tasks including
selection/identification, reordering/rearrangement, substitution/correction, completion and construction
tasks. Chapter 7 of this report also presents a taxonomy of three broad task formats enabled in technology-
enhanced assessments centred rather on the user experience and problem type presented to students.
These three task formats include non-interactive problems, interactive problems with tools and immersive
problem environments. Designers of complex assessments can draw on any of these technology-enabled
task types when conceptualising their task models.

Unlike in standard assessments, evidence-bearing opportunities in complex assessment tasks are not
limited to how students respond to pre-defined questions. Evidence of relevant KSAs can also be extracted
by observing what test takers decide to do (or not) in a simulation or game — often referred to as “stealth
assessment” (see Shute, Rahimi and Lu (201914)) for a review). For example, Wang, Shute and Moore
(201515)) embedded an assessment of problem solving within the game Plants vs Zombies. The goal of
the game was to protect a “home” base from zombie invasion by growing different types of powerful plants;
to grow the plants, players needed to collect sun power by planting sunflowers. In this stealth assessment,
players could demonstrate they “understand the givens and constraints in a problem” (one of the four
variables in the student model) if they decided early in the game to plant sunflowers, as this action
demonstrated that they understood that a lack of sun power was the primary constraint in the game. There
was no explicit question in the assessment to elicit this behaviour; rather the relevant observables were
obtained by tracking the sequence of test taker actions together with the corresponding changes in the
game state. In games or simulations that are explicitly designed for assessment — see also the SimCityEdu
example from Mislevy et al. (201416)) described in Box 3.1 (Chapter 3 of this report) — an essential part of
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task modelling consists of defining the classes of actions that could be taken for each possible game state
and associating these contextualised actions to unobservable KSAs (including no action taken at all).

When the focus of assessment is just on measuring how well students know or can do something at a
given point in time, then there is no real need to incorporate feedback or scaffolds in the task. However,
as already discussed, innovative assessments might want to make claims about how students learn in
authentic problem situations where they have access to resources and support. In the extended-ECD
model developed by Arieli-Atteli and colleagues (20199)) and applied to the Holistic Educational Resources
and Assessment (HERA) system for teaching and assessing scientific thinking skills, a new layer called
the “Task-Support” model specifies the types of support that should be provided to students to facilitate
their engagement in the learning progress(es) outlined in the “Student-Change” model. Three types of
learning supports are offered after student errors: 1) “rephrase” (i.e. a rewording of the question that
explains in more detail what is expected); 2) “break it down” (i.e. providing the first of several steps required
to answer the question); and 3) “Teach me” (i.e. a written or visual explanation of the main concepts and
operations required with illustrative examples).

Other ways to provide opportunities for learning exist that can be either on-demand or prompted by specific
actions and outcomes in the environment (see, for example, Chapter 9 of this report). These resources
must be designed with the same level of rigour that is put into the design of the task itself, establishing
explicit connections to the claims one wants to make about students’ use of these resources. For example,
if the assessment aims to evaluate how students acquire fluency in a given skill (e.g. interpreting two-
dimensional graphs), then providing them with a sequence of practice exercises focusing on that specific
operation would be a justified resource. However, if the interest is rather on how students learn through
transfer (i.e. applying concepts and skills to novel situations), then making worked examples available
might represent a better way to provide scaffolding that is aligned with the assessment arguments.

The evidence model

Evidence models are the bridge between what students do in various situations (as described in task
models) and what we want to infer about students’ capabilities (as expressed in the student model
variables). They specify how to assign values to observable variables and how to summarise the data into
indicators or scales. The evidence model actually includes two interrelated components: evidence rules
and the statistical model.

Evidence rules associate a score to student actions and behaviours. Formulating such rules is rather
straightforward in traditional and non-interactive assessments, particularly when multiple-choice items are
used. However, more complex performance tasks require assessment designers to describe the
characteristics of work products or other tangible evidence that domain experts would associate with the
KSAs in the student model (Mislevy, Steinberg and Almond, 200317;; Mislevy and Riconscente, 20061)).
In simulation- or game-based assessments, evidence rules often rely on interpreting actions and
behaviours that are recorded as process data (see Chapter 7 of this report for a description of different
sources of process data). However, interpretation is susceptible to error as actions in digital environments
can often be interpreted in different ways. For example, observing that a test taker interacts with all the
affordances of a simulation environment could be interpreted as demonstrating high engagement (i.e. the
student confidently explores possibilities) or, conversely, high disengagement (i.e. the student does not
engage meaningfully with the task). Defining evidence rules in open and interactive environments therefore
requires: 1) reconstructing the universe of possible actions that the test taker can take and classifying them
into meaningful groups; 2) defining the extent to which actions depend on the state of the simulation (and
thus on previous actions); and 3) using this information to identify sequences of contextualised actions that
demonstrate mastery of the target KSAs and that can be transformed into descriptive indicators or scores.

In the process of defining evidence rules for complex assessments, it is fairly frequent that designers have
to revise their task designs — either to add affordances to capture targeted actions or to make the
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environment more constrained to reduce the range of possible actions and interpretations. An iterative
cycle of empirical analyses and discussions with subject-matter experts is therefore essential for evidence
identification in interactive environments. This process often combines a priori hypotheses about the
relationships between observables and KSAs with exploratory data analysis and data mining.

Mislevy et al. (2012[1s)) describe this interplay between theory and discovery for an assessment activity
involving the configuration of a computer network. The researchers ran confirmatory analysis on a set of
scoring rules defined by experts that considered characteristics of test takers’ submitted work products (for
example, a given section of the network is considered “correct” if data successfully transfer from one
computer to another). They complemented this evidence from work products by applying data mining
methods to time-stamped log file entries. This analysis identified certain features including the number of
commands used to configure the network, the total time taken and the number of times that students
switched between networking devices as additional potential evidence that could be combined into a
measure of efficiency.

The second component of the evidence model is the statistical model that summarises data across tasks
or assessment situations in terms of updated beliefs about student model variables. The objective in the
statistical model is to express in probabilistic terms the relationship between observed variables (e.g.
responses, final work products, sequences of actions, etc.) and a student’s KSAs. Modelling specifications
described in the assessment framework provide a basis for operational decisions during test construction
such as deciding how many tasks are needed to make defensible conclusions based on test scores.

The simplest measurement models sum correct responses to make conclusions on competence
proficiency. More complex measurement models use latent variable frameworks, for example item
response theory (IRT) (de Ayala, 200919;; Reckase, 200920]), diagnostic classification models (Rupp,
Templin and Henson, 2010p21;)) and Bayesian networks (Levy and Mislevy, 200422;; Conati, 2002j23)). A
Bayesian network is a graphical representation of the conditional dependencies between observables and
variables (nodes), and they constitute a particularly effective way of specifying, estimating and refining a
measurement model in complex assessments. The conditional probability distributions of each variable
are initially set following the opinions of domain experts and then refined empirically as data are
accumulated. As indicators are produced by students (as defined in the evidence rules) their scores
increase with respect to the relevant node of the student model, which then propagates through the network
to increase the probability for the student’s overall proficiency. Bayesian networks can also be combined
with other analytical techniques (see Chapter 8 of this report for more on hybrid analytical models that
combine strengths from different techniques).

Both the evidence rules and the statistical model can take into account the possibility of learning during a
resource-rich assessment. If learning supports are available (e.g. hints, worked examples, scaffolds, etc.),
students’ decisions to use them can be modelled to make inferences about learning skills. Specific
evidence rules are needed to specify how use of the learning supports can be interpreted as evidence of
productive learning behaviour; these rules likely need to be conditional on the state of the test environment
at the moment the student accesses the support. For example, the decision to consult a hint can be
interpreted as evidence of productive help seeking only if the student has made (unsuccessful) attempts
to solve the task on their own. In terms of the statistical model, changing levels of proficiency can be
represented as a Hidden Markov model. The input-output structure of a Markov model allows for estimating
the contribution of each support to a change in the latent KSAs, based on the change in the observed work
product following the use of a support (Arieli-Attali et al., 20199)).

An illustrative example: The PISA 2025 Learning in the Digital World assessment

The previous sections of this chapter have underlined that assessment design is a complex process of
decision making and iteration, guided by relevant theory, constraints, data collection and analysis. To
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illustrate the complexities of this process using a tangible example of a complex assessment, this chapter
provides a short overview of the decisions taken during the framework (and instrument) development of
the PISA 2025 Learning in the Digital World (LDW) assessment. An interdisciplinary group of experts,
coordinated by the OECD, led these decisions.

Domain analysis for LDW

Preparing the LDW assessment involved addressing a number of key questions, taking into account the
specific constraints of the PISA test — namely: 1) What is the intended purpose of the test? 2) What type
of learning is valued in the test? And 3) what concepts and practices are students expected to demonstrate
and learn during the assessment? The purpose of the LDW assessment is to provide comparative, system-
level data on students’ preparedness to learn and solve open problems within digital learning
environments. The focus of the assessment is motivated by the proliferation of digital learning resources
and the rapid increase in their use as a result of the COVID-19 pandemic. However, while the potential of
digital tools for empowering learning is broadly recognised in the literature and in the field, there is still
insufficient evidence on whether students around the world are prepared to use these tools effectively.

Assessing how students engage in a learning process first requires identifying the type of learning we want
to observe. The expert group decided to anchor the assessment in constructivist theories of learning.
Constructivism is built on the belief that learners need to be active participants in the creation of their own
knowledge and that students learn better if they possess a schema on which to build new understanding
and link new concepts (National Research Council, 2000p24]). Social constructivists extended these ideas
and emphasised the importance of interactions with other people and systems during learning. They
contend that understanding is not constructed alone or within a vacuum but rather “co-constructed” through
socially negotiated interactions with other people or objects. Assessments based on constructivism move
away from focusing on discrete pieces of knowledge towards examining the more complex process of
knowledge creation with external tools and resources, such as how individuals learn during effective,
inquiry-based learning. For the LDW assessment, the expert group decided to focus on how well students
can construct new knowledge and solutions through interactions with virtual tutors and digital tools.

Constructivism assigns a central importance to self-regulated learning and metacognition. Self-regulated
learning (SRL) refers to the monitoring and control of one’s metacognitive, cognitive, behavioural,
motivational and affective processes while learning (Panadero, 201725)). Metacognition refers to the ability
to monitor one’s understanding and progress and to predict one’s capacity to perform a given task (Connell,
Campione and Brown, 19882¢)). Assessments that incorporate elements of metacognition ask students to
reflect on what worked and what needs improving. From a design perspective, generating observations on
SRL and metacognitive processes requires identifying problems that can only be solved through multiple
iterations and developing test environments that include tools for monitoring and evaluating progress as
well as providing feedback.

A key question during the domain analysis concerned what exactly students should learn and with what
digital tools. In the digital world, tools abound that support the kinds of active and situated learning
experiences that define constructivist approaches (see also Chapter 9 of this report for a more detailed
description of the tools used to support self-regulated learning in the LDW assessment). Millions of
students around the world design digital animations in Scratch (Maloney et al., 201027]) or explore scientific
phenomena using PhET Interactive Simulations (Wieman, Adams and Perkins, 200825)). The experts
referred to these practical examples from science, technology, engineering and mathematics (STEM) fields
when imagining the type of work products that students should construct in the assessment as evidence
of learning. Increasingly available evidence on how students’ work with these tools also provided important
empirical and theoretical references for defining the practices of proficient students and the typical
struggles of beginners (see Brennan and Resnick (20122q)) for an analysis of work practices in Scratch
and de Jong, Sotiriou and Gillet (201430;) for an analysis of students’ learning processes with scientific
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simulations). The opportunity to rely on an established body of evidence on instructional design and
learning progressions led the expert group to focus on the scientific practices of experimentation, modelling
and design of algorithmic solutions as the “objects of learning” through which students could solve
problems or understand complex phenomena. In those practices, it was deemed relatively easy to identify
concepts and operations, such as the control of variable strategy or the use of conditional logic, that
students could practice and “learn” in the short assessment time available.

Domain modelling for LDW

Domain modelling is essentially about defining assessment arguments. The LDW assessment aims to
make multiple claims including: 1) Can students construct, refine and use models with the support of digital
tools? 2) Can students define and apply algorithmic solutions to complex problems? 3) Do students seek
feedback on their work or seek help when they are stuck? And 4) can students accurately evaluate their
knowledge gaps and progress as they engage with complex challenges?

Let’s consider the first of these claims in order to demonstrate how it can be represented through a design
pattern for the LDW assessment (Table 6.1). As described earlier in this chapter, design patterns support
test developers by providing a narrative description of the situations that the test should present to students
as well as describing the core skills for which observables have to be generated, those that are not central
to the claim but might affect performance, and the characteristic and variable features of possible tasks.

Table 6.1. Design patterns for the practice of modelling in the PISA 2025 LDW assessment

Modelling is a core practice in scientific reasoning, but students rarely engage in modelling during compulsory
education. Computers make modelling more accessible and meaningful to learners, in particular novices. Observing
how students build, refine and use computational models provides relevant and interpretable evidence on how
capable students are to create their own knowledge and understanding of complex phenomena using computers.

e  Understanding the concept of variables, including dependent, independent, control and moderating variables
e  Creating an abstract representation of a system that can be executed by a computer; ensuring that the model
Focal knowledge, skills, functions as expected (e.g. observing behaviours of agents in a simulation based on the model)
and attitudes e ldentifying trends, anomalies or correlations in data
Experimenting using the control-of-variables strategy
Using a computational model to make predictions about the behaviour of a system
Functional knowledge of Information and Communication Technologies (ICT)
ICT self-efficacy
Prior knowledge of the phenomenon to be modelled
Perseverance, conscientiousness and mastery orientation
Student model represents the available information on the real-world situation
Student consults relevant information resources and collects relevant data to set the model parameters
Student modifies an incomplete or faulty model and justifies their modifications
Student identifies model weaknesses
Student uses their model to make correct predictions (given the available data)
e  Students are either provided with information about a real social or scientific phenomenon to model or
Characteristic features of provided with the tools to obtain this information
tasks e The student can check their model by comparing its output with real data
Students can use the model to make predictions

Level of familiarity of the phenomenon to model

Complexity of the ICT tools used for modelling

Student improves a basic model (provided to them) or builds the model from scratch

Student must find relevant data (in an information resource) or generate their own through experimentation
Number of variables to be modelled and structure of the system (simple vs. multi-level)

Limited time to learn how to use the modelling tool

Constraints and e  Limited time to learn unfamiliar modelling concepts (e.g. control of variable strategy)

challenges o Large differences in prior knowledge in the target student population, meaning it is difficult to appropriately
challenge all students on the same task

Rationale (warrant)

Additional knowledge,
skills, and attitudes

Potential observations
and work products

Variable features of tasks
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The student model in LDW

The domain analysis indicated that students can construct scientific knowledge and solve problems using
digital tools if they master a set of computational thinking and scientific inquiry skills, can effectively monitor
and evaluate their progress on a knowledge construction task, and can maintain motivation and manage
their affective states. The student model for the LDW assessment is thus composed of three interconnected
components: 1) computational and scientific inquiry practices; 2) metacognitive monitoring and cognitive
regulation processes; and (3) non-cognitive regulation processes. Within each of the components, there
are several facets (constituent skills).

Figure 6.4. Student model for the PISA 2025 LDW assessment

Conduct
experiments &
analyse data

Learning

in the : Monitor
digital world Build progress
& debug & adapt
computational
artefacts

Decompose
problems & Evaluate S
recognise patterns Konleiac e W ETET]

: performance task engagement
Reporting
- = performance scale

= more descriptive (not v Manage
‘ part of performance scale) affective states

Source: OECD (forthcomingjs1)).

Figure 6.4 illustrates the current version of the student model for the LDW assessment. At the core of the
student model lies the construct, defined as “the capacity to engage in an iterative process of knowledge
building and problem solving with digital tools” (OECD, forthcomings1)). This definition of the construct with
the notion of learning (“knowledge building and problem solving”) at its core indicates that the assessment
should not only provide measures of students’ mastery of each of the constituent skills but also evaluate
the extent to which students can progress towards their learning goals during the assessment.

Construct maps are currently being assembled for each of the facets of the student model (i.e. conduct
experiments and analyse data, build and debug computational artefacts, etc.). The assessment
development team is using data from observational studies and pilot tests to confirm initial hypotheses
about what students are capable of doing at incremental levels of proficiency for each of the facets, and to
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identify common errors and misconceptions at each level. Similarly, the team is working on defining the
content and processes of learning that can occur during the assessment. This exercise is complex as the
learning gradient depends to some extent on the initial level of knowledge of the student (i.e. students who
start with a low level of initial knowledge might find it easier to progress using the learning resources in the
assessment).

Task models for LDW

The development team identified two main typologies of units for this assessment. Units are sequences of
tasks that are connected by the same scenario or learning goal. In the first type of unit, students construct
an algorithm using different tools such as block-based programming or flow charts to solve a problem. In
the second type, students represent and experiment with variables using a computational model that they
can use to solve problems and make predictions (e.g. building an executable concept map where any
change in one variable propagates to other linked variables). Drivers of complexity have been identified
for both typologies of units (see Table 6.1). These relate to the accessibility of the digital tool that students
are asked to use, the familiarity of the context of application, the intuitiveness of system dynamics and
relationships between variables (in modelling tasks), and the complexity of the final product (in modelling
tasks, the number of variables to experiment with or the presence of complex relationships such as
moderating or random variables; or in programming tasks, the need to use complex control flows such as
nested loops).

The team also worked on the definition of learning resources that could be standardised across test units.
On one hand, these resources need to be useful so that students have an incentive to consult them; on
the other hand, resources need to encourage transfer of concepts and should therefore avoid reducing the
cognitive demand of the problem too much or directly giving students the solution. The experts decided to
address this complex trade-off by choosing “worked examples” as the main learning resource. The worked
examples provide an indication of how similar problems can be solved but students still have to transfer
what they see in the example to a different context. Other opportunities for learning are provided by
affordances to test programs and models or to check the correctness of one own’s solution after
submission.

The aim of generating observables to evidence learning processes also demanded an innovative
organisation of the unit. While discrete skills can be efficiently assessed through short and targeted
questions, the process of knowledge construction can only be assessed through more extended tasks
where students have opportunities to build on their initial understanding. Each unit has thus a duration of
approximately thirty minutes and is organised as a series of phases. At the beginning, a virtual agent
introduces the overall learning goal of the unit, framing the experience as a tutoring session (e.g. “I'm going
to teach you how to...”). After this introduction, the students complete a pre-test that aims to measure
students’ prior knowledge of the concepts and operations they will have to learn and apply in the unit. The
third phase is a tutorial, where students are familiarised with the core functionalities and learning
affordances of the digital learning interface. The fourth “learning phase” contains a series of discrete,
carefully scaffolded and incrementally more complex tasks, the latter of which requires students to apply
what they have learnt throughout the whole unit to a complex and multi-step problem. After the time
available for learning and problem solving has expired, students complete some self-evaluation questions
and report on their affective states during the unit. This complex design aims to immerse the students in
an authentic digital experience where they are motivated to learn new things. Each unit contains a well-
defined set of concepts and operations that students are expected to master following a coherent
instructional sequence, starting from basic and progressing towards more complex applications. Two
detailed prototype units are included in the framework to guide test developers in the application of these
design decisions to the assessment tasks (OECD, forthcomings1).
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Evidence model for LDW

The evidence needed to make claims on students’ proficiency in the target KSAs is collected by checking
the correctness of their responses to explicit questions in the learning and challenge phase, assessing the
completeness of their work products (i.e. programs and models), and examining the strategies they
followed as they worked as revealed by sequences of process data (log files). The LDW framework
includes detailed evidence rules tables that describe how the observables above should be interpreted for
scoring.

Some uses of process data for scoring are relatively straightforward. For example, in the modelling units,
process data are used to check whether students completed all the steps required such as conducting a
sufficient number of experiments to make an evidence-based conclusion on the relationship between two
variables. Using process data is essential but much more complex for evaluating and interpreting SRL
actions, given that any potential evidence of SRL behaviours must be evaluated in the context of the
students’ previous and following actions as well as the state of the environment when the action takes
place. For example, the action of seeking help from the LDW tutor is considered evidence of proficiency in
the facet “monitor progress and adapt” only if the student needs help (i.e. the student does not immediately
seek help at the beginning of the task without first attempting to address the task) and only if the student
does what the tutor recommends (where this is possible). The team has developed complex evidence rules
for SRL actions that condition the scoring of potential evidence in this way. These evidence rules will also
be complemented by applying data mining methods to pilot data to uncover other potential evidence of
coherent SRL behaviours.

The statistical model used in this assessment will necessarily be more complex than those used in previous
PISA tests. The main challenges in the LDW assessment lie in the local dependency of the measures (i.e.
the tasks are not independent). Students’ behaviours and actions in earlier tasks will likely influence
subsequent performance. For example, those who carefully follow the tutorial and initial learning tasks are
expected to perform better in the latter more challenging tasks. This violates the assumption of local
independency of standard IRT models, requiring instead a model that is flexible and robust enough to
account for dependencies across task observables.

Another complexity in defining the statistical model arises from the generation of non-random missing data.
Some of the indicators for SRL are based on the choice of consulting learning resources; however, this
choice is observed only for a fraction of self-selected students (i.e. those who struggle on the task are more
likely to seek for resources). Tree-based item response models (IRTrees) represent one option that is
being evaluated to address these issues of dependencies and non-random missing data (Jeon and De
Boeck, 201532;). IRTrees models can deal with the dependence between observables that arise within
extended tasks by capturing sequential processes as tree structures, where each branch finishes with a
binary end-node. Alternative modelling approaches using dynamic Bayes nets are also being considered.

Conclusion

Thanks to progress in technology, it is now possible to build complex simulation environments that mirror
or extend the real world and enable students to engage in the processes of making, communicating and
interacting. Assessments using games, simulations or other digital media have the potential to generate
better measures of deep learning, attitudinal beliefs and motivations, and thinking skills. In the context of
international large-scale assessments, these technology-enabled innovations can serve to evaluate the
efforts of education systems to support 21st Century competencies in more valid ways. However, designing
new assessments in these dynamic environments is a complex exercise: designers must address multiple
interconnected questions at the same time as confronting multiple uncertainties, ranging from the definition
of the assessment arguments to the identification of statistical models that can deal with multidimensional
and dynamic constructs.
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Even more so than in assessments of established domains like reading and mathematics, the defensibility
of any decision resulting from test scores crucially depends on early collaborative efforts to establish a
solid assessment framework. As pointed out by Mislevy (201333), close collaboration from the beginning
of the design process is needed among users of the results (who understand the intended purposes of the
assessment), domain experts (who know about the nature and progression in the target skills, the
situations in which these skills are used and the behaviours that can be considered as evidence for these
skills in these situations), psychometricians (who know about the requirements to achieve defensible
reporting metrics), software designers (who build the infrastructure to bring the assessment to life) and
user interface (Ul) experts (who make sure that the assessment environment is intuitive to navigate). Not
even the best and most complete team of designers can get everything right on the first iteration: by
necessity, the design must be iterative and build on information collected through observational studies
and small-scale validation efforts.

The design of the PISA LDW assessment has followed these principles and used the tools of ECD as
described in this chapter. This was possible because more time and resources were available to develop
the assessment framework and to undertake multiple design iterations following cognitive laboratories and
pilot data collections than in previous PISA assessments. By articulating the complexity of design decisions
behind an innovative test such as LDW, this chapter hopes to increase awareness about the fact that
technology will deepen what we assess only if we multiply our efforts to learn how to use it within an
evidence-centred framework.
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Z Designing innovative tasks and test
environments

By John Sabatini and Xiangen Hu
(University of Memphis)
Mario Piacentini and Natalie Foster

(OECD)

Next-generation assessments of 21st Century competencies should confront
students with relevant activities that are situated within authentic contexts of
practice. This chapter unpacks the contemporary assessment designers’
toolbox: it discusses how modern digital technologies can innovate
assessment task formats, test features and sources of evidence to allow
more interactive and immersive problems that are adaptive, include
resources for learning and provide affordances for students to make choices.
The chapter presents a framework that sets out technology-enhanced
assessment task design possibilities and discusses the potential validity
challenges and trade-offs that assessment developers will face when
incorporating such innovations.
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Introduction

Motivating the need for change in assessment design, How People Learn | and Il (National Research
Council, 19991;; National Academies of Science, Engineering and Medicine, 20182) reviewed and
described the multiple ways that individuals learn in distinct disciplines and domains on a trajectory towards
expertise, mastery or proficiency. The result of successful learning is the ability to flexibly call upon one’s
knowledge and skills to identify and solve simple and complex problems in a domain — sometimes as an
individual, sometimes collaboratively. As also argued elsewhere in this report (see Chapter 2), multiple
voices in the field of assessment have applied this cognitive or learning science perspective to test design,
proposing frameworks and models for transforming assessments from measures of static knowledge into
measures with the twin purposes of evaluating an individual's position on a scale of expertise and drawing
inferences about the kinds learning or instructional experiences that will likely advance them on this
trajectory (Mislevy, 20183; 2019y4;; Mislevy and Haertel, 20075;; Pellegrino, Chudowsky and Glaser,
2001ey; Pellegrino, Baxter and Glaser, 1999).

Assessing successful learning requires emulating the conditions in which knowledge and skills are applied.
However, educational assessments have not always relied on the kinds of authentic tasks that enable one
to evaluate the full range of constructs associated with a given competency — in part because the technical
capabilities to instantiate such a vision at scale have been slow to emerge. Educational assessments,
particularly large-scale standardised tests, have been designed within a set of constraints — for example
printing and transporting costs, test security, test environment, testing time and cost of scoring — while at
the same time needing to satisfy technical psychometric standards of reliability, validity, comparability and
fairness. Many of the features of “traditional” test design, administration, scoring and reporting (e.g.
multiple-choice items) have taken shape because of such constraints (OECD, 2013p)) and led to a
predominantly paper-and-pencil testing regime administered in a single (often lengthy) session. Actual
performance assessments were instead restricted to areas like the fine arts or spoken language and the
need for one-on-one administration conditions and expert judge appraisal rendered them prohibitively
expensive for use at scale. These various constraints have all contributed to delimiting the prospect of
building the types of assessments called for by the learning sciences.

However, many of these constraints in test design and administration either no longer apply, have been
transformed or can be relaxed in large part due to technological and data analytic advances (see Chapter
5 of this report for an overview). In particular, the digital toolbox available to test developers now
dramatically expands assessment design opportunities and affordances. For example, digital technologies
create affordances for making the test experience less artificial (recall bubble-fill scantron answer sheets)
and more face valid by approximating or simulating the situations or contexts in which target knowledge,
skills, abilities and dispositions are used in real life. However, core steps in the assessment design process
and validation of evidence remain conceptually the same and necessary to ensure that quality test results
are produced.

The preceding chapter (Chapter 6) detailed the core components of an Evidence-Centred Design (ECD)
approach for making coherent and robust assessment design decisions, including defining the student
model (i.e. the variables that we want to measure as they determine performance in a domain), the task
model(s) (i.e. the situations that can elicit observations and potential evidence of such performance) and
the evidence model (i.e. the scoring and accumulation of evidence to draw inferences about proficiency).
In this chapter, we zoom into the task model component. We describe how technology-enabled innovations
are or could be applied to enhance several aspects of task design — namely, task format, test features and
sources of evidence — with the goal of eliciting and generating better evidence of what individuals know
and can do.
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Using technology to enhance task design

Assessment tasks should be designed to call upon the knowledge, skills, strategies and dispositions
required to perform activities in the target domain, thus reflecting the student model. Key to this goal is
what test takers encounter in a test: what they are expected to do, what they are able to do and the
conditions in which they are expected to do it. Good assessment tasks should also be designed in
anticipation of the subsequent interpretive and validation arguments both in terms of the information to be
captured as potential evidence and how this evidence can be evaluated to produce valid inferences.

In the following sections, we propose a technology-enhanced assessment (TEA) task design framework
that is organised around three main task model elements: 1) task format, or the kinds of problems that test
takers engage with; 2) test features, or the affordances and features that can be enabled and overlaid with
any of the task formats; and 3) sources of evidence, or the different kinds of observations that can be
generated and captured as potential evidence. These elements are represented in Figure 7.1. We discuss
the different possibilities enabled by technology in each of these three elements as well as the implications
on validity of different design choices. In doing so we discuss a number of illustrative examples though by
no means exhaustively cover the emerging possibilities from each cluster.

Figure 7.1. Technology-enhanced assessment (TEA) design framework
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The discussion of the elements in the framework focuses on those possibilities now enhanced or enabled
by TEA. That is not to say that all of the techniques cultivated in the paper-based testing era should be
abandoned; rather, we contend that these types of items and test features are insufficient alone for
measuring the types of complex competences advocated for in contemporary visions of education and
assessment (including those in Part | of this report). The goal here is to highlight TEA task design
possibilities for constructing more authentic tasks and producing potential evidence that can yield more
valid inferences of what individuals know and can do, especially in more complex learning and problem-
solving contexts. While several of the task design innovations we describe have been applied or
researched to some extent in assessment design, to-date most have more extensively been researched
in learning contexts as part of web- or software-based instructional designs.

Task format: Transitioning from static to dynamic to interactive to immersive

Technology-enhanced assessments significantly expand the types of task formats that can be presented
to students. By “task format” we refer to the presentation of the main task content to test takers (i.e. the
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task stimuli) as well as the nature of the task problem with which students are asked to engage. In this
typology we acknowledge a continuum from static, non-interactive task formats to interactive problem-
solving formats with (computational) tools to dynamic and immersive testing environments (see
Figure 7.2). While we identify these three classes of task format made possible through TEA, we
acknowledge that these are broad generalisations and that it is possible to combine features of the three
classes within a single task — particularly when moving towards the more innovative end of the continuum
(e.g. combining non-interactive stimuli like written text or audio recordings within immersive games).

Figure 7.2. Task format continuum in technology-enhanced assessment design
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Anchoring one end of the task format continuum are non-interactive problems. The types of fixed tasks
used in traditional paper-based assessments presenting static written text or visual stimuli (e.g. photos,
drawings, tables, maps, graphs or charts) to examinees can be found in this class of task format. Non-
interactive task formats can also include more dynamic stimuli including audio, animations, video, and
other dynamic multimedia content that are now relatively easy to produce in TEA. While both static and
dynamic stimuli are possible in this task format class, the defining characteristics of non-interactive
problems are that the stimulus material usually provides students with all the information they need to solve
the task, responses often take the form of written or close-ended items with little to no test taker interactivity
possible (beyond perhaps selecting amongst multiple-choice items or drag-and-drop functionality), and the
test environment does not evolve as the test taker interacts with it.

Despite falling towards the “less innovative” end of the task format continuum, dynamic stimuli can
nonetheless provide critical capabilities for enhancing the delivery of test content and therefore for
enhancing validity. For example, well-designed animations or videos can increase engagement, help
examinees to understand sequences of steps or actions when forming a mental model in domains such
as science, and replace long written texts to reduce cognitive load and the dependency of test performance
on reading skills. However, using richer media representations compounds the validity implications that
should be considered. For example, there is a rich literature on the limitations and challenges students
have in interpreting media, how/whether the media relate to textual descriptions, and generally skills in
comprehension and interpretation of non-written stimuli (Mayer, Heiser and Lonn, 2001g)).

Related, the TEA framework encompasses a vast range of assistive technologies including tools for
magnification, guidelines for labelling visuals for text-to-speech capabilities, or the converse for speech-to-
text functions. Deciding whether the examinee should have control over assistive technologies also has
potential validity implications in terms of altering the cognitive demands of the task or creating unequal test
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conditions depending on whether the examinee chooses to use them. For example, text-to-speech may
benefit a struggling reader in a writing task but if the ability to read text is considered a pre-requisite
proficiency to writing skills, then it can bias inferences of ability. Thus, while new task formats may provide
new opportunities to enhance task presentation and accessibility, increase engagement and reduce
cognitive load, these issues need to be investigated as part of any test validation processes.

Interactive problems

While non-interactive task formats may ensure a more uniform experience for test takers, these task
formats can ultimately lack face validity especially when trying to replicate and assess behaviours in real-
life problem situations. One major advantage of TEA is the ability to create or simulate interactive problem-
solving scenarios that characterise more complex types of performances. These types of task format are
more open and responsive to test taker actions and behaviours. They are typically multi-step, involve the
use of computer applications, tools or search engines, and usually require navigation within and across
screen displays.

The types of applications or tools now enabled in TEA environments are numerous and varied. As a simple
example, consider word processing applications: they enable users to make notes and highlight text but
can also assist with complex writing tasks beyond simply typing and formatting by correcting spelling,
anticipating word selection, making recommendations to improve grammar, and providing tools like a
thesaurus and dictionary. Similarly, spreadsheet or calculator applications aid in performing a variety of
numerical and logical operations. Other more complex tools might include information repositories and
search engines or those that enable modelling and simulations. These tools are increasingly used by
students for solving problems in these domains; thus, it could be argued that they should become part of
the assessment environment if we want to capture evidence that reflects real-life performance. In other
words, although including such tools in assessment can scaffold the very skills we have traditionally
assessed without their availability, it makes sense to incorporate them as natural supports in testing
environments in the same way that pencil-and-paper maths tests allowed for the use of calculators.

In addition to providing tools and environments that better reflect contemporary contexts of practice,
interactive problem task formats are necessary for assessing more complex performances. As argued in
Chapter 1 of this report, complex constructs are defined at least in part by behaviours or processes
meaning that tasks targeting their assessment need to generate evidence of how individuals behave in
certain situations and iterate towards a solution (i.e. not only focus on eventual outcomes). Tasks therefore
need to elicit target processes and behaviours in authentic ways — through open-ended and multi-step
problems — and make those behaviours and thinking processes visible by providing students with tools to
make choices and iterate upon their ideas. These task conditions cannot be provided by non-interactive
task formats. In contrast, interactive problems allow students to engage actively in the processes of making
and doing. For example, finite state machines (simple simulations involving fixed inputs, outputs and
states) allow test takers to directly explore relationships and control systems, which can be contextualised
in order to provide evidence about different kinds of problem solving (see the PISA 2012 creative problem
solving assessment (OECD, 201710) for examples in different contexts).

However, greater task openness and interactivity needs to be balanced with construct and practical
considerations such as coverage of the domain or comparability. In other words, tasks that evolve as test
takers interact with them may result in less uniform task experiences and therefore uneven coverage of
the target constructs. This creates challenges in drawing inferences across student populations. Authentic
and interactive tasks might also take more time to complete than simpler static tasks. Therefore, optimal
task design for interactive problem types often involves optimising the trade-off between task authenticity
and constraints, guided by the student model and practical considerations. Highly interactive and open
tasks might adversely influence engagement by increasing the cognitive load for test takers especially if
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not carefully scaffolded and designed in collaboration with user interface and user experience experts
(Mayer, Heiser and Lonn, 20019}; Sireci and Zenisky, 2016(11)).

Interactive task formats will likely create new challenges for conventional approaches to establishing valid
inferences from test scores. The inclusion of applications or tools might unfairly advantage some test takers
over others based on individual differences like digital literacy or familiarity with certain software. Atrtificially
created simulation environments will likely require some pre-training for test takers to fully understand how
to operate them. Similarly, TEA tasks that require navigation and interaction inherently demand a certain
pre-requisite level of familiarity with digital tools. These are all complex problems that will require new
thinking about how to construct and gather evidence for interpretive and validity arguments. In general,
decisions to include any tools and interactivity in tasks require test designers to examine possible sources
of construct-irrelevant variance and consider how pre-requisite knowledge and skills for interacting with
such TEA environments are reflected (or not) in the definition of the target construct.

Immersive problems

Anchoring the opposite end of the continuum (for now) from non-interactive problems are truly immersive
problems. These include simulated lab, immersive games, or 3D modelling and virtual reality
environments. These types of immersive problems allow examinees to navigate through a two- or three-
dimensional rendition of a virtual world, on a screen or via virtual reality (VR) headsets, which give the
illusion of moving through space. The virtual world can be imaginary or real — one can interact with realistic
simulated agents, such as teachers or peer students, or with fictional avatars or animals.

Immersive problems frequently employ game-based elements to enhance motivation as well as scaffold
or control learner experience (Pellas et al., 201812;). One example of this paradigm is the virtual escape
room, where an individual or group navigate a 3D-rendition of a space (room), solving large and small
problems until they acquire the keys (i.e. meet criteria) to escape the room (Fotaris and Mastoras, 201913)).
Shute (2011p141)) embedded an assessment of creative problem solving of this type in the 3D fantasy
videogame Oblivion, where players have to solve quests such as locating a person or retrieving a magical
object. Other examples of these types of assessment problems include simulations used most often for
professional training, such as virtual aviation or medical intervention simulations. These types of tasks are
becoming feasible to design, implement and scale, and one can imagine their increasing integration in
more educational settings.

In addition to concerns about how to investigate validity as discussed for interactive tasks, research also
does not yet show that immersive task formats always improve the measurement characteristics of a task.
Indeed, Harris et al. (2020115)) argue that virtual environments can often confuse the goals of presentation
and function, relying on superficial visual features to “achieve” fidelity that are not the key determinants of
validity. For example, face validity also requires that the structural and functional features of virtual
simulations (e.g. how user inputs and behaviours relate to simulation outcomes) replicate those of real-life
situations. It remains paramount that tasks in the virtual world are sensitive to variations in performance
between individuals (e.g. real world novices and experts), that they truly reflect and capture the use of
knowledge and skills targeted in the student model (i.e. that they have construct validity), and that
gamification or virtual immersion used to increase motivation and authenticity do not adversely distract
from the task at hand (both literally for the student and figuratively speaking in terms of the assessment
goal). Studies that demonstrate transfer from the test environment to real life applications of skills are as
critical for establishing support for valid claims from immersive outcomes (i.e. predictive validity) as they
are for traditional assessment designs.

Test features: Adaptivity and feedback

The second group of considerations relates to test features enabled by TEA. Here we discuss two specific
features: 1) adaptivity; and 2) the provision of feedback and resources (Figure 7.3). Test features refer to
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affordances or characteristics that can be overlaid with any of the task formats described in the previous
section, in more or less transformative ways depending on explicit choices of assessment designers.

Figure 7.3. Test features in technology-enhanced assessment design
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Digital test delivery provides significant opportunities for integrating computer adaptive testing (CAT). In
CAT designs, decision rules or algorithms select test items from an item pool for individual examinees.
Techniques for implementing psychometrically viable adaptive designs have been established and refined
for several decades; indeed, CAT (in its various formats) is one of the most researched innovations in test
design since seminal work by Wainer and colleagues (2000;16)). CAT requirements often demand large
item pools that are pre-calibrated using models such as item response theory (IRT) and the establishment
of appropriate constraints. In this way, different examinees may take different items, but their scores are
placed on a common scale. In large-scale testing, this type of adaptivity has been based largely on
efficiently estimating the proficiency of an individual on a scale, and the selection of items is based on a
set of constraints such as domain sampling and an estimate of ability calculated from performance on
previous items.

Various CAT designs, with varying degrees of adaptivity, have been researched and implemented in large-
scale assessment. Simpler adaptive designs utilise single or multi-stage branching: in these designs, test
items are grouped into modules that differ in test item difficulty. There is typically one module in Stage 1,
after which a computer algorithm selects one of the available modules in Stage 2 for examinees to sit next
depending on their performance in Stage 1. Several designs are possible: there can be several modules
within a stage, and multiple stages in a test (depending on module and test length); and different algorithms
can be used to make branching decisions between stages. What these designs share is that adaptivity
essentially occurs at the stage-level rather than the item-level. Other designs employ on-the-fly adaptivity,
where adaptivity does occur at the item-level (i.e. each item is tailored to the student on the basis of their
performance on previous items).
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One advantage of single- or multi-stage adaptive testing (MSAT) over item-level adaptive testing is that it
allows modules to include larger and more complex task formats that have their own internal naturalistic
logic for items contained within the task. Such tasks may not be compatible with on-the-fly CAT designs.
The strength of on-the-fly CAT approaches are that they are efficient in the delivery of items for the given
constraint set within examinees’ ability range. Consequently, such designs may provide a more precise
estimate of ability per unit of test time. The weakness of basing next item decisions solely on performance
is that it can result in reduced construct coverage as well as an arbitrary (rather than cohesive or thematic)
trajectory through the content domain — thus highlighting the importance of the constraint set in any CAT
design. Recent advances in CAT may help to address this issue by integrating hybrid measurement models
— in other words, using techniques for modelling embedded construct dimensions such as multiple IRT, g-
matrices, diagnostic modelling or knowledge tracing — which hold promise for measuring multiple aspects
of performance and manipulating subsequent tasks attempted by the test taker. However, these designs
are far less mature than their well-researched counterparts.

Another CAT option is to adapt tasks based on prior choices or actions of the examinee instead of an IRT-
based parameter estimation algorithm. This is akin to the adaptivity typically found in videogames where
the learner explores an open environment, and the environment adapts to their actions and behaviours
within the environment. This design better reflects the reality of contingencies in problem solving
environments and its strengths include greater authenticity, interactivity and adaptivity to learner responses
— and if designed to give examinees some choice or control, it can also enhance engagement. However,
enabling adaptivity fully on the basis of test taker choices can introduce substantial construct-irrelevant
variance if choice is not included as part of the student model. Even in cases where choice is explicitly
assessed, similar issues can arise as with on-the-fly adaptive models without sufficient constraint
mechanisms. Another weakness of internally adaptive tasks is that they may require complex algorithms
to deliver. Techniques for developing such designs quickly and efficiently have not yet emerged, rendering
this type of adaptivity expensive to develop and pilot as well as more difficult to score for the purpose of
standardised assessment. However, innovative assessments might be able to integrate this type of more
complex and multi-level adaptivity by adopting some of the technical solutions already used in videogames
that are designed to maintain player engagement by alternating states of learning and states of mastery
(e.g. presenting a more challenging level or task whenever a simpler one is completed).

Feedback and resources

Feedback continues to be a frontier concept in assessment despite its prevalence and use in learning
systems. Metacognition and self-regulation have become important concepts in psychology and the
learning sciences. Metacognition refers to monitoring one's own cognitive processes and progress towards
achieving a goal (Azevedo and Aleven, 201317;; Hacker, Dunlosky and Graesser, 2009;1g)). Self-regulated
learning refers to the regulation of one’s cognitive and affective behaviours while executing a task including
planning, setting goals, enacting and adapting strategies, and maintaining engagement and motivation
(Panadero, 201719)). As argued in Chapter 2 of this report, iterative feedback cycles are central to learning
and problem-solving processes. In the context of building adequate constructs of proficiency and therefore
suitable next-generation assessments of those constructs, tasks need to be able to simulate these iterative
feedback loops by creating opportunities for examinees to interact with feedback and resources.

One advantage of TEA is that test taker actions and responses can be immediately registered in the digital
platform and algorithms can instantly score that data. The simplest form involves solution feedback
mechanisms that inform test takers about the “correctness” of their response(s); these mechanisms could
be triggered on-demand via a choice-based mechanism (i.e. explicitly sought by the test taker) or
automated following a particular event (e.g. submitting a solution). More detailed feedback could also be
provided, for example explaining why a given response is wrong or describing the optimal solution path. In
such cases, especially when followed by allowing the respondent to try to answer again, feedback then
functions as a type of hint or scaffolding. Hints and scaffolding aim to break tasks down into smaller more

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



1139

manageable steps by giving pointed clues or guidance on what the test taker should do or by simplifying
or partially completing the task at hand. In terms of the examinee experience, hint and scaffolding
mechanisms can function similarly to solution feedback mechanisms via a choice-based mechanism (e.g.
a hint button) or an automated action trigger (e.g. number of failed attempts, time delay, etc.).

Feedback, hints and scaffolds can be more or less “intelligent” in terms of the extent to which the support
is tailored to a given student’'s needs. Fixed support (i.e. non-adaptive, where every examinee receives
the same support regardless of their actions or solution quality) is clearly much simpler and more cost
effective to develop and ensures a greater standardisation of test experience. However, the resulting trade-
off is that such support is unlikely to be useful for all (or even the majority) of test takers; this may then be
counterproductive, adversely impacting test taker engagement or affective regulation (e.g. triggering
anxiety) that might jeopardise the validity of test scores. In closed tasks that employ selected response
types (like multiple-choice items), “intelligent” feedback can be provided through relatively simple if-then
branching based on students’ responses. For example, different explanations might be provided to the test
taker based on their selection of incorrect option (where each option reflects a particular or common
misconception). However, for more open-ended tasks that involve interactivity and constructed responses,
more complex algorithms are required that are capable of discerning solution quality and characteristics in
addition to solution correctness. For example, more advanced analytical techniques may take into account
sequences of prior responses or actions or may use natural language processing (NLP) to evaluate
examinees’ constructed responses, formulate targeted prompts/hints to the examinee, trigger scaffolding
mechanisms or identify misconceptions (see Chapter 10 of this report for more on Al-enabled feedback).

Other learning supports can be provided to test takers through information resources. These might take
the form of static written resources, such as a list of formulas or an encyclopaedia entry, or could be in any
of the multimedia formats now supported by TEA (e.g. videos, animations, audio). More interactive
information tools could also be provided to students, for example simulated or real search engines or
interactive tutorials. In many cases, information resources function similarly to hints (when sought
proactively by students); however, we consider hints as a source of more targeted, task-relevant
information whereas information resources and tools may be less structured, more comprehensive and
may not be task specific. While information resources are potentially less disruptive than other forms of
interventionist scaffolding, hints and feedback, the research on providing optional information resources is
mixed with respect to who uses which types and how effectively (Inglis et al., 201120;). Enabling choices
in the context of providing learning supports in assessment integrates an additional construct in the student
model. Choice therefore needs to be reflected in the understanding of the domain and incorporated into
inferences being made about examinee performance. Perhaps one way to reason about whether to provide
a particular resource is to ask whether a typical individual would have these kinds of resources available
when solving this type of problem outside the test environment.

A third variation of feedback and information resources during assessment is to provide examinees with
conversational tools through which they can engage with an informed or more-knowledgeable other. These
tools can employ scripted or intelligent agents that can serve multiple functions including: 1) providing
expert knowledge, instructions or guidelines; 2) modelling responses; 3) presenting alternative or
contradictory points of view; or 4) reviewing or summarising content to help test takers’ manage cognitive
load. These agents may be personified via names and visuals to give examinees the illusion of interacting
with specific individuals throughout the test experience and can be given specific roles within the task
context (e.g. a peer student, teacher or content expert). One commonly used example in intelligent tutoring
systems (ITS; see also Chapter 10 of this report) is a trialogue design in which a teacher agent and peer
student agent interact with the test taker as they learn content and complete tasks, where each potential
response to the examinee is scripted and a rule-based branching algorithm is used to decide on the most
appropriate response the student receives (Graesser, Forsyth and Lehman, 201721;). In more complex ITS
environments, agents can interact in more “intelligent” (i.e. non-scripted) ways with students through the
Al-based analytical techniques described above. While scripted agents maximise standardisation and
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scalability and minimise costs, intelligent agents can provide a more authentic experience by providing
personalised feedback and enabling students to freely express their ideas (rather than selecting from pre-
defined responses).

It is also possible to imagine cases where human agents (e.g. trained experts) or genuine student peers
can communicate with one another multi-modally (via chat affordances or videoconferencing tools) or by
working collaboratively on shared objects like a simulation; in these cases, genuine interactions can also
constitute adaptive individual feedback or hints. However, in the case of peer-to-peer collaborative
affordances, particularly in a large-scale context, the lack of standardisation over the feedback available
constitutes a key challenge for understanding and making valid inferences from the situation (i.e. the quality
of support available may depend on the proficiency level of one’s peer).

With any of these feedback or resource affordances, decisions over the exact type and nature of support
provided to students should ultimately be guided by the student model and the goal of assessment. For
example, where the use of feedback is considered construct-relevant then assessment designers might
consider it important to embed intelligent feedback mechanisms into tasks so that feedback is always
useful to students. In other words, if all students receive the same feedback regardless of their solution
quality at the time, then there will be some test takers for whom the feedback is not useful and who
therefore cannot demonstrate the targeted skill. Similarly, where test taker choice is construct-relevant
then perhaps an on-demand mechanism is appropriate; however, enabling choice may then preclude
opportunities to observe such behaviours so it may be desirable to also build in some action- or event-
triggered feedback mechanisms.

While any of the above elements may be warranted for inclusion in assessments tasks, especially if
modelled in the domain, a further challenge comes in what scoring models to apply. As noted, research on
these affordances has mostly taken place in the context of instruction. Feedback, learning supports and
knowledge resources can potentially change the knowledge state of the examinee as the test proceeds
therefore influencing an examinee’s performance on future test items. In contemporary psychological
models that incorporate metacognition and self-regulation, and in a world where feedback is a common
and likely aspect of real world problem solving, it seems appropriate that authentic test environments
incorporate feedback in task design. However, in traditional psychometric thought, these might be seen as
violating item independence or interfering with the existing knowledge of the examinee; doing so therefore
requires creating and validating new approaches to measurement models. While some progress has been
made on this front (Levy, 201922]), what remains is for the extensive research that has been conducted on
feedback, scaffolding and resources as learning devices to be conducted in psychometric modelling for
assessment design. For example, in feedback or hint models where the examinee is given more than one
chance to respond, the scoring model might weight answering correctly the first time higher than requiring
the hint or feedback; or it may be that reaching a correct answer — even with supports — warrants full credit.
Close interaction with a psychometrics team during the assessment development process is therefore
critical for understanding how inferences can be made and what inferences can be supported as
measurement claims when integrating such affordances in assessment.

Sources of evidence: Response product and response process data

The final group of elements in the framework relate to the expanded sources of (potential) evidence in
TEA. The palette of potential evidence now goes well beyond traditional multiple choice or constructed
(written) responses that have thus far dominated in large-scale assessment: data collected via TEA can
include all nature of digitised logged responses and actions that can be generated in the task formats and
interactive test design features previously discussed.

One distinction that has entered the conceptual research is between response product data versus
response process data (see Table 7.1). Response processes “refer to the thought processes, strategies,
approaches, and behaviours of examinees when they read, interpret and formulate solutions to
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assessment tasks” (Ercikan and Pellegrino, 2017, p. 2;23). Response processes also go beyond the
cognitive realm, encompassing emotions, motivations and behaviours (Hubley and Zumbo, 201724;). Data
that captures potential evidence of these response processes can therefore be understood as (response)
process data; this typically includes data representing actions or sequences of actions, eye-tracking data
and timing data, as well as data beyond the specific response format such as in-task chats and dialogues
with agents or human collaborators. Any data that might therefore be evaluated in understanding,
characterising or evidencing student’s thought processes, strategies, approaches and behaviours can be
considered process data. Conversely, response products refer to students’ final responses on an
assessment task or a given item. Product data therefore typically refers to data resulting from selected
responses (e.g. multiple-choice items), short or extended written responses, or the final product in a
simulated or performance demonstration.

Table 7.1. Sources of evidence in technology-enhanced assessment

Product data Process data

Various selected response (e.g. multiple choice, true/false, drag-and-

drop, hotspot, efc.) Timing data (e.g. time on task, time to first action, inactive time, etc.)

Written response (short or extended) Intermediate solution states (i.e. those before submitting final solution)

Action logs (e.g. use of affordances, keystrokes, mouse clicks, events,

Spoken response etc.)

Performance response (e.g. level attainment in a game, simulation

state, artefact) Physiological measures (e.g. eye-tracking data)

Product data

The simplest form of product data is generated through selected response formats. Selected responses
are typified by multiple-choice or true/false items that typically present students with pre-defined answer
options (for which there is one optimal solution). Often the choices presented to students include
"distractors" that might appear plausible to (some) students but should not be justifiable as a correct
response. When feasible, distractors should be designed to reflect understanding of students’ mental
models in the content area such that students’ choice of distractors can also provide useful information
about their proficiency level. Integrating some form of adaptive branching can also enable more complex
selected responses whose answer options change on the basis of students’ previous selections (e.g.
asking students to choose an explanation for their previous answer).

TEA designs also have the potential to make selected response type formats more engaging by re-
imagining visual formats and introducing elements of test taker interactivity, for example drag-and-drop
options for filling in tables or graphic arrays, identifying locations on the screen via visual mapping
(hotspots), or highlighting or selecting text or objects in an array. These more interactive variations allow
some degree of active response (i.e. actively rearranging elements into the correct order rather than
choosing from a pre-defined list). Selected responses can also be combined in stealth ways with more
interactive problem types. For example, as part of a simulation-based task a student might be required to
set the parameters for conducting an experiment from a range of possible choices (i.e. they can choose
all that apply in that situation). While in a real world situation there might be one "best" combination of
choices, there are also likely other combinations that are partially correct. In these types of more complex
and open task situations it makes sense to use a scoring rubric that rewards different combinations of
selected response items with different scores.

Despite being more commonly used to produce scores than other sources of potential evidence — both
due to easier interpretation and potential for automation — data generated through selected response types
have some significant weaknesses in terms of validity. Because answers are (at least to some extent) pre-
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defined, test takers may guess the correct answer. These response types also cannot provide direct
evidence of production skills. In contrast, constructed response formats necessarily require students to
engage in some kind of a production activity and consequently are far less susceptible to unduly rewarding
or eliciting guessing behaviours. However, constructed response formats and performance tasks require
greater engagement and motivation on the part of test takers as well as generating richer data and
potentially less-structured data that can be more complex to score in a reliable and comparable way. A
further limitation of constructed responses is imposed by their scoring models which may take the form of
rubrics or guidelines. These often restrict task design to elicit the types of responses that can be scored
by rubrics or trained scorers, thus reducing the complexity of authentic tasks in order to obtain reliable and
consistent expert judgments of quality.

A common constructed response type is written responses, which can range from short written words or
sentences to extended essays. Advances in technology and data analytics now mean that it is increasingly
possible to score written responses using techniques such as NLP coupled with machine learning,
therefore reducing the burden on human scoring. For example, if a given language and region already has
a community that offers software or a database for linguistics analysis (e.g. the Linguistic Data Consortium
(n.d.125)) for English, United States), syntactic analytical tools can be used to evaluate the grammaticality
of short answers. In the absence of large datasets, machine learning algorithms can also be trained to
identify key criteria such as semantic similarity with the answer keys.

Both written and spoken responses have typically been scored against rubrics involving expert human
judges. Technological advances including improving the quality and automated transcription of audio
recordings, increases in bandwidth and digital storage, and speech recognition software capabilities are
converging to remove the barriers for this type of response option to be used in large-scale assessment.
This an area of exponential growth stemming from advances in Atrtificial Intelligence (Al) but scoring any
assessments — particularly those with stakes attached — using such techniques is still a work in progress.

Often the users of Machine Learning (ML) or Al-derived test scores remain wary or suspicious of machine
scoring approaches, creating an extra burden on test producers to communicate results to users. It is best
that any consideration of an Al-based scoring engines should be taken into account during the design
stage, and that results from such assessments be properly scrutinised in terms of threats to validity of
score inferences such as cross-cultural comparability (see Chapter 11 of this report for an in-depth
discussion of this and other issues on cross-cultural validity of test scores from innovative assessments).

As in any assessment design process, a main consideration for test designers is whether a chosen
response type (and therefore source of product data) is a valid and appropriate modality for expressing
the answer to a particular task or question; and as a corollary, whether that response type would
disadvantage any sub-population in comparison to alternative modalities. These considerations are not
new and should be applied in the context of all choices regarding response types including the use of more
“traditional” formats like multiple-choice or short written responses. What is new, however, are potential
alternatives to such formats that may elicit evidence of similar aspects of constructs in different ways.

Finally, TEA enable other types of performance responses that can generate product data and constitute
potential evidence of students’ proficiency in learning and problem solving. Interactive problems with tools
enable students to produce complex but tangible artefacts or products. For example in specialised fields
like architecture, exams have included graphical software tools that are common to the profession so that
an examinee can create realistic designs in response to authentic problems. This idea can be generalised
to any kind of visual, graphic, audio or computational (e.g. programming, modelling) tools available in a
digital format that test takers can use to produce a tangible product for scoring. Other performance
responses might include instances where test taker behaviours within an interactive or immersive problem
bring about changes in the test environment (e.g. completing a level in a game or changing the state of a
simulation). A key validity issue with respect to performance responses becomes one of examinee prior
experience and training using the digital tools and environments provided. If one can expect that
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examinees should have relevant experience or that the use of tools is an inherent part of the construct (i.e.
it is construct-relevant), then it is only a matter of including the appropriate tool sets. However, if the tools
serve to create an environment in which performance can be demonstrated but they are not inherently a
part of the target construct, then familiarity with the tool/environment is not a pre-requisite skill and
appropriate tutoring or training may be necessary to ensure fairness and valid results.

Process data

One of the most significant breakthroughs of the digital age in the context of assessment is the ability to
control and capture fine-grain, real time process data as the examinee completes an assessment. Process
data can be exceptionally varied and the same source of data can provide potential evidence for different
aspects of validity and performance. As explained in greater detail in Chapter 12 of this report, there are
two major complementary challenges when using process data in assessment. First is the matter of
interpretation: the sheer report and complexity of the data produced and captured by TEA, not to mention
its relationship to the construct, makes valid interpretations of test takers’ behaviours and thinking
processes a key concern. For example, action log data can provide information related to content (i.e.
which key or affordance is selected), time (start, stop duration) and sequence of actions that may or may
not reflect important information about the construct being examined.

Large-scale data analytics may be helpful with the treatment of process data but that leads to the second
challenge — the matter of purpose. Process data is most likely to be of value in the design process when
generated through intentional task design and in the context of understanding expected responses. Ideally,
task designers would plan ahead for applying process data analytics to specific theoretically-derived
hypotheses about expected patterns or strategies used by examinees approaching a task. For example,
do experts take different strategic pathways from weaker examinees or novices as expected?

Emphasising the importance of theory-driven analysis is not to say that more exploratory analysis is
unimportant; practically speaking, expecting a task designer to imagine all potentially valuable process
data patterns a priori seems unfair and perhaps unwise. Here, exploratory research can reveal new
insights, both practical and theoretical, that can feed forward into better and more efficient task designs
that capture relevant interpretable data for use in evidence models. For example, are there multiple
pathways to correct answers that were not originally envisaged, including some that bypass use of the
target skill or construct that the task intended to measure? How do emotional responses (anxiety,
boredom), engagement and motivational factors interact with performance? In closing, we note that the
distinction between product and process data is relative to purpose — in other words, how the data will be
used in the validation process — which again calls for close consideration of what counts as construct-
relevant versus irrelevant.

Conclusion

In this chapter we have presented a framework for how technology can become an integral part of
assessment task design. We highlighted how technologies can be applied when creating tasks, capturing
new aspects of open and interactive performance environments where students can explore resources,
engage in iterative processes of problem solving, and get real-time feedback on their progress. The TEA
framework describes the expanded toolkit for assessment designers that stem from technological
advances in the field. We organised the framework around three interrelated design issues that
assessment designers must simultaneously consider: 1) task problem format (i.e. the kinds of problems
and the level of interactivity that tasks present to students); 2) test features (i.e. the affordances and level
of adaptivity that the test environment provides); and 3) sources of evidence (i.e. the classes of responses
and the types of data that are elicited and used for scoring and interpretation). These design issues
represent both a complex and simple challenge to the test designer: they are complex in that there are
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now many more design possibilities and tools to consider when developing coherent tasks for a given test
form; yet the challenge is also simpler, in that the designer can now draw inspiration from how tasks are
performed in the real world, replicating them in a measurement environment with a broad palette of
technological tools at their disposal to help them enact their vision of task (and evidence) models.
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W Analysing and integrating new
sources of data reliably in
innovative assessments

By Kathleen Scalise, Cassandra Malcom and Errol Kaylor

(University of Oregon)

This chapter explores whether robust analytic techniques are available to
generate defensible inferences from complex data generated by digital
assessments, including process data. Digital technologies hold great
promise for helping to bring about changes in educational measurement and
assessment, but one challenge to be faced is how to accumulate different
sources of evidence in defensible ways to make inferences when constructs
and observations include inherent complexity. This chapter discusses some
potential solutions for making measurement inferences at scale using
complex data, notably hybrid measurement models that incorporate one
measurement model within another. The chapter conceptually draws on an
example of a complex task in a technology-rich environment from the OECD
Platform for Innovative Learning Assessments (PILA) to highlight this
analytical approach.
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Introduction

This chapter addresses some analytical approaches for including complex process and interaction data
from technology-based tasks into educational assessments. An intersection is emerging between
applications of learning analytics and traditional psychometric approaches to educational measurement
(Papamitsiou and Economides, 20141;; Scalise, Wilson and Gochyyev, 2021(2). This emerging intersection
may help assessments to tap new technology for analysing and integrating different sources of data reliably
in innovative assessments. By establishing some common ground between fields, new approaches called
“hybridised” may borrow strength across toolkits to good effect.

Do we need new analytic approaches?

When tackling the topic of next-generation analytics for next-generation educational assessment tasks,
the first question one might ask is whether new analytical approaches are needed. This is a typical “double-
barrelled” question — or even “triple-barrelled.” That is, there are at least three questions involved here:
first, is there value in leveraging more complex and richer data in educational assessments available
through new technology tools? Secondly, do we still need traditional response data? Finally, are sufficient
techniques already available to accumulate the evidence from such tasks and make robust and
interpretable inferences? The general consensus of this report regarding the first two questions is “yes”,
based on the earlier chapters. We will not explore the first two questions further because they are
addressed elsewhere in this report (see Chapters 5, 7 and 12, particularly). Instead, we turn to the third
question: Are robust techniques available to generate defensible inferences from such complex content?

Part of the answer depends on what is meant by “defensible” inferences. Over six decades of research in
psychometrics and measurement technology for summative assessment has matured to establish well-
accepted procedures for important issues, which include calibration and estimation of overall score(s),
reliability and precision information, test form creation, linking and equating, adaptive administrations,
evaluating assumptions, checking data-model fit, differential functioning and invariance. Much of this is
done using well-fitting measurement models. According to Levy (20123)) and others, new approaches
using more complex and noisier data such as process data are still in their infancy and cannot rely on such
procedures to establish validity if they are not well-fitting to measurement models. We will call this the
“Levy challenge”.

Chapter 5 of this report argues that information technology provides new opportunities to assess some
hard-to-measure 21st Century competencies. Chapter 6 discusses the decisions involved in translating a
theoretical model of a complex domain into an operational assessment, including when the domain
involves observing dynamic states over time and capturing processes via technology-based simulations.
Chapter 7 provides an overview of how information technologies can support scaffolding, feedback and
choice while presenting video, audio, agent-based and immersive experiences. All of these information
technology advances are very compelling, but a key question remains: has measurement technology
evolved far enough to tell us how all these new information technology affordances can generate defensible
measurement claims and allow us to make interpretable inferences about respondents or the groups they
represent?

While many innovative psychometric models exist that can handle a variety of complexities in
measurement, these are often employed in research projects only. Conversely, psychometric models used
operationally do not well incorporate complex data (which can include but not be limited to process data).
For instance, achieving goals in a serious gaming product or simulation setting may involve complex data
such as examining an outcome figure with computer vision. While machine learning (ML)/Atrtificial
Intelligence (Al) engines along with innovative psychometric models have been proposed in research to
handle a variety of situations, operational models tend to better handle single dimensions and standardised
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cross-sectional data better than complex data. Operational models tend to require very robust
characteristics at the item level (that is, for a single question or a single observation) and do not work for
assessments where different tasks are connected, and examinees’ behaviours can only be interpreted by
considering patterns of combined observations. These traditional models therefore often narrow
constructs, with those aspects of constructs that are not yet well understood arguably the most vulnerable
to inadvertent pruning. Scores or categorisations that are intended to provide evidence for different facets
of a construct often are “collapsed” after delivery of an innovative task by combining score categories, with
the consequence of obscuring different strategies for reaching the score — highly instructionally-relevant
information for teachers and other users of the assessment results. Highly constrained assessments can
generate relatively sparse, clean and standardised data for which such models are designed, but these
assessments leave limited room for agency, adaptivity, cultural relevance, maker culture, collaboration or
other potentially desirable aspects of student performance.

Some possible solutions

Such issues related to accumulating complex bits of evidence to make valid and defensible inferences
suggest that existing analytic approaches are unlikely to be the next-generation models needed for large-
scale summative assessments without some degree of revision and update. Although we argue elsewhere
(see Chapter 13 of this report) that much work remains to bridge the broader fields of learning analytics
and psychometrics to develop innovative measurement solutions, we summarise here a few directions of
possible solutions for the technology-enhanced realm:

e Borrowing strength from each other directly within the analytic techniques, for example
incorporating one measurement model within another or using one model to extend another. We
describe this approach in more detail later in the chapter.

o Establishing multiple inferential grain sizes, for example designing a task to report out at different
grain sizes for different purposes. The results from different analyses should be triangulated to
ensure that there is consistency in the overall communication about students’ proficiency.

e Drawing on stronger confirmatory data from improved domain modelling and analysis, for example
drawing on strong theoretical research about learning patterns to design a task and then collecting
data, analysing and then revising tasks and constructs iteratively based on findings as more data
are gathered (see also Chapter 6 of this report). This approach contrasts with “dropping” more
complex tasks that don't fit as well as more traditional ones after field trial testing, for instance —
although it does require more flexible budgets and timelines for test development.

e Using a richer range of exploratory data to explain more variance, which can be done in a variety
of ways such as including process data. However, such results may originate a theory through data
mining rather than confirming one with a designed experience based on research, such as
described in the first and third bullet points. If data mining is intended to generate a metric, it implies
a couple of different commitments. Initial results — even if at scale — need to be interpreted
cautiously, even though this flies in the face of making large claims to gain funding and support for
projects. This therefore interacts with assessment literacy about the use of evidence (i.e. will the
information, once available, be employed cautiously?). It also implies a commitment to investing
considerable resources over time, ultimately converting from an exploratory to a confirmatory
position with additional data sets and a clear interpretation.

e Functioning with much more (and noisier) data by attempting to use different types of technology-
enhanced tasks to measure the same construct. This may reduce validity issues related to results
being dependent on the technology presented in the task; however, it becomes an empirical
question of whether a generalisable trait is being tapped across tasks. Technology-based tasks
can generate a big data stream, but it is often unclear in what ways the data are “contaminated”
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with construct-irrelevant variance. Typically, this is resolved by making inferences only over a body
of different tasks, observations or questions rather than depending too much on one type — but this
often implies a willingness to accept somewhat noisier tasks (or in formal measurement language,
noisier testlets). Even when very carefully designed, individual tasks or testlets in such
assessments tend to pick up on at least some constructs not being measured, including format
effects, the context, passage, phenomena or other non-standardised elements. Trying to discard
unique variance from technology tasks to solve this in a simple statistical adjustment, such as with
bivariate models or even testlet models, also can discard salient variance unique to that task. To
avoid this, the assessment blueprint needs duplicate tasks on the same standards, blocks of
individual independent questions and good attention to testlet effect reduction. These requirements
may mean time is too restricted to meet the evidentiary need if only large-scale assessments with
relatively short testing times are used for inferences, as compared to inferences from well-
developed systems of assessment such as multiple assessments designed to aggregate effectively
together that are less constrained by time.

Understanding innovation challenges from a measurement perspective

To find a measurement solution for innovative tasks that generate complex data, the first step is to broadly
understand the measurement challenges your types of innovation will face. To discover this, the key
elements of an innovative task can be mapped into a conceptual space that can help describe it for
measurement purposes. A taxonomy of five conceptual elements has been released (Table 8.1), based
on examining several use cases from different types of assessments (Scalise, Wilson and Gochyyev,
2021p2)). The framework is expected to evolve and be revised over time as more use cases are examined.

Table 8.1. A taxonomy of conceptual elements at the intersection of measurement science and
learning analytics

Element Category A (Low) Category B (Med-Low) Category C (Med) Category D (High)
1: Coherence of Unsupervised process data ~ Supervised process data Designed process data, Designed process data,
evidentiary design observation or item* observation or item with

framework alignments and
validation

Disclosure with data validation  Informed consent

checks**
Algorithms responsive to

2: Self-awareness Stealthiness Disclosure

of being assessed

3: Respondent Assessor selects same Algorithms select content User selects content

agency content for all users based on user data refine some content based on
user choices™*
4: Focus of Analytic focus for reporting Analytic focus for Analytic focus for reporting is Analytic focus for reporting
assessment is persons reporting is groups persons/groups, with some is items/materials
information on items/materials
5: Open-ness Intended goals and resulting ~ Methodology reported for ~ Methodology reported for Methodology reported for

claims reported but not
methodology employed in

design but not analysis

design and analysis but no
technical report available

design and analysis and
technical report available

design and analysis

Notes: * Categories C and D differ as C does not align observations transparently (e.g. to a declared framework). Both use purposefully designed
data rather than “found” process data not designed for the assessment purpose (e.g. social media “likes” for deducing attitudinal constructs).
** Data validation checks are when the software prompts the user to confirm their choice.

*** Overall, this refers to how much agency the user has in terms of personal choices. When the assessment developer (Category A) or computer
algorithm (Category B) entirely select the content, these are lower on the spectrum of choice. Although Category B uses data based on the
individual to adapt the assessment, it does not give personal choice; when the user is allowed some choice (Category C) this is considered
higher on this spectrum. Full choice (Category D) is highest for this element. Recall that lower does not necessarily imply a value judgement in
this taxonomy but rather describes a purpose and potentially a need for how to accumulate the evidence effectively to make an inference.
Source: Adapted from Scalise et al. (202112), updated in elements 3B-C with information derived from the PILA use case.
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To illustrate how this taxonomy helps to identify measurement challenges, we apply it to an assessment
of computational problem solving that has recently been developed by the OECD for its Platform for
Innovative Learning assessments (PILA, https://pilaproject.org/). One PILA application (Karel) involves
block-based programming of a virtual robot, “Karel”, to execute actions in a grid-based environment (see
Figure 8.1). Karel understands a few basic instructions such as moving forward, turning left and picking up
stones, and a tutorial explains to students how to program these basic movements using the block coding
language. In a typical assessment activity in PILA, students complete a set of tasks that is either assembled
by their teacher or by a researcher. Within the body of work selected, the student can decide how much
time to dedicate to each task and (in some cases) which task they want to complete first in the sequence.
This introduces measurement challenges but also allows the PILA assessments to have high agency for
the learning context. This may relate to whether relevance and intrinsic motivation are perceived by the
user when engaging in the tasks, especially within the naturalistic setting. Self-directed learning is also
part of the framework being addressed with such tasks.

Figure 8.1. Screenshot from original version of PILA Karel task

Challenge v Good Example X Bad Example

Challenge: Write a program from scratch
that makes Karel move to the position
shown in the "Goal" world.

Start: Goal:

Play Speed
(@]

hint

'.g
]
<

Source: OECD (n.d.i#1), OECD’s Platform for Innovative Learning Assessments (PILA), https:/pilaproject.org/.

Using the five conceptual elements described in Table 8.1, the radar plot below (see Figure 8.2) illustrates
where the original PILA Karel task fell in this conceptual space at the time reviewed. Note that where a
task falls in the conceptual space described in Table 8.1 is not intended as a value judgement: good
activities might potentially fall anywhere in the space and still offer useful evidence, but different parts of
the space involve different challenges for making measurement claims. For instance, a task high in agency
(such as the PILA Karel task), often considered a valuable trait by learning scientists, means the student
self-selects many choices in how the task plays out. They can decide, for example, to consult a worked
example or access a hint at any point in the task. This agency provides opportunities to measure self-
regulated learning, which is a measurement target across all PILA activities. However, such choices may
make evidence streams more or less different between respondents, and this poses measurement
challenges for comparability.
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Figure 8.2. Conceptual map of original version of PILA Karel task

Coherence of
evidentiary design

Open-ness Self-awareness

Focus of -\
assessment Agency

Exploring one avenue: Borrowing strengths from another analytic technique or
using one model to extend another

In the remainder of this chapter, we elaborate on the approach “borrowing strength across models to
effectively aggregate evidence” as a possible solution to some of the measurement challenges discussed
in the context of complex, interactive and innovative tasks. Since results can be examined for robust traits,
this approach has become a common suggestion for complex technology-based experiences that want to
make measurement claims. An Al group in Hong Kong, for instance, recently advocated for “Deep-IRT”
(Yeung, 2019s)):

“We propose Deep-IRT which is a synthesis of the item response theory (IRT) model and a knowledge tracing
model that is based on the deep neural network architecture called dynamic key-value memory network
(DKVMN) to make deep learning based knowledge tracing explainable. Specifically, we use the DKVMN model
to process the student’s learning trajectory and estimate the item difficulty level and the student ability over
time. Then, we use the IRT model to estimate the probability that a student will answer an item correctly using
the estimated student ability and the item difficulty. Experiments show that the Deep-IRT model retains the
performance of the DKVMN model, while it provides a direct psychological interpretation of both students and
items.”

Such an approach is an example of a nested or hybridised measurement model. In this case, first an ML/AI
model is used to process a complex learning trajectory, then an overarching IRT model is applied for
interpretation. Looked at from this perspective, many types of ML/Al or other accumulation techniques that
yield ordered or even nominal ways of valuing performances over a set of complex observables could yield
evidence for a hybridised measurement model. For instance, scores from many “scoring engines” used in
large-scale assessment already implicitly employ such a type of hybridisation. In two phases, scores are
generated by machine learning of essays, for instance, then accumulated with psychometric models to
make inferences along with other data on language constructs of interest. Many examples of scoring
engines exist in other fields too, such as computer science.
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Box 8.1. Applying hybrid models to the Harvard VPA task “There’s a New Frog in Town”

The Harvard Virtual Performance Assessment (VPA) is an immersive virtual environment with the look
and feel of a videogame. In the task “There’s a New Frog in Town” (New Frog), each participant
participates as an avatar that can move around the virtual environment. The reporting goals of the
assessment were multidimensional and involved scientific exploration and inquiry (as reflected in
science standards at the time).

Figure 8.3. An example screen of The New Frog VPA

Are you ready to solve what caused
the six legged frog?
**Be sure, because you can’t go back!**

BACKPACK

Source: Scalise and Clarke-Midura (2018g)), originally accessed at http://vpa.gse.harvard.edu.

In New Frog, examinees were asked to explore the problem of a frog with six legs. They could choose
to examine different frogs to investigate the problem, whereby the choice in itself was neither right nor
wrong (so, this was not a typical “item” with a keyable answer). However, patterns over the type and
number of frogs examined (e.g. those located at different farms, along with water samples from the
farms) were deemed construct salient information and these patterns could be represented in a small
but informative Bayes’ net.

The Bayes net accumulation added considerable information to the IRT model, showed acceptable fit
to the patterns of the naturalistic task and resulted in a reduction of the standard error of measurement
(Scalise and Clarke-Midura, 2018). In fact, the scores generated by the two Bayes subnets proved to
be among the three most informative “items” in the task in terms of the model’s fit in the study, despite
being designed from data that was originally discarded. This is not terribly surprising given that the
score was a pattern over salient observations, but the other most informative item was a significantly
more expensive human-rated constructed response item. Note that the cost of reliably hand scoring
constructed responses is often the white elephant in the room for costs of large-scale assessment.
Overall, a finer grain-size of inference was made possible on the task without additional testing time or
scoring resources, and the strengths of low performing students in conducting inquiry were more
evident.
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Learning tasks that also gather assessment evidence often employ Bayes Nets in scoring engines, which
are highly flexible and easy to use. When content experts create naturalistic authentic technology tasks,
such as simulations or serious gaming, they almost always incorporate many activities intended to frame
small experiences that are easily described in a small Bayes’ net. Small Bayes’ nets are easy to define
and to generate scores, assuming tasks have sufficient “left over” data considered salient to the construct
but not yet connected together to incorporate in a formal scoring model.

One hybridised model that has appeared is mIRT-bayes (Scalise, 20177). It employs small Bayesian
networks to help score over rich patterns of evidence, then uses a multidimensional IRT (mIRT) model to
accumulate scores and yield inferences. In mIRT-bayes, the overarching IRT model can be uni- or
multidimensional and will yield the solution needed to meet the “Levy challenges” at large scale. Applied
originally to simulation-based data from Harvard’s Virtual Performance Assessments (VPA) (Dede, Clarke-
Midura and Scalise, 2013(s)), mIRT-bayes was examined across two VPA tasks with similar results (see
Box 8.1).

Although estimating the model all at once (one phase) is mathematically possible for mIRT-bayes, the two
phases intentionally offer modularity. This preserves the flexibility of Bayes Nets for task design while
retaining the robust statistical properties of latent variable methods for accumulation and inferences. In a
modular approach, changes to the tasks are easier. If Bayes Nets are described during task development
(i.e. before data collection), it can help task designers think about how to revise tasks to elicit the needed
evidence. Change can also involve simply keeping and dropping scores, a well-known procedure in
educational measurement, or applying simple treatments to scores without revising full analytic models

Exemplifying hybridisation with mIRT-bayes on PILA task

We exemplify a possible use of mIRT-bayes in the PILA Karel task presented in Figure 8.1. The draft
scoring rubric for the task assigns credit for using control flow structures (loops and conditionals) to address
repeating patterns in code. High performance for the age group involves solving a complex problem by
writing nested repetition(s) of commands. Whether or not respondents can finally generate this type of
code is revealed by the end product, which can be scored for “correctness”. The product might be scored
acceptable or not or might be given credit for partial solutions with a polytomous rubric. However, scoring
only the final work product ignores considerable construct-relevant information in the process data, or
interactions in which respondents engage.

For this task, process data is deemed salient by learning scientists in many screens of the PILA activity.
Usually learning scientists who are experts in a given area have been selected to design a task because
they can describe their ideas of what salient actions are. In other words, they often hold an implicit theory
for why they designed the task as they did. Descriptions of Bayes subnets generally start with this theory.
Alternatively, or to further develop implicit theories, data sets can reveal interesting patterns to improve
nets. This is not unique to Bayes and is also true of other cluster and Al/ML techniques.

Because the PILA tasks allow considerable agency and incorporate a great deal of complexity through a
naturalistic flow, many single actions taken by a respondent can’t be expected to say much alone but may
be deemed salient over a group of observables. From a measurement perspective, these groups of
observations are known as “semi-amorphous” data. These data are also “semi-structured” from a computer
science perspective since the observations to be captured are tagged in the data collection file and can be
parsed but are not valued with a score.

With semi-amorphous data, trying to accumulate individual actions directly within an IRT model is often a
validity threat. If only sequences or patterns over the actions are salient, each individual action alone is not
salient — in other words, other equally meaningful actions could have been taken. Stakeholders often rightly
reject the approach of trying to make claims on individual actions and patterns can be hard to evaluate
without models to help with the process. However, if larger patterns of actions are deemed meaningful by
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the learning scientists designing the tasks, then this information should be relevant to accumulate and
might be included in an IRT model for reporting if a score for the pattern is used and models can be shown
to fit. This is what hybrid models (like Deep-IRT or mIRT-bayes) are intended to accomplish. Patterns of
salient actions can be identified before data collection (from theory), or after data collection if the necessary
data are tagged in the software and can be parsed (i.e. semi-structured). If a pattern is identified afterward
rather than from theory, then results can be considered exploratory and should be subjected to expert
identification and confirmation with subsequent data sets.

Table 8.2 describes the construct-relevant information available in the PILA Karel task. For the example
discussed, relevant information that might be used as traditional “item” scores in a hybridised model include
success in generating a simple loop and success in extending the simple loop to a nested loop. However,
some patterns to be scored on this construct are not this simple. For example, one high level of the rubric
on the nested loop goal requires adapting control flow structures to generalise across multiple problems.
Salient semi-amorphous information from process data might include whether available examples were
accessed, whether the hint was accessed, the degree and type of prior flawed attempts to generate both
simple and nested loops, and whether feedback was viewed with indicators such as NT10. The NT10
metric describes whether students took enough time to use the information and is an indicator of test effort
(Wise et al., 20049)). In this case, it might reveal extremes of insufficient time allotted to use feedback.

Table 8.2. Construct-relevant information available in original version of PILA Karel task for
accumulation on the ‘nested loop’ goal

Interaction or product

Traditional score possible
Success in repeated nested loop (IRT only y/n or polytomous by rubric)
Success in prior not nested repeat loop (IRT only y/n or polytomous by rubric)
Potentially other questions and items

Bayes Net node/arc possible subnet accumulations
Good example accessed (GE; y/n)
Bad example accessed (BE; y/n)
Hint accessed (hint; y/n)
Prior run with incorrect use of nested block (run; accumulated)
Total number prior runs without nested block (run; accumulated)
Feedback NT10 on any resource use listed above (NT10; y/n)
Feedback NT10 on any prior incorrect run
Run number
Unique runs
Prior knowledge subnet
Prior knowledge subnet (accumulated):
Prior knowledge survey question (y/n)
Success on first attempt for each screen (y/n)
Tutorial NT10 for attempts on each screen (y/n)

Note: y=yes, n=no.

An example Bayes subnet showing a simple theoretical relationship for a few of the nodes from Table 8.2
for the PILA Karel task is shown in Figure 8.4. A subnet is a small part of a Bayes net that generates a
score over a pattern as an “estimate”. Often it is possible to identify several subnets to expand salient
evidence used from a complex task. Theoretical ideas for how the nodes might be connected in a Bayes
subnet for Figure 8.4 were based on information in the description of the task and conversations about
implicit theories for how the task was designed. The elements within the subnet are labelled as follows:

e “GE” for good example accessed (yes/no);
e “BE” for bad example accessed (yes/no);
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e “hint” for hint accessed (yes/no);
e “run” for prior run with incorrect use of nested block (yes/no);

e “NT10”, a flag discussed earlier for insufficient test effort based on time taken compared to
normative time (0/1, if less than 10 percent of the normative time);

e “type”, a set of strategies identified a priori by learning scientists coded as to which ones the student
tried; and

e ‘“lo”, aflag for the total number of prior runs without the nested block (0/1).

This subnet could be applied to parsed process data on the first nested loop challenge in the PILA Karel
task. The data set can be used to determine the full joint probability and query individual estimates for the
subnet.

Figure 8.4. One example theoretical Bayes subnet for accumulating information from original PILA
Karel task example

hint

Source: Diagram generated through the R Bayes Net package bnlearn (Scutari, 2010j10y).

To illustrate how implicit theories can evolve into questions for data mining, there are several questions
involving the “run” node of the subnet. Currently the run node is shown conditioned on the type (“type”)
and number (“lo”) node parents shown in Figure 8.4. Based on the eventual data, do the node parents
provide helpful information or is the dichotomised “run” node alone enough? If “lo” is informative, should
we maintain intervals (e.g. 0, 1, 2, 3, 4+) or can we dichotomise to low and high? If so, where is the most
informative location for the cut point? Another question relates to the “type” node: can we categorise the
student exemplars of prior runs without a nested block into a set of meaningful types? In order to answer
these questions, we need to examine the results in the data set and likely also consult with the task’s
learning scientist developers to see if they observe patterns in the results.

Data sets are not yet available for PILA tasks but are expected to be used soon to explore if this subnet
configuration is informative or if other configurations might better fit, as well as to investigate other possible
subnets. This approach blends theory with data mining. Ultimately multiple data sets will be available in
PILA so we also intend to compare the utility of different clustering algorithms within the mIRT model. This
can help us say whether Bayes subnets are most useful or if another emerging clustering algorithm might
be useful.
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Such embedded model comparisons through OECD-sponsored innovations in learning assessments
represent an important opportunity for innovation. For the moment, IRT itself seems a given within the
context of large-scale assessment due to its ability to meet the “Levy challenges” discussed earlier. For
PILA, mIRT is a suggested approach given the intended multidimensional nature of the draft framework.
Recently, engines have also been developed that derive Bayes Nets automatically from task data sets and
“discover” subnets that may provide additional information to a measurement model. Such subnets would
still need to be reviewed for saliency by learning scientists, but this automated approach to hybridising
models also poses interesting possibilities.

Conclusion

Digital technologies hold promise for helping to bring about changes in educational measurement and
assessment. As described in the Introduction chapter of this report, one challenge to be faced is how to
accumulate evidence in defensible ways when constructs and observations include inherent complexity.
Several different approaches have been discussed and an example developed.

We argue that viable approaches should propose a set of potential solutions to the dilemmas described in
this chapter. We have shown there is space to consider change and we have exemplified some approaches
— but we do not intend to specify what form such change should take. We have illustrated using a PILA
example for an approach to hybridise models by borrowing strength across different emerging and
traditional methods. Hybrid models may flexibly accumulate patterns of evidence and generate scores
using ML/AI approaches such as Bayes Nets or more current clustering algorithms, while preserving an
overarching IRT model to meet the “Levy challenges”. Such innovations might help not only to empower
the use of technology affordances discussed in earlier chapters of this report, but also could generate
important advances in measurement technologies for hard-to-measure constructs and novel, engaging
activities for students.
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o Measuring self-regulated learning
using feedback and resources

By Ido Roll and Miri Barhak-Rabinowitz

(Technion — Israel Institute of Technology)

This chapter describes an assessment of self-regulated learning (SRL) that
is based on an extended learning task with embedded feedback and
resources. These resources serve the dual purpose of providing learners with
meaningful choices to support their learning as well as documenting their
behaviours. Three affordances of such resources are identified:
experimentation, where learners can express and test ideas; explicit
feedback, where learners can monitor their progress towards their learning
goals; and information-seeking, where learners can receive information
about the task and its environment. The chapter analyses the PISA 2025
Learning in the Digital World assessment to demonstrate how these
resources support the assessment of SRL. The chapter then addresses the
interplay between data and theory in constructing learning and assessment
tasks. It discusses some of the main design challenges, focusing particularly
on the effect of prior knowledge and supporting generalisable inferences.
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Introduction

The goals of assessment are expanding from evaluating the application of existing static knowledge
(learning outcomes) to evaluating the dynamics of acquiring and developing new knowledge (learning
processes) — see Chapters 2 and 4 of this report as well as Bransford and Schwartz (19991;), National
Research Council (20012;) and Cutumisu, Chin and Schwartz (20193). To support such inferences,
assessment should provide learners with authentic and complex problem-solving tasks where learners are
required to manage their own learning and exercise agency. Indeed, common to most 21st Century skill
frameworks is the view of students as agentic learners who regulate their learning process (Dede, 2010j4;
Kirschner and Stoyanov, 2018;5;; OECD, 2018). This chapter takes a deeper dive into how assessment
can support inferences about agentic learners and discusses the affordances, design guidelines as well
as challenges of using digital resources to assess students’ self-regulated learning (SRL).

The term SRL refers to students’ goal-directed actions that guide the dynamics of accessing, constructing,
and applying knowledge (Schunk and Zimmerman, 20137). SRL includes the use of cognitive and
metacognitive strategies as well as regulating one’s motivational and affective states (Panadero, 2017g)).
Cognitive strategies support making progress towards one’s learning goals. Metacognitive strategies
support the planning, monitoring and adjustment of these strategies by setting goals, monitoring progress
and adjusting the learning process (Flavell, 19799; Schunk and Zimmerman, 2013[7;). The motivational
and affective components of SRL refer to the processes through which learners manage their emotional
states while learning such as their willingness to persist with learning activities and environments even in
the face of difficulty (Fredricks, Blumenfeld and Paris, 200410; Jarvenoja etal., 201811;; OECD,
forthcomingy12)).

As implied by this view of SRL, regulative processes are essential in authentic learning contexts that have
the following characteristics: 1) a challenge to overcome such as a goal to be learned or a problem to be
solved; 2) the challenge is non-linear requiring learners to make meaningful choices that affect how they
progress towards their goal or solution. Providing learning resources serves two important goals in this
context. First, they support non-linear learning trajectories and invite learners to make meaningful choices.
Second, they collect digital traces of these choices. Learning resources in complex tasks thus offer
valuable opportunities to assess SRL (Roll and Winne, 2015;13;; Shute and Rahimi, 202114).

We begin this chapter by describing key affordances of digital learning resources that facilitate and capture
SRL behaviours. We then demonstrate the use of such resources in assessment using the example of the
PISA 2025 Learning in the Digital World assessment (OECD, forthcomingi12). Last, we describe design
considerations and main challenges for inferring SRL skills from digital trace data.

Resources and affordances that support the assessment of SRL

Providing learners with digital tools and representations is a known strength of learning with technology.
Digital tools that help learners organise their thinking and support knowledge construction are often
referred to as “cognitive tools” (Drew, 201915, Jonassen, 19921¢}; Nesbit, Niu and Liu, 201817;). We view
digital learning resources as a class of cognitive tools that offer interactivity to support meaning-making.
We emphasise interactivity not only in that learners can use these tools flexibly but also in that the tools
provide learners with additional information that is not available without the tools. Being interactive,
resources provide learners with opportunities to access new knowledge. Being digital, each action that
learners make can be logged, thus offering a window into their reasoning and learning processes.

Learning resources offer learners multiple affordances to enact goal-oriented behaviours. We group these
affordances into three families: experimentation, explicit feedback and information-seeking.
Experimentation allows learners to interrogate and represent their ideas and execute them in a manner
that produces responses from the environment. For example, coding environments let students code,
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compile, execute and observe outcomes (conversely, coding tasks where learners enter code but cannot
execute it are not considered learning resources here). Another example is interactive scientific simulations
where learners can manipulate elements and observe the outcome of their exploration (Wieman, Adams
and Perkins, 2008y1s)). The main benefit of such resources comes from their responses to learner actions,
often termed “situational feedback” (Nathan, 199819;; Roll et al., 201420). Situational feedback provides
learners with representations of the real-world equivalence that follows from learners’ actions. For
example, an interactive simulation for electricity will adjust the shown light intensity based on the voltage
that learners set (Roll et al., 201821;; de Jong et al., 201822;). Situational feedback is implicit and originates
within the task situation itself, consistent with the internal logic of the task. That is, learners are not flagged
or graded by an external all-knowing model but instead given opportunities to elicit, observe and interpret
relevant information from the environment response (Nathan, 1998;1g)). Observing how learners respond
to situational feedback can be used to evaluate their monitoring behaviours and the corresponding
adjustments that they make in their cognitive strategies.

Explicit feedback affordances enable learners to evaluate their actions. This can include a range of inputs,
from error flagging to explanations about the nature of error or suggestions for future work (Deeva et al.,
202123)). Feedback can be triggered on-demand (e.g. using a “test” button) or automatically (e.g. following
a set number of failed attempts). Unlike situational feedback that is built into the narrative of the challenge,
explicit feedback is external. It assumes an “all-knowing” agent or environment that can compare the
student input to the desired state. The use of on-demand explicit feedback offers a direct measure of
learners’ metacognitive strategies like monitoring or which sub-goals they pursue (Winstone et al.,
2016247). As with situational feedback, students who adjust their cognitive strategies effectively following
explicit feedback demonstrate productive metacognition (Kinnebrew, Segedy and Biswas, 201725)).

Information-seeking affordances support learners by providing additional communication about the task at
hand. Informational resources include hints (Aleven etal., 2016p2¢)), instructional videos (Seo et al.,
20211271), worked examples (Ganaiem and Roll, 2022s; Glogger-Frey et al., 2015p9), searchable
databases, etc. Information sources can be fixed, as in most tutorials, or adaptive, as in hints about the
specific problem step (see VanlLehn etal. (200730) for example). When using information sources,
learners make choices regarding when to use them (e.g. when to ask for hints), how to use them (e.g.
navigating videos) and how to apply the information to the challenge at hand. Effective and strategic
learners seek just-in-time information to fill their own knowledge gaps (Seo et al., 202127;; Wood, 200131)).
Thus, interactions with information resources can provide meaningful insights into learners’ help-seeking
and monitoring processes (Roll et al., 201420)).

Table 9.1 summarises these three families of learning affordances and their associated aspects of SRL.

Table 9.1. Affordances of digital learning resources and opportunities to elicit and evaluate SRL

Affordance Description Opportunities for SRL assessment Examples of resources

i - e  Coding environments
Enabling students to express Evaluating the enactment of sub-goals 9

Experimentation and evaluate different ideas. and use of affordances to adjust . Execute?ble (?oncept maps
strategy use. e Interactive simulations
Allowing learners to evaluate Evaluating learners’ use of feedback to ¢ c-lc-:rsetca L:;Zn to check solution
Explicit feedback their progress towards their reduce uncertainty and monitor

e Automatic feedback in the form of

goal progress. error flagging or explanations

Tutorials

Searchable information sources
On-demand hints

Worked examples/contrasting cases

Evaluating learners’ effectiveness in
identifying knowledge gaps and choice
to seek information to support problem
solving.

Allowing learners to access
Information-seeking  and curate new information on
demand.
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Tracking evidence for SRL using resources: The PISA 2025 Learning in the
Digital World assessment

As described in the Introduction and Chapter 5 of this report, Evidence Centred Design (ECD) provides a
principled framework for designing digital assessments of complex constructs. It can therefore support the
design of task features and affordances that elicit relevant evidence about SRL-related target
competencies. At the heart of the ECD framework for SRL are rules that associate observed test
behaviours (evidence) with the target SRL competencies (inferences). ECD breaks this process into two
types of rules: 1) evidence rules, which quantify observations about learners’ outputs (or SRL behaviours,
in our case); and 2) a statistical model, which specifies the relationship between these observations and
estimates of learner competencies (Mislevy, 2013(32). Here we use the term “rules” to describe the
combination of these processes into a single evidence model that links observable behaviours with inferred
SRL competencies. We focus on the PISA 2025 Learning in the Digital World (LDW) assessment to
demonstrate the use of such rules to design tasks for assessment of SRL.

Chapter 6 of this report elaborated on the assessment design processes of domain analysis and domain
modelling in the context of the LDW assessment, as first steps in a principled ECD process. As a reminder,
PISA 2025 defines the LDW construct as “the capacity to engage in an iterative process of knowledge
building and problem solving using computational tools. This capacity is demonstrated by effective self-
regulated learning while applying computational and scientific inquiry practices” (OECD, forthcoming12).
Here, we focus on the SRL-related components of the task and evidence models for the assessment to
exemplify how feedback and resources can provide inferences about test takers’ SRL competencies.

In one prototype unit for this assessment named “I Like That!”, described in the draft framework document
(OECD, forthcomingii2)), learners are asked to create a recommender system that evaluates movie
properties and predicts their popularity with a certain user called Alex. While the unit is concerned with
movie preferences, it is, in fact, a scientific inquiry task. Learners investigate the relationship between
predictive variables (such as price, length, release data and reviews) and the outcome variable (Alex’s
movie preferences).

The “I Like That!” prototype unit includes several resources that support the evaluation of learners’ SRL.
One key resource is an interactive data inquiry tool. Using this tool, aptly named “YouCompare”, learners
can compare features of different movies to identify their underlying relationship with Alex’s viewing
preferences (see Figure 9.1). Each movie is represented using a card (see [1] in Figure 9.1). Learners can
then choose different cards and compare their attributes and their rankings on the testbed (see [2]).
Students can also ask to see additional cards (see [3]). This process is analogous to choosing specific
experimental set-ups to compare. Thus, YouCompare affords experimentation. The movies were designed
so that learners can study each property (such as price or length) in isolation as well as interactions
between properties. Productive learners are expected to use various cognitive strategies such as the
control of variables strategy (CVS) to evaluate these effects. For example, learners can compare cards
with different movie lengths and the same characteristics for all the other variables to identify the
relationship between movie length and Alex’s preferences. Furthermore, learners can also create test
cases to compare with the provided cards, specifying the values of the variables for that card by adjusting
the sliders (see [4]).

A second interactive resource of the task is “YouModel”. This resource allows learners to create models
for their recommender system. Learners first identify the relevant properties (see [5]) and links them to
their model (see [6]). Learners then specify the relationship between the variables by choosing graphs that
correspond to the desired relationship on a concept map (see [7]). When pressing the “Check Model”
button, the system provides feedback on the model by highlighting elements that are incorrect (see [8]).
Thus, the YouModel tool affords explicit feedback.
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Figure 9.1. Resources in the “I Like It!” task of the PISA 2025 LDW assessment
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The LDW assessment also includes information-seeking resources. One way in which information is made
available is via worked examples. Learners are given the option to study challenges together with their
solutions. Each challenge-solution set focuses on a different aspect of the “| Like That!” task. These worked
examples allow learners to study solution strategies that are applicable to the main task. From an
assessment perspective, these worked examples can reveal how learners identify their own knowledge
gaps and act strategically to overcome them.

Deriving evidence of SRL using resources in “I Like That!”

To make inferences regarding learners’ SRL, the resources were designed in tandem with evidence rules
that support the interpretation of various behavioural patterns. Table 9.2 demonstrates how different
behaviours produce evidence that supports inferences about students’ SRL competencies, as defined by
the LDW framework document (OECD, forthcomingii2;). While this list showcases a variety of inferences
that can be made from students’ resource usage, for various reasons, not all rules are implemented in the
specific I Like That!” task.

The rules in Table 9.2 apply different types of indicators that serve as evidence for different aspects of
SRL. Indicators can be derived from the choice to engage with a certain resource (e.g. viewing a worked
example as strategic help-seeking). Indicators can also be derived from the way the resource is used
(e.g. how learners navigate worked examples can provide evidence for their awareness of knowledge
gaps). Finally, indicators can be derived from the actions that follow the use of the resource (e.g. applying
the provided advice or information). One approach for interpreting learners’ actions in context is coherence
analysis, which looks for logical sequences of actions taken by the student (Kinnebrew, Segedy and
Biswas, 201725)). Coherence analysis assumes that learners’ actions generate information that can then
be used in subsequent actions; when learners act on this information, then their actions are coherent. For
example, the action of pause, by itself, cannot be evidence of reflection. It is important to use patterns of
actions, rather than single actions, as evidence (see also Chapter 8 of this report). A coherent sequence
of pauses followed by modelling of the tested relationship is a positive sign of reflection that can be
interpreted as evidence. It is important to emphasise that interpretation of such patterns should be validated
using data, as explained below.
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Table 9.2. SRL inferences and supporting evidence

SRL inferences Evidence
Evaluating and identifying one’s e The learner asks to see the relevant worked example when stuck.
knowledge gaps e The learner consults with the correct tutorials when using a new tool.
Planning appropriate sub-goals e The learner tests and then models one variable after the other.

e Once the leaner asks for additional information, they apply actions that are consistent with
this information (e.g. enacting the relevant strategy from a worked example).
o The learner conducts frequent tests as they build and edit their computational artefacts.

Monitoring progress towards one’s goals
and adapting strategies

Managing one’s motivation and affect, so e  The learer continues working after failures.
to persist in the face of difficulty e The learner uses all the available time.

e The learner tests their final answer before submitting it.

Reflecting on one’s performan . .
efiecting on one’s performance e The learner opts to view correct solutions after finishing sub-tasks.

Designing tasks and resources for SRL assessments
There are several considerations to keep in mind in the design of an assessment of SRL.

Designing tasks that support agency

An essential element of assessments that target the measurement of SRL is to provide student agency
through choice (Bransford and Schwartz, 19991;; Cutumisu et al., 2015;33]). To provide meaningful agency,
learners should be given a large interaction space where their choices have visible and meaningful
consequences that affect the task situation. We contrast that with more constrained assessments with a
pre-determined sequence of desired actions. Indeed, in the “I Like That!” prototype unit described earlier
there are many ways for students to engage with the tasks, for example by isolating different variables,
testing different movies, plotting relationships, etc.

The large design space for learners to explore does not mean that the goal state is under-defined. In fact,
to support assessment, the goal state should be clearly defined and distance from the goal state should
be quantifiable. For example, in the “I Like That!” prototype unit the correct solution is the underlying model
that determines the movie ratings and overall performance can be measured by looking at deviations from
this model.

Designing evidence rules

Table 9.2 describes rules for interpreting evidence of productive SRL behaviours. The converse is also
true — rules can interpret evidence of ineffective regulation. Assessments of SRL can have a diagnostic
value and capture common non-productive behaviours. For example, competent learners who ask for help
might signal an intention to game the system.

Designing evidence rules also depends to a large degree on our model of the domain, commonly referred
to as the competency model. To be able to define SRL rules, this model must be very specific (Roll et al.,
200734)). Saying that students who struggle need help is probably true, but it is insufficient as an inference
rule. Rules that include specific behaviours — such as learners who do not progress within five minutes
should look at examples, as done in the “I Like That!” unit — are much more informative.
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A good approach for identifying relevant evidence rules (and their level of specificity) is to combine a top-
down (i.e. theory first) process with a bottom-up (i.e. data first) process of knowledge discovery. Ritter and
colleagues (201935])) describe several methods for identifying sequences of actions that yield productive
learning. In the context of the “I Like It!” unit, such sequence mining can help us identify productive or
efficient approaches to solutions as well as ones that were not anticipated, such as which type of
information resource is useful and when. However, one should avoid the tyranny of data in which
correlational evidence suffices. Each identified rule should have a strong theoretical justification that
provides a mechanistic explanation for how a specific SRL construct manifests itself in the observed
behaviour.

Key challenges

Generalisability

A major challenge for any complex assessment — and assessments of SRL are no different — is that of
generalisability and validity (see Chapter 1 of this report for more on these challenges in assessment, more
generally). While some rules may be too broad (and thus provide inconclusive evidence), others may focus
on overly specific solution approaches that do not apply to other tasks or environments. For example, is
clicking a button marked “?” in a specific test environment indicative of the quality of one’s help-seeking in
other contexts?

The challenge of generalisability goes back to how the competency model is defined (see Chapter 6 of this
report for more on how the domain and competency model for the LDW assessment were defined). The
competency model aims to define aspects of SRL, often considered a rather domain-general set of
competencies. However, SRL behaviours are only meaningful in context and can only be interpreted within
the specific context in which they occur (as argued in Chapter 2 of this report). Simon (19693¢]) describes
the journey of an ant on a sandy beach and how interpreting the ant’s behaviour should consider the terrain
of the beach. This creates a major challenge for learning about ant behaviour, and similarly, for learning
about students’ SRL competencies. What are reasonable boundaries of generalisation from the
instantiated behaviours in the assessment? How can tasks be designed to support such generalisation?

Several solution approaches can mitigate this challenge. The first is to triangulate inferences using several
rules to infer about each construct. As seen in Table 9.2, SRL constructs can use evidence from multiple
rules. Notably, when these rules are applied in the same task, they do not solve the dependency of the
observations on the task topic and scenario. Another solution is to design tasks that use parallel evidence
rules. Constructs that are assessed in “| Like That!” are also assessed, for each student, in at least one
additional task with a different topic and set of tools. For instance, instead of a concept map for
experimentation, alternative tasks use a block-based coding tool. This is similar to observing ants on
multiple beaches. This approach also helps to distil key features of the task model (that are similar across
tasks) from more superficial ones (that can vary across tasks).

An important risk when designing evidence rules is construct-irrelevant variance. For instance, productive
use of verbose hints may be indicative of reading comprehension more than of help-seeking and vice versa
(unproductive use of these resources may indicate a lack of reading comprehension). In fact,
construct-irrelevant variance may lead to opposite results than intended. For example, when hints are too
verbose or unhelpful, students who regulate their learning well typically avoid help (Roll et al., 201420). A
related challenge to validity is cultural relevance, as rules may unintentionally introduce biases due to
different ways of approaching challenges across cultural groups (see also Chapter 11 of this report).

As mentioned above, one approach to examining the generalisability and validity of rules relies on the
interplay between theory and data. It is essential to collect data early on to validate the rules. The provision
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of think-aloud protocols and cognitive labs is effective in that regard. A good evidence model has both
predictive power (who learns well?) and explanatory power (what makes them learn well?).

The role of prior knowledge

Numerous attributes mediate the relationship between SRL and the use of feedback and resources.
Identifying these attributes and assessing performance as a function of those variables is a significant
challenge for interpreting student behaviours. One key dependency is that the strategic use of resources
depends on students’ domain knowledge, as experts and novices manage their learning differently
(Kalyuga and Singh, 201537;; Zohar and Barzilai, 20133s)).

SRL assessments should consider two aspects of prior knowledge. One aspect is domain-level knowledge
— for instance, knowing and understanding a domain inevitably affects one’s need for help. The second
aspect is familiarity with relevant resources — for example, students who are used to concept maps or
learning from examples may have an advantage when encountering these resources. The coupling
between SRL behaviours and prior knowledge of the topic or tools is inherent to any task, as students
regulate their learning to overcome knowledge gaps. Thus, knowledge gaps are a key motivation for
choosing which SRL strategies to enact.

One approach to mitigate the effect of prior knowledge is to assess it and adapt rules accordingly. This
means that rules become conditional on prior knowledge — for example, asking for help only when lacking
knowledge or trying to correct errors on their own if sufficiently knowledgeable. In some cases, assessing
prior knowledge is rather straightforward: when tasks build on well-defined domains such as coding or
mathematics, traditional items can be used to assess domain knowledge. However, as most SRL
assessments require complex tasks, assessing prior knowledge is non-trivial. For example, in the “I Like
That!” prototype unit, assessing prior knowledge of modelling practices is challenging. One solution is
deconstructing and testing each modelling practice separately, without resources. A similar approach can
be used to evaluate prior knowledge of tools. For example, learners can be asked to perform specific tasks
with the tools to assess technical fluency, although such an approach is inefficient and unauthentic.

Another approach is to minimise the relevance of learners’ prior knowledge in the task. One good example
of this approach is the “I Like That!” prototype. This task is a typical scientific inquiry scenario: students are
given data and are asked to identify the relationship between different variables by applying inquiry
strategies (Pedaste et al., 201539); Roll et al., 201821;). However, implementing the task in a scientific
context would have created construct-irrelevant variance, namely prior exposure to the relevant scientific
topics. Instead, the task uses a made-up scenario. This scenario levels the playing field in numerous ways.
Intuitively, most students understand what a recommender system for movies (such as Netflix) does.
Practically, though, very few have experimented with building one. In addition, learners do not have prior
knowledge of the model of the specific made-up user.

A third approach seeks to minimise variability in prior knowledge. By using tutorials, examples and
walkthrough problems, students can be given basic knowledge with which they can approach the task.
This is especially useful regarding knowledge of the task-specific tools, such as learning to use the concept
map tool in the “I Like That!” example.

Motivation regulation

This chapter focused on assessing metacognitive and cognitive strategies using feedback and resources.
Such analysis overlooks the very significant role of motivational regulation in SRL. Prior work has
demonstrated the potential of assessing affective states in digital environments (Calvo and D’Mello,
2010pu05; Woolf et al., 200911)). The provision of resources may further aid this assessment. For example,
students’ use of hints can be used to identify learners who attempt to make progress without putting in the
required effort (Baker et al., 2013u42;). However, the interaction between affective states and metacognitive
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strategies should be further studied, especially regarding resource use (Shum and Crick, 2012p3;). Using
resources requires deliberation and sustained effort (Tishman, Jay and Perkins, 19934). Students need
to be aware of their motivational states, their ability to control them and their impact on their learning
processes (Wolters, 2003u5). This in turn affects learners’ engagement (or disengagement) (Miele and
Scholer, 201746); O'Brien et al., 2022p47;). Similarly, additional data sources such as self-reports may be
warranted. However, such analysis is beyond the scope of the current chapter.

Conclusion

The assessment of SRL requires open and interactive task situations in which learners have agency
through choice. The availability of interactive learning resources provides ample opportunities to assess
the way learners make these choices. Capitalising on students’ choices to assess SRL is done using an
inference model, triangulated across tasks, validated using data and contingent on prior knowledge. Such
assessments are exciting in that they measure students’ capacity to learn, above and beyond their static
knowledge state.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



168 |
References

Aleven, V. et al. (2016), “Help helps, but only so much: Research on help seeking with Intelligent
Tutoring Systems”, International Journal of Artificial Intelligence in Education, Vol. 26/1,
pp. 205-223, https://doi.org/10.1007/s40593-015-0089-1.

Baker, R. et al. (2013), “Modeling and studying gaming the system with educational data mining”,

in International Handbook of Metacognition and Learning Technologies, Springer
International Handbooks of Education, Springer, New York, https://doi.org/10.1007/978-1-
4419-5546-3 7.

Bransford, J. and D. Schwartz (1999), “Rethinking transfer: A simple proposal with multiple
implications”, Review of Research in Education, Vol. 24/1, pp. 61-100,
https://doi.org/10.3102/0091732X024001061.

Calvo, R. and S. D’Mello (2010), “Affect detection: An interdisciplinary review of models,
methods, and their applications”, IEEE Transactions on Affective Computing, Vol. 1/1, pp. 18-
37, https://doi.org/10.1109/t-affc.2010.1.

Cutumisu, M. et al. (2015), “Posterlet: A game-based assessment of children’s choices to seek
feedback and to revise”, Journal of Learning Analytics, Vol. 2/1,
https://doi.org/10.18608/jla.2015.21.4.

Cutumisu, M., D. Chin and D. Schwartz (2019), “A digital game-based assessment of middle-
school and college students’ choices to seek critical feedback and to revise”, British Journal
of Educational Technology, Vol. 50/6, pp. 2977-3003, https://doi.org/10.1111/bjet.12796.

de Jong, T. et al. (2018), “Simulations, games, and modeling tools for learning”, in Fischer, F.
et al. (eds.), International Handbook of the Learning Sciences, Routledge, New York,
https://doi.org/10.4324/9781315617572-25.

Dede, C. (2010), “Comparing frameworks for 21st century skills”, in Bellanca, J. and R. Brandt
(eds.), 21st Century Skills, Solution Tree Press, Bloomington.

Deeva, G. et al. (2021), “A review of automated feedback systems for learners: Classification
framework, challenges and opportunities”, Computers & Education, Vol. 162, pp. 1-43,
https://doi.org/10.1016/j.compedu.2020.104094.

Drew, C. (2019), “Re-examining cognitive tools: New developments, new perspectives, and new
opportunities for educational technology research”, Australasian Journal of Educational
Technology, Vol. 35/2, https://doi.org/10.14742/ajet.5389.

Flavell, J. (1979), “Metacognition and cognitive monitoring: A new area of cognitive—
developmental inquiry”, American Psychologist, Vol. 34/10, p. 906.

Fredricks, J., P. Blumenfeld and A. Paris (2004), “School engagement: Potential of the concept,
state of the evidence”, Review of Educational Research, Vol. 74/1, pp. 59-109,
https://doi.org/10.3102/00346543074001059.

Ganaiem, E. and I. Roll (2022), “The effect of different sequences of examples and problems on
learning experimental design”, Proceedings of the International Conference of the Learning
Sciences, pp. 727-732.

[26]

[42]

(1]

[40]

[33]

(3]

[22]

[4]

[23]

(18]

(9]

[10]

[28]

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



Glogger-Frey, I. et al. (2015), “Inventing a solution and studying a worked solution prepare
differently for learning from direct instruction”, Learning and Instruction, Vol. 39, pp. 72-87,
https://doi.org/10.1016/j.learninstruc.2015.05.001.

Jarvenoja, H. et al. (2018), “Capturing motivation and emotion regulation during a learning
process”, Frontline Learning Research, Vol. 6/3, pp. 85-104,
https://doi.org/10.14786/flr.v6i3.369.

Jonassen, D. (1992), “What are Cognitive Tools?”, in Cognitive Tools for Learning, Springer,
Berlin/Heidelberg, https://doi.org/10.1007/978-3-642-77222-1 1.

Kalyuga, S. and A. Singh (2015), “Rethinking the boundaries of cognitive load theory in complex
learning”, Educational Psychology Review, Vol. 28/4, pp. 831-852,
https://doi.org/10.1007/s10648-015-9352-0.

Kinnebrew, J., J. Segedy and G. Biswas (2017), “Integrating model-driven and data-driven
techniques for analyzing learning behaviors in open-ended learning environments”, IEEE
Transactions on Learning Technologies, Vol. 10/2, pp. 140-153,
https://doi.org/10.1109/t1t.2015.2513387.

Kirschner, P. and S. Stoyanov (2018), “Educating youth for nonexistent/not yet existing
professions”, Educational Policy, Vol. 34/3, pp. 477-517,
https://doi.org/10.1177/0895904818802086.

Miele, D. and A. Scholer (2017), “The role of metamotivational monitoring in motivation
regulation”, Educational Psychologist, Vol. 53/1, pp. 1-21,
https://doi.org/10.1080/00461520.2017.1371601.

Mislevy, R. (2013), “Evidence-centered design for simulation-based assessment”, Military
Medicine, Vol. 178/10S, pp. 107-114, https://doi.org/10.7205/milmed-d-13-00213.

Nathan, M. (1998), “Knowledge and situational feedback in a learning environment for algebra
story problem solving”, Interactive Learning Environments, Vol. 5/1, pp. 135-159,
https://doi.org/10.1080/1049482980050110.

National Research Council (2001), Knowing What Students Know, National Academies Press,
Washington, D.C., https://doi.org/10.17226/10019.

Nesbit, J., H. Niu and Q. Liu (2018), “Cognitive tools for scaffolding argumentation”, in
Adesope, O. and A. Rud (eds.), Contemporary Technologies in Education: Maximising
Student Engagement, Motivation and Learning, Springer, Cham, https://doi.org/10.1007/978-

3-319-89680-9 6.

O’Brien, H. et al. (2022), “Rethinking (dis)engagement in human-computer interaction”,
Computers in Human Behavior, Vol. 128, pp. 107-109,
https://doi.org/10.1016/j.chb.2021.107109.

OECD (2018), The Future We Want, https://www.oecd.org/education/2030-
project/contact/E2030%20Position%20Paper%20(05.04.2018).pdf.

OECD (forthcoming), PISA 2025 Learning in the Digital World assessment framework (draft),
OECD Publishing, Paris.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023

1169

[29]

(1]

[16]

[37]

[29]

(5]

[46]

[32]

[19]

(2]

[17]

[47]

[6]

[12]



170 |

Panadero, E. (2017), “A Review of self-regulated learning: Six models and four directions for (8]
research”, Frontiers in Psychology, Vol. 8, https://doi.org/10.3389/fpsyq.2017.00422.

Pedaste, M. et al. (2015), “Phases of inquiry-based learning: Definitions and the inquiry cycle”, (39]
Educational Research Review, Vol. 14, pp. 47-61,
https://doi.org/10.1016/j.edurev.2015.02.003.

Ritter, S. et al. (2019), “Identifying strategies in student problem solving”, in Sinatra, A. et al. (39]
(eds.), Design Recommendations for Intelligent Tutoring Systems, US Army Research
Laboratory, Orlando.

Roll, I. et al. (2007), “Designing for metacognition—applying cognitive tutor principles to the [34]
tutoring of help seeking”, Metacognition and Learning, Vol. 2/2-3, pp. 125-140,
https://doi.org/10.1007/s11409-007-9010-0.

Roll, I. et al. (2018), “Understanding the impact of guiding inquiry: the relationship between (21
directive support, student attributes, and transfer of knowledge, attitudes, and behaviours in
inquiry learning”, Instructional Science, Vol. 46/1, pp. 77-104, https://doi.org/10.1007/s11251-
017-9437-x.

Roll, I. et al. (2014), “Tutoring self- and co-regulation with Intelligent Tutoring Systems to help (20]
students acquire better learning skills”, in Sottilare, R. et al. (eds.), Design Recommendations
for Intelligent Tutoring Systems, US Army Research Laboratory, Orlando.

Roll, I. and P. Winne (2015), “Understanding, evaluating, and supporting self-regulated learning (3]
using learning analytics”, Journal of Learning Analytics, Vol. 2/1, pp. 7-12,
https://doi.org/10.18608/jla.2015.21.2.

Schunk, D. and B. Zimmerman (2013), “Self-regulation and learning”, in Reynolds, W. and [7]
G. Miller (eds.), Handbook of Psychology, John Wiley & Sons, Hoboken.

Seo, K. et al. (2021), “Active learning with online video: The impact of learning context on [27]
engagement’, Computers & Education, Vol. 165, p. 104132,
https://doi.org/10.1016/j.compedu.2021.104132.

Shum, S. and R. Crick (2012), “Learning dispositions and transferable competencies: Pedagogy,  [43]
modelling and learning analytics”, 2nd International Conference on Learning Analytics &
Knowledge, http://oro.open.ac.uk/32823/1/SBS-RDC-LAK12-ORO.pdf.

Shute, V. and S. Rahimi (2021), “Stealth assessment of creativity in a physics video game”, [14]
Computers in Human Behavior, Vol. 116, pp. 1-13, hitps://doi.org/10.1016/j.chb.2020.106647.

Simon, H. (1969), The Sciences of the Artificial, The MIT Press. [36]

Tishman, S., E. Jay and D. Perkins (1993), “Teaching thinking dispositions: From transmission to ~ [44]
enculturation”, Theory Into Practice, Vol. 32/3, pp. 147-153,
https://doi.org/10.1080/00405849309543590.

VanLehn, K. et al. (2007), “What’s in a step? Toward general, abstract representations of (30]
tutoring system log data”, in Conati, C., K. McCoy and G. Paliouras (eds.), User Modelling
2007. Lecture Notes in Computer Science, Springer, Berlin/Heidelberg.

Wieman, C., W. Adams and K. Perkins (2008), “PhET: Simulations that enhance learning”, (8]
Science, Vol. 322/5902, pp. 682-683, https://doi.org/10.1126/science.1161948.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



Winstone, N. et al. (2016), “Supporting learners’ agentic engagement with feedback: A
systematic review and a taxonomy of recipience processes”, Educational Psychologist,
Vol. 52/1, pp. 17-37, https://doi.org/10.1080/00461520.2016.1207538.

Wolters, C. (2003), “Regulation of motivation: Evaluating an underemphasized aspect of self-
regulated learning”, Educational Psychologist, Vol. 38/4, pp. 189-205,
https://doi.org/10.1207/s15326985ep3804 1.

Wood, D. (2001), “Scaffolding, contingent tutoring and computer-supported learning”,
International Journal of Artificial Intelligence in Education, Vol. 12, pp. 280-292.

Woolf, B. et al. (2009), “Recognizing and responding to student affect”, in Jacko, J. (ed.),
Human-Computer Interaction. Ambient, Ubiquitous and Intelligent Interaction, Lecture Notes
in Computer Science, Springer, Berlin/Heidelberg, https://doi.org/10.1007/978-3-642-02580-

8 78.

Zohar, A. and S. Barzilai (2013), “A review of research on metacognition in science education:
Current and future directions”, Studies in Science Education, Vol. 49/2, pp. 121-169,
https://doi.org/10.1080/03057267.2013.847261.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023

1171

[24]

[45]

[31]

[41]

[38]






1173

1 0 Artificial Intelligence-enabled
adaptive assessments with
Intelligent Tutors

By Xiangen Hu, Keith Shubeck and John Sabatini

(University of Memphis)

This chapter presents an adaptive assessment framework inspired by
Intelligent Tutoring Systems (ITS), i.e. computer-based learning
environments providing personalised instruction and feedback to learners
through digital tutors and/or “peer” avatars. Unlike typical assessment
environments, ITS provide students with interactive scenarios that integrate
dynamic tasks and iterative feedback, where learning takes place as learners
progress through the activities. The chapter argues that next-generation
assessments have a lot to learn from ongoing developments in ITS,
especially from original applications of Artificial Intelligence (Al) that provide
intelligent feedback to students, adapt the system content in response to their
actions, and evaluate what they know and can do. Three examples of ITS
that integrate Al- applications for such purposes are presented.
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Introduction

The preceding chapters in this publication have argued that assessing what students know and can do
requires a coherent chain linking: 1) a vision of what relevant competencies in a given domain are; with 2)
the type of tasks where observing proficiency in such competencies is possible; and 3) the appropriate
methods to interpret and summarise the data resulting from these tasks. Such evidence-based reasoning
is essential to make valid inferences on complex competencies, like communication and creative thinking,
which people need for life and work in the 21st Century. It has been argued that eliciting evidence of 21st
Century competencies requires immersive, realistic assessment tasks where test takers engage these
competencies and where evaluators pay as much attention to the process by which learners come to solve
the given task as to the result of this process. Finally, it has also been argued that making sense of the
complex data streaming from such interactive tasks is only possible at scale by leveraging modern digital
technologies.

In this chapter, we elaborate on these points by introducing an adaptive assessment framework inspired
by Intelligent Tutoring Systems, i.e. computer-based learning environments providing personalised
instruction and feedback to learners through digital tutors and/or peers called avatars (Nwana, 1990p1;; Rus
et al., 2013y2). Intelligent Tutoring Systems (ITS) have been one of the most active areas of research and
development in learning sciences and technologies in the past 35 years. Researchers in this area have
always been at the forefront of technologies, particularly the assessment technologies (Sottilare et al.,
20173)). Most ITS applications are a unique combination of learning theories, applications in the domain
and available technologies.

Unlike typical assessment environments, ITS provide interactive scenarios filled with dynamic tasks and
constant feedback, where learning takes place as students progress through the activities. We contend
that next-generation assessments have a lot to learn from ongoing developments in ITS, and in particular,
from original applications of Artificial Intelligence (Al) that provide intelligent feedback, adapt content in
response to the actions of test takers, and evaluate what they know and can do. We provide a few
examples of ITS for assessment along these lines before turning to a summary of the chapter’s key points
and concluding thoughts.

Why are ITS relevant to next-generation assessments?

In traditional tests, the goal is to assess students’ acquired knowledge prior to the task. Usually no feedback
is given, tasks are likely very distinct from one another, and the type of responses is mostly limited to
categorical responses (i.e. correct or incorrect answers) to minimise the “testing effect”, i.e. learning from
the test (Avvisati and Borgonovi, 20204;; Butler, 2010;5); Dempster, 1996;; Roediger and Karpicke, 20067;
Rowland, 2014s;; Wheeler and Roediger, 1992;q). In contrast, in ITS — as in learning environments more
broadly — the goal is to maximise the testing effect to support student learning. To this end, tasks are not
only related but carefully constructed feedback is provided to students after each response. Additionally,
attempting to emulate what human educators do, ITS adapt and make their judgements based on a wide
range of student behaviours beyond the provision of categorical responses including response latency,
signs of confidence, emotions, body movement, etc.

These differences (presence or absence of feedback, relations between tasks and observed student
behaviours) between the two environments result in fundamentally different assessment approaches. The
fact that tasks in typical assessment environments have to be efficient and independent reduces the need
for sophisticated types of responses and consequently limits the type of analytical tools that are needed to
make sense of these responses. In ITS, tasks have to be ecologically valid and mimic real learning
environments (for example, being conversational), and consecutive tasks are likely related. The response
to the tasks can be multi-modal so advanced technologies have to be used to collect and interpret the
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data. The ITS experience can thus help realise the vision of change for next-generation assessments
described in previous chapters by illustrating ways to deliver intelligent feedback as well as providing
models and tools to process complex, multi-modal data.

An ITS adaptive assessment framework

We propose a general framework for the use of ITS for assessment. The framework describes how ITS
work, what types of data can be generated by the interactions between human learners and automated
tutors, and how these data can be converted into evidence of students’ knowledge and mastery of complex
skills. The framework is an abstraction of the general elements characterising ITS that target different
domains (e.g. from electricity to socio-emotional learning) and automatically process data emanating from
different response processes (e.g. from multiple choice to open conversation and emotion detection). In
particular, the framework shows how these very different sources of evidence can be organised according
to the same data structure.

Figure 10.1 illustrates the main elements of the framework:

the type and function of agents that interact in the ITS.
2. the way agents interact through sequences of stimuli and responses.

3. the data structure corresponding to the number of responses multiplied by the number of measures
that are calculated on each response.

Figure 10.1. Elements of an ITS adaptive assessment framework

1. Agents 2. Interactions and associated measures 3. Data structure

Humans Learners | i Stimulus

. responses measures

Learners Measures:
Avata : Response + Correctness
Tutors : » Timing
*  Magnitude

Type of input:
 Categorical response
o Textinput
 Voice/Facial/Body

* Biometric

The agents of Intelligent Tutoring Systems: Learners and avatars

In ITS, one or more human learners interact with one or more ITS applications called avatars. The avatars
take either the role of a tutor, who explains concepts and asks questions, or of a peer learner, who
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participates to the tutoring as the human learner does. Learners and avatars act similarly within ITS: both
present questions for each other and offer answers with the best of their knowledge. The difference is that
avatars are controlled by back-end Al-enabled engines that constantly assess learners during the
interaction while the behaviours of human learners are controlled by back-end human intelligence (broadly
defined) and are very likely doing similar assessments of the avatars.

The interactions between learners and avatars

The interactions between learners and avatars occur in a mixed-initiative style, where humans and avatars
respond to questions of other humans and avatars. We characterise this iterative process as a series of
sequences each involving a stimulus (S) and a response (R). Any action at the time t becomes the stimulus
for another action at time t+7. For example, a typical interaction might start with the avatar tutor explaining
a concept and then asking a question to learners to verify their understanding. This is the first stimulus at
time t, that is followed by a response at time t+1. This response elicits feedback from another agent in the
ITS at time t+2 that results in a new stimulus. If the human agent provides an incorrect response, the avatar
tutor might provide a clarification and invite the learner to give another response at time {+3. In this
conversational environment, the number of responses that are collected from each human learner is thus
not fixed but depends on the how the interaction unfolds between the human and the avatars.

In this framework, we distinguish two different aspects of the responses taking place in ITS: 1) the response
type, or format of the response (e.g. text or voice input); and 2) the response measures, or types of
evidence that are generated about student learning — including correctness as well as timing and
magnitude. We discuss these two aspects in detail next.

Response types

Responses from learners in ITS can take one or a mixture of the following response types:
e Categorical behaviour that is easily identified, such as multiple choices.
e Written (typed) text responses.
¢ Natural language voice input.
e Facial expressions and body gestures.
e Bio-metrical response/behaviours captured through wearable devices, such as smart watches.

As shown in Table 10.1, collecting data from each response type requires different types of hardware in
terms of assessment devices.

Table 10.1. Response types and input devices

Input (response type) Hardware (device) Software (processing)
Categorical response Keyboard, mouse, touchpad Classic statistics
Text input Keyboard Natural Language Processing (NLP)
Voice/facial/body Voice recording, video camera Speech-to-text, NLP, emotion detection,

gesture detection

Physiological measures Wearable devices Big-Data analytical tools
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Response measures

Evaluation of the correctness of responses

For each avatar action, the avatar has a set of “expected” correct responses and “speculated” wrong
responses. Consider a simple and familiar case: if the action of the avatar is to present a multiple-choice
question to the learner, the expected correct answer would be the correct choice and the speculated wrong
responses would be the wrong choices. In this multiple-choice example, the avatar can always “score” the
responses of any action into:

e Hit (H): Correct choice is selected.

e False Alarm (FA): Incorrect choice is selected.

e Miss (M): Correct choice is not selected.

e Correct Rejection (CR): Wrong choice is not selected.

Notice that when the response is correct, more than one score can be assigned: Hit (the correct selection)
and Correct Rejection (the ones that are not selected). In the case in which more than one choice needs
to be selected (such as “check all that apply” types), all four scores may exist in one response.

This simple categorical representation can be adapted to more complex responses from the human
learner. No matter the type of response, within an ITS there is always a well-defined set of expected correct
and incorrect responses. For each response type, the software processing the responses is responsible
for classifying them into discrete responses:

e For categorical responses, such as multiple-choice responses, correct/incorrect responses are
explicitly defined according to the scheme presented above (H, FA, M, CR).

e For non-categorical responses, such as text input, software is needed to classify the input text into
letter grades or a more fine-grained evaluation against typical correct and incorrect answers.

e For voice input, software (some type of Al application) is needed to process and transcribe the
input into natural language and then analyse it like text input from categorical responses.

e For facial or body gestures, software is needed to classify the input into discrete categories (such
as emotions based on facial expressions).

e For biometric responses (collected from wearable devices, for example) data are larger than the
previous types; specially designed software is needed to interpret student input.

Time-based measures

Given that the responses in ITS are recorded with timestamps and other physical information, it is relatively
easy to measure the time course of each category and have the following measures that were not available
for classical/traditional assessment instruments:

e Response latency: The time between the end of the previous stimulus and the starting of the
response. This is one of the most studied dependent variables in cognitive psychology. It is easy
to measure and very informative.

e Duration: The time between the action of the response and the submission of response. For
example, if a learner is required to provide a drag-and-drop response, the duration would be time
from the beginning of a dragging action to the time an object is dropped. When classifying facial
expression into emotional states, some of the emotions may last longer than others.

e Inter-category interval and intra-category interval: When the processed result of a response
includes multiple categories and the categories have different time courses, inter-category intervals
are the difference between timestamps for different categories. Intra-category intervals consist of
multiple categories. This measures the time between two observed categorical behaviours.
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Measures of magnitude or intensity of the response

The technologies applied in modern ITS can also be used to classify responses according to other
characteristics beyond their correctness and timing. One important additional measure is the Magnitude,
which represents the intensity of the observed behaviour. A simple measure of magnitude can be obtained
by asking the learner to rate their level of confidence in their response: if the learner states that he has
high confidence in his response then the response is considered having high magnitude. Judgement of
confidence can also be obtained unobtrusively with advanced software to process raw voice and obtain
non-verbal information, such as hesitation, delay between sentences, intonations or sentiments. Measures
of magnitude can have important applications in innovative assessments of social interaction skills and
emotional regulation skills.

Figure 10.2 provides an illustration of the above measures for the simple scenario of a multiple-choice
response type of task. In this example, the avatar asks a question and the human learner chooses among
four responses options (A, B, C, D), where A, C, D are correct choices and B is the wrong choice. In the
first response, the learner indicates option A and B as correct: there is thus one Hit (A), two Misses (C and
D) and one False Alarm (B). The avatar reacts at t+7 providing feedback and then the learner changes his
response, indicating A and C as correct. There is an improvement from 1 out of 4 correct categories to 3
out of 4 with respect to the first response (the only issue in the second response is the missing D). After
receiving feedback from the avatar again the learner submits a third response, this time correctly selecting
options A, C and D and rejecting B. In Figure 10.2, the height of the bar represents the magnitude while
the width represents the length of time between the stimulus and the submission of the responses
(response latency). In this representation, an inter-category interval is given by the time the student takes
to shift from an incorrect to a correct response (or vice versa), while an intra-category interval is given by
the time the student keeps a response the same.

Figure 10.2. The interaction between learners and avatars (tutors) in ITS

Learner response categories for assessments that require categorical responses with answers and distractors
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Notes: A, B, C, D represent the response options that the learner can select in a multiple-choice task. Grey vertical lines represent the different
iterations between the learner and the tutoring system, from the start of the task to the different responses from the learner and feedback from
the tutor. Responses are processed following the Hit (H), False Alarm (FA), Correct Rejection (CR), Miss (M) categories, and green and red
colours flag correct and incorrect learner responses respectively. In each response, the height of the bars represents the magnitude, while the
width represents the length of time between the stimulus and the submission of the responses (response latency).
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Data structure

If the number of independent behavioural categorical measurements for each response is N, the data for
adaptive assessments in ITS will form a K x N data matrix, where K would be the total number of responses.
Take, for example, the data for Figure 10.2. There are four behaviour categories: Hit (H), False Alarm (FA),
Miss (M), and Correct Rejection (CR). If the tutor only provides two feedback interventions, then the data
matrix would be a 3 by 4. If additional measures are collected (e.g. confidence and timelapse of the
responses), there will be additional values in each cell (e.g. response latency, duration, and magnitude).
The other two measures (inter-category interval and intra-category interval) and second-order numerical
properties of the data matrix can be computed easily.

This general data structure is applicable to a variety of adaptive test environments. The next section covers
a few examples demonstrating the utility of the framework.

Selected examples

In the previous section, we presented a framework for adaptive assessments in ITS, which was illustrated
with clearly defined response categories (H, FA, M, CR). In the examples we present next, the assessment
framework is the same, but response categories vary. The first example looks at conversation-based ITS
by focusing on two applications of AutoTutor. The second example is an application of the framework in
assessing competencies of team members in group interaction. In the third example, we present an
application of the framework to an assessment of emotional responses.

Example 1: Conversation-based ITS

In this first example, we look at two applications of AutoTutor. The first one, ElectronixTutor (Graesser
et al., 201810;; Morgan et al., 201811;), is an ITS including 30 modules each covering a key concept in one
of five areas of electronics (semiconductor, PN junction, rectifiers, filters and power supplies). In
ElectronixTutor, learners interact with the tutor by typing (or voice input) in plain English. As shown in
Figure 10.3, the tutor starts with a seed question about the concept (e.g. “What are the disadvantages of
a bridge rectifier?”). In turn, using a combination of latent semantic analysis (LSA) and RegEx, the ITS
evaluates learner responses by analysing their semantic similarity to typical expectations or typical
misconceptions — that is, matching them against a set of previously defined correct and incorrect answers
(see Figure 10.4). If the learner input is incorrect, the tutor provides a hint for the learner to respond to; if
the response to the hint is incorrect, the tutor provides a narrower hint targeting a specific word or phrase
in the form of a “prompt”. Finally, the tutor provides an assertion or summary of the expectation and moves
on to providing hints, prompts and assertions for the next expectation.

It must be noted that, while we considered four indicators of correctness for learner responses in the
previous section (Hit, Miss, False Alarm, Correct Rejection), ElectronixTutor considers two: Hits (i.e.
responses that meet the semantic overlap threshold to the ideal answer) and Misses (i.e. those that do not
meet the semantic overlap threshold). The tutor provides just-in-time feedback for misses and positive
feedback for hits. All interaction data is stored in a learning record store and can be drawn upon to display
learners’ performance, both to instructors and learners themselves through a dashboard user interface.
The dashboard can be easily integrated into most learning management systems meaning that the
modules of the application can be used for learning and assessment in the classroom. ElectronixTutor is
designed to offer two types of feedback (hints and prompts) for both typical expectations and
misconceptions. The data structure in this example is hence a 2 by 2 matrix.
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Figure 10.3. ElectronixTutor interface
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A different, simpler version of AutoTutor, LITE (Hu et al., 200912;), provides a model where students are
presented with a deep reasoning question about a concept that requires explanation beyond a “yes” or
“no” response (Hu et al., 200912;; Sullins, Craig and Hu, 201513)). In this variation, once the student has
provided an answer, a language analyser semantically “decomposes” it (Hu et al., 201414)) and computes
its relevance against the answer key (i.e. correct answer). The numerical value (between 0 and 1) of
semantic similarity between the student’s answer and the answer key is used as the measure of relevance
(R) and irrelevance (IR). The numerical value of irrelevance is 1 minus the numerical value of relevance.
If the student does not give a satisfactory answer, the tutor will invite the student to provide further input.
The analyser will then decompose the new response to determine, first, whether it overlaps semantically
with the previous one or not — this is, to see if the student is providing new (N) or old (O) information — and
second, whether the information is relevant or not. With this process, a sequence of vectors can be
produced, each vector containing six values: Relevant-New (N+R), Relevant-Old (O+R), Irrelevant-New
(N+IR), and Irrelevant-Old (O+IR), in addition to Total Coverage (accumulated pure relevant and new
(N+R) from the first answer to the last answer) and Current Score (most recent (N+R) + (O+R)). All six
scores, not necessarily independent, provide enough information for the ITS to give feedback.

Computation of these values can be achieved by most current semantic analytical tools (Hu et al., 2014 14)).
Each element of the vector will serve as an assessment for the students’ understanding of the given
concept. We call the sequences of values (O+R, O+IR, N+R and N+IR) a learner's characteristic curve
(see Figure 10.5), which has a rather intuitive interpretation that can be easily used to derive feedback:

e When the student does not know the answer or does not know what was asked, the values of
(N+IR) are likely high and this indicates confusion.

e When the student misunderstands the question or has misconception, the values of (O+IR) are
likely high.

e High values of (O+R) indicate that the student may have answered with all the knowledge.

e High values of (N+R) indicate that the student is likely to contribute more towards the answers.

Figure 10.5. Learner’s characteristic curve
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Example 2: Assessing competencies of team members in group interaction

The next example demonstrates that the framework presented here can be used to assess learners'
competencies when interacting with others. To illustrate this possibility, imagine that learners and avatars
in an ITS contribute to a discussion by responding to the previous contributions from other learners or
avatars. Assume the responses are finite and happen at discrete time points (ts,...,t;), where each action
at time {x is the response to some or all of actions prior to k. There are no assigned actions meaning that
each learner/avatar decides to act and some of them may act more than others.

In such context, different types of evidence are produced as learners/avatars respond to previous actions
at any time . As summarised in Table 10.2 below, such evidence can be used to calculate six indices of a
group communication analysis (GCA) vector for each learner/avatar (Dowell, Nixon and Graesser, 20181¢j;
Hu et al., 201817).

Table 10.2. Indices of group communication derived from interactions in an ITS generic scenario

Indices Definition Method of computation
Measures how much a learner participates in the group.
N At each occurrence, this value will increase for the learner . _—
Participation Cumulative frequency of contributions.

Overall responsivity

Internal cohesion

Social impact

Newness

Communication density

but will decrease for all other learners and avatars, since
they are not acting at this time.

The value will increase if the action of the learner is
actively in response to previous actions.

This value will increase if the action is consistent to the
previous actions of the learner.

This value is not updated for the current learner. However,
values for all other learners/avatars may change
depending on how much the contribution of the current
learners is related to their perspective actions.

This value will increase if the action of the learner is
different from its previous actions.

Measured by how meaningful the contribution is.

Semantic similarity of a contribution in relation to
the contributions of other participants.

Semantic similarity between current contribution
and previous contributions of the same learner.

Semantic similarity between one agent's past
contributions and current contributions of others.

Semantic distinctiveness between current
contribution and the same agent's previous
contributions.

Semantic density of the contributions (i.e. it can
be measured by domain-relevant key terms).

Note: Detailed computation for the indices can be found in Table 1 in Hu et al. (201817)).

To compute these indices, behaviour of the participants needs to be recorded — for example, the details of
each contribution of the participants, such as the time, content (language) and the target (who he/she is
addressing to). Some advanced linguistic analytical tools, such as semantic analysis (Hu et al., 201414;;
Hu, Cai and Olney, 20191g), are needed for some of the indices.

With these indices computed after each round of contributions, a sequence of 6-dimensional GCA vectors
can be obtained. The elements of the 6-dimensional vector are measures of response categories. With
this sequence of vectors, timestamp (latency, duration) can be associated with some of the values. There
are also “expected” correct actions and “speculated” wrong moves associated with the actions, so similar
classifications can be performed.

In this example, the data structure is K x 6, where K is the number of contributions from an agent. Notice
that even if each of the contributions is only made by one individual, the GCA vectors are updated for all
participants. Additionally, although the data structure is the same as in the previous example, the nature
of the behavioural categories is different. The potential application for this example is to assess “teamness”
of individuals taking part in artificially constructed discussion environments, where some or all other
participants are avatars controlled by ITS.
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Example 3: Assessment of emotional responses

Emotions and cognitive affective states affect learning in different ways. For example, meta-analyses of
emotions during learning suggest that emotions that frequently occur include boredom, frustration,
confusion, happiness, anxiety and flow/engagement (D’Mello and Graesser, 2012[19)). Previous ITS, to
varying degrees of success, have implemented affect-detection measures meant to enhance feedback
and interventions during the tutoring process (D'Mello, Picard and Graesser, 200720;; D’Mello and
Graesser, 2012p19). But how can information about a learner's affective state improve adaptive
assessments?

One possibility is to use facial recognition software — for example, the sensory model of the Generalised
Intelligent Framework for Tutoring (GIFT) (Sottilare et al., 20173;) — to capture learning-relevant affective
states (Ahmed, Shubeck and Hu, 202121;). Updating the student model with information on their affective
states can potentially help assess a learner’s knowledge state, which goes beyond measures of past
performance or simple self-reported measures of confidence. For example, learners that appear confused
when responding to a question may indicate that they guessed the answer. Similarly, learners that appear
to be frustrated may indicate low confidence on a certain topic or knowledge component. Learners that
appear to be happy or in a state of flow (i.e. a cognitive state where one is completely immersed in an
activity) may suggest high confidence and understanding of the material. However, if a learner appears
confident when providing an incorrect response this may suggest an existing misconception that should
be addressed.

In a traditional non-adaptive assessment environment, it can be difficult to determine if an incorrect
response was due to carelessness, genuine lack of understanding or simply not attending to the task.
Within the context of the Hit, False Alarm, Miss and Correct Rejection framework, knowing a learner’s
affective state at each interaction point can provide further insight into why a learner changed their
response from a False Alarm to a Hit or from a Correct Rejection to a False Alarm. Consider, for example,
a learner who appears confused when providing an incorrect response to a question and then later appears
calm or happy when making a correct response for their second attempt. This could suggest that the
confusion was resolved. Here, the affective data is used to enhance the system’s confidence in the
learner's current knowledge state. Mapping a learner's affective state onto relevant knowledge
components can strengthen the system’s student model. This improved student model can then be used
to provide data-driven, “learner aware” (Ahmed et al., 202022)) and affect-sensitive interventions and
feedback to potentially guide the user back into an affective state conducive to learning.

In a pilot implementation, a simple Amazon Rekognition APl (AWS, 202323)) was integrated in an existing
ITS (see Figure 10.6). Facial expressions of learners were processed every 500 milliseconds and mapped
each time onto eight emotional states (Angry, Sad, Calm, Confused, Disgusted, Fear, Surprised and
Happy) with varying degrees of confidence — for example, Rekognition API classified the face as Angry
with 45.52% confidence. It must be noted that the Al behind the Rekognition api is based on a large number
of human faces, but it may not be accurate when classifying emotions for individuals in certain contexts,
such as learning. It may be, for instance, that the facial expression of the individual in Figure 10.6 can be
generally classified as Angry (with 45% confidence from API) but, for this particular individual, it is a typical
expression of confusion when working with difficult tasks (a z-score of 2.77 for the emotion type of
confusion). Indeed, the outcome of the eight emotion types from Rekognition APl may not be the perfect
measure of emotion types during learning. However, having a numerical vector that are sensitive to
learners’ emotional change as function of tasks during learning made it possible for potential applications
for assessment.
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Figure 10.6. Measuring emotional responses during tutoring

If input voltage decreases, how does the circuit

maintain a constant output voltage?

Emotion Confidence  Mean SD 4 |
Angry 45.52 0.126
- Sad 33.64 0.364 L.
Calm 13.48 -0.76
Confused 4.77 277
Disgusted 1.14 -0.86 1

From Rekognition APl  Personal Eotional Profile \‘\ ki {

Fear 1.04 -0.96
Surprised 0.29 -1.355
Happy 0.12 -1.44

Note: Facial emotional data are sampled in fixed intervals (500 milliseconds). An eight-dimension emotional vector is computed from Rekognition
API and then z-scores for each of the dimensions are computed from the distributions of measures.
Source: Combined screenshots from Amazon Rekognition API (AWS, 202323)).

Conclusion and final thoughts

In this chapter, we introduced an adaptive assessment framework inspired by Intelligent Tutoring Systems.
In this framework, regardless of the chosen domain and type of task, the data structure is in the form of K
x N, where K is the number of responses and N is the number of assessment categories. The adaptive
nature of assessments in this framework, however, requires models that analyse sequences of actions in
interconnected tasks. The examples presented in this chapter have shown that the current state of Al
makes it possible to interpret data and develop indicators for sequences of actions with multiple data types
— albeit several limitations remain, both theoretical and technological. Theoretically, we still need to
understand what exactly the fine distinctions between learning environments and assessment
environments are. What we have presented is based on a typical assumption in a learning framework
where any exposure of learning resources (even in the form of assessment items) will have an explicit or
implicit impact on future performance. Yet, because this process is adaptive and dynamic, it is necessarily
different for each learner. In other words, the assessment of a learner’s ability will likely be process
dependent. It would be a challenging task to design an adaptive assessment that measures the same
competence for all the learners.

There are a few technological issues as well. The technology that we use today may be outdated tomorrow.
For example, there are new and improved semantic processing technologies today that are much better
than those used five years ago. Different technology will necessarily produce different adaptive processes
and there will be issues if longitudinal comparisons are made using different technologies at different times.
In addition, there are large differences in terms of the availability of technologies across different countries
and regions. For example, semantic analytic tools are more mature for some languages, such as English,
than for others. Using technologically dependent process data to assess students’ ability will need to be
validated when the availability of technologies changes. The processing of natural language input, such
as through syntactic parsing or semantic encoding, is more computationally expensive (both as the user
terminal and server) than processing categorical inputs. Differences in the availability of technology and
computational power might result in differences in access to innovative systems across countries.
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Furthermore, while Al-powered learning environments offer new avenues to analyse the process and not
only the product of learning (e.g. through process data), and to emulate real-life, open and dynamic
contexts (e.g. by introducing complex conversations), their ability to enhance the authenticity of
assessments remains limited in some respects (Swiecki et al., 2022)24]). For instance, despite the progress
of natural language processing, developing Al systems capable of processing the full spectrum of human
expression including elements such as humour or double meanings remains elusive. Limited “reasoning”
abilities hold back Al’'s capacity to categorise learner behaviour well in truly open environments where
qualitative information is needed, compromising in turn the offering of “intelligent” tutoring feedback.
Further limitations include increasingly recognised issues of discrimination stemming from the fact that Al
systems build on models, both expert-based and data-driven, grounded on restricted ideas of learning and
behaviour pertaining to particular groups of learners (e.g. white, male, neurotypical students). Al
technologies must become more mature if we are to rely on non-human intelligences for the provision of
the authentic and adaptive tutoring and assessment experiences that all learners deserve.
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1 1 Cross-cultural validity and

comparability in assessments of
complex constructs

By Kadriye Ercikan, Han-Hui Por and Hongwen Guo

(Educational Testing Service)

This chapter discusses issues and methodologies in cross-cultural validity
and comparability in multilingual and multicultural assessment contexts,
considering construct equivalence, test equivalence and testing condition
equivalence. It discusses the important role of sociocultural context in
shaping learning and assessment performance, particularly for assessments
measuring 21st Century competencies like creativity or critical thinking.
Cultural norms, practices and opportunities to learn affect students’
understanding of assessment items, problem-solving strategies and
performance. In innovative digital assessment contexts, students’ digital
literacy and potential biases in test adaptivity and artificial intelligence-based
automated scoring and item generation engines also necessitate
consideration. The chapter highlights recommendations for evaluating and
optimising validity and comparability in innovative assessments of 21st
Century competencies.
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Introduction

Assessments of 21st Century competencies, such as complex problem solving, are expected to be
engaging, resemble real life tasks, draw upon multidisciplinary knowledge and skills, and provide
individuals with feedback on their progress towards solving problems. Several testing innovations are used
in large-scale digital assessments to meet these goals (see Chapters 5 and 7 of this report). These
innovations include adaptivity based on performance on segments of the assessment, interactivity that
modifies the assessment as determined by student actions during test-taking, and the use of multimedia
tools and digital features of assessment environments. Interactivity and adaptivity in assessments, as well
as the need for producing more engaging assessment, immediate and effective feedback to learners, and
cost efficiency, can also utilise artificial intelligence (Al)-based tools such as automated item generation
and Al-based automated scoring. While these innovations enhance and help meet the demands for such
assessments, we must consider the new sources of threats to cross-cultural validity and comparability of
assessment inferences that they generate. These implications are discussed in this chapter.

Throughout the chapter, we use assessment to describe educational and psychological measurement
instruments, including surveys and questionnaires, and related documents and procedures such as
instructions, scoring guidelines and administration procedures. The term test refers specifically to a test
form or when it is part of a commonly used phrase, such as in "test equivalence" or "test adaptation”. In
describing the mode of assessments, we use the terms digital or innovative to refer to the broad classes
of technology-based assessments (TBAs) and technology-enhanced assessments (TEAs). Furthermore,
measurement/score comparability and measurement equivalence are used interchangeably and refer to
the comparability of score interpretation and use and the statistical notions of measurement equivalence.

Sociocultural context of assessment

Students' participation in assessments has been viewed typically through a cognitive perspective which
focuses on teaching, learning and performance on assessments without taking the sociocultural context
into account (Pellegrino, Chudowsky and Glaser, 2001p1;). This perspective is in contrast to the
sociocultural lens, also referred to as the "situated perspective" (Gee, 20082;), which considers learning
and performance on assessment in terms of the relationship between individuals and the social
environment and the context in which they think, feel, act and interact (Moss et al., 20083)).

There is extensive research evidence that social and cultural contexts can affect learning and world views,
including how success is perceived, how students are taught and how achievement is defined in education
systems. For example, Yup'ik children in rural Alaska learn critical community practices such as fishing
and navigation from observing and participating in these activities with experienced adults. Because verbal
interactions are part of this key learning process, a school system that expects passive listening with little
contextual interaction may disadvantage these students (Lipka and McCarty, 19944)).

Sociocultural context plays a particularly critical role in the development of complex 21st Century
constructs such as creativity, critical thinking, problem solving or collaborative skills. These constructs are
defined in terms of how students think, feel, empathise, act and interact with others and their social
environment, and are grounded in social and cultural contexts (Suzuki and Ponterotto, 20075)). Research
points to evidence of differences in the conceptual definitions and applicability of such constructs in
different cultures (Ercikan and Lyons-Thomas, 2013is; Ercikan and Oliveri, 2016[7;; Niu and Sternberg,
2001s;; Suzuki and Ponterotto, 2007s; Lubart, 1990).

The central role that social and cultural context plays on learning extends to assessments. When students
engage with assessments, their experiences, language and sociocultural backgrounds interact with the
knowledge and skills targeted by the assessment, which can in turn impact their performances (Liu, Wu
and Zumbo, 2006(10;; Solano-Flores and Nelson-Barber, 200111;). Responses to test items reflect what
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students know and can do as well as a complex interaction of how they feel about the assessment situation,
understand assessment questions and formulate their responses that is based on their social environment
and cultural and language practices outside of school.

Cultural norms and practices

The nature and frequency of access to cultural practices outside of school can affect students'
understanding of assessment items and hence their performance. For example, students who attend
French schools as linguistic minority students in Ontario, Canada, where English is the dominant societal
language, consistently performed worse in mathematics, reading and science than French students in
Quebec, Canada, where French is the dominant language (Ercikan et al., 201412;). Similar performance
trends have been observed for other ethnic, racial and linguistic minority groups in other countries (Ercikan
et al., 201412;; Ercikan and Elliott, 2015(13]). In each occurrence there are likely multiple factors contributing
to these patterns, but the contribution of students’ social and cultural contexts as well as access to the
language of schooling need to be considered as important factors for learning and assessment outcomes.

Parental involvement and expectations — another contributor to the social aspect of learning — have also
been found to play a role in academic performance (Cooper et al., 2009;14;; Lee and Stankov, 2018y15)). For
example, students in Asian countries, such as China, view their education and examination systems as
the main route out of poverty. This context, combined with being praised and rewarded for good
performance by teachers and parents, is associated with higher motivation to perform well on the
assessment (Rotberg, 200616}; Zhang and Luo, 2020;17;). Students from Asian cultural groups tend to have
higher engagement levels with low-stakes assessments than students from some Western countries
(Ercikan, Guo and He, 20201s); Guo and Ercikan, 202119]), also pointing to higher motivation levels.

Opportunity to learn and assessment performance

An important context that can affect students' assessment performance is the opportunities available to
study a topic, learn how to solve the type of problems included on an assessment, and engage with similar
kinds of assessments (Ercikan, Roth and Asil, 201520;; National Academies of Sciences, Engineering, and
Medicine, 20191211). The opportunity to access the curricular content which is subsequently assessed,
develop test-taking strategies and become familiar with a given assessment technology can all contribute
to students' ability to engage with an assessment.

The role of opportunity to learn (OTL) in performance on assessment and in the validity of interpretation
and use of assessment results has been widely recognised (Moss et al., 20083;; National Academies of
Sciences, Engineering, and Medicine, 2019211). Large-scale assessments like the National Assessment of
Educational Progress (NAEP) and the Programme for International Student Assessment (PISA) include
measures of OTL to facilitate better interpretation and use of performance results (National Center for
Educational Statistics, 202122;; OECD, 2016p23;; Schleicher, 201924)). Indicators of OTL often include
school poverty rates, access to high-quality preparatory (e.g. kindergarten) programmes and coursework,
access to high-quality teaching, curricular breadth and academic support (National Academies of
Sciences, Engineering, and Medicine, 2019211). As OTL tends to measure access to curricular programmes
or academic support, many of the common OTL indicators have demonstrated association with academic
performance such as applied mathematics problems (Schmidt, Zoido and Cogan, 201425)) and advanced
mathematical concepts (Cogan, Schmidt and Wiley, 200126); Fuchs and WéRBmann, 200727;; Schmidt
et al., 2015p2g)).

While many of these indicators that primarily capture opportunities to learn in school have obvious and
shown associations with learning outcomes, their relationship with competencies like problem solving,
decision making or collaborative skills (Kurlaender and Yun, 20052¢;; 2007(30;) are less definitive as the
development of such constructs are not as closely connected to specific subjects, concepts and
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procedures that are taught at school. Therefore, OTL indicators for these types of constructs may need to
include those opportunities outside of schools, such as in the home and in broader societal contexts.
Additionally, while within-group differences in OTL create challenges for score interpretation at the group
levels, measuring the OTL of a complex construct remains a valuable exercise. For example, variations
within and across cultural groups in opportunities to learn and practice problem solving can provide
important insights to guide policy and practice in reducing such disparities.

Considerations for cross-cultural validity and comparability in assessments

Sociocultural context plays an important role in shaping learning and performance on assessment, which
therefore has clear implications for assessment validity (and consequently for establishing validity evidence
to support measurement equivalence). Validity is defined as the "degree to which evidence and theory
support the interpretations of test scores for proposed uses of tests" (AERA, APA, NCME, 2014, p. 1131).
Similarly, cross-cultural validity refers to the degree to which evidence and theory support the
interpretations and uses of test scores for different cultural groups and comparisons across groups.
Comparative inferences require equivalence of measurement and comparability of scores when tests are
administered in multiple languages or when students from different cultural groups take tests in the same
language. Cross-cultural validity and comparability issues have particular relevance to assessments of
complex constructs in multicultural and multilingual contexts, such as in international assessments, and
assessments in countries with culturally diverse populations.

Figure 11.1. Issues affecting measurement equivalence across cultural and linguistic groups
Sociocultural context of learning and assessment

Cultural norms, familial expectations, opportunities to learn, parental involvement,
access to digital devices

Construct equivalence

Relevance, definition

Measurement equivalence

Test equivalence Testing condition equivalence
Linguistic Test instruction
Engagement with assessment Test format
Adaptivity & interactivity Speededness
Al based item creation and scoring Testing time

Training of administrators

As described in Figure 11.1, measurement equivalence requires evidence that tests are capturing
equivalent constructs (construct equivalence) across subgroups, have similar measurement
characteristics and properties (test equivalence), and they are administered in equivalent conditions
(equivalence of testing conditions) (Ercikan and Lyons-Thomas, 2013e); Perie, 2020;32;). All three aspects
of measurement equivalence are inherently influenced by sociocultural context.
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Construct equivalence

The equivalence of constructs is the degree to which construct definitions are similar for populations
targeted by the assessment, whether individuals are expected to develop and progress on these constructs
in similar ways, and whether they are accessible in similar ways for all populations. It is critical to all
assessments intended for multicultural and multilingual groups but it takes on specific relevance to large-
scale assessments of complex and multidimensional constructs (Ercikan and Oliveri, 2016(7;). Constructs
such as creativity, intelligence, critical thinking and collaboration are not uniformly taught in schools and
are conceptualised and defined differently in different cultures. For example, how creativity develops and
how creative behaviours are manifested differ across cultural groups (Lubart, 1990;9); Niu and Sternberg,
2001;s)). Other researchers have also argued that the concepts of intelligence are grounded in cultural
contexts and, as such, the constructs have different definitions in these contexts (Sternberg, 201335)).

Given that complex skills are embedded within social contexts and are characteristically shaped by cultural
norms and expectations, we can expect their manifestations and the value of student outputs to vary across
cultures. Because of these differences across cultural groups, there is a need to balance measurement
validity with score comparability (see Box 11.1 for an example in the context of a large-scale assessment).

Box 11.1. Optimising comparability in the PISA 2022 Creative Thinking assessment

The PISA 2022 assessment of creative thinking exemplifies how an assessment of a complex construct
across language and cultural groups can focus on certain aspects that optimise comparability. The
developers of the assessment emphasised that the items should draw upon “the knowledge and
experiences that are common to most students around the world” and reflect “the types of creative
expressions that 15-year-old students can achieve and that can be most meaningfully and feasibly
assessed” within the constraints of a PISA environment (Foster and Schleicher, 202133)).

To ensure this, the assessment developers addressed five issues in particular. These included:

e Focusing the assessment on the narrower construct of creative thinking, which was defined as
“the competence to engage productively in the generation, evaluation and improvement of
ideas” (OECD, 202234)). This narrower focus emphasised the cognitive processes related to
idea generation whereas the broader construct of creativity also encompasses personality traits
and requires more subjective judgements about the creative value of students’ responses.

o Defining creative thinking, how it is enabled (i.e. OTL indicators of creative thinking) and what it
looks like in the context of 15-year-olds in the classroom, focusing on aspects of the construct
that are more likely to be developed in schooling contexts rather than outside of school.

e ldentifying cross-culturally relevant assessment domains in which 15-year-olds would be able
to engage and could be expected to have practiced creative thinking (e.g. writing short stories,
creating visual products, brainstorming ideas on common social and scientific problems, etc.).

e Focusing on the originality of ideas (defined as statistical infrequency) and on the diversity of
ideas (defined as belonging to different categories of ideas) in scoring, rather than their creative
value (considered more likely to be subject to sociocultural bias).

e Engaging in significant cross-cultural verification of the coding rubrics, including using sample
responses from students in several countries.
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Test equivalence

Test equivalence requires equivalence of test versions in different languages and for different cultural
groups in multilingual assessment contexts. In innovative, performance-based assessments, another key
aspect of test equivalence is the degree to which students, including those from different language and
cultural backgrounds, perceive and engage with the tasks in the same way. Test designs — especially those
featuring adaptivity or Al tools in item creation and scoring — have direct implications on test content and
scores, meaning they are also important to consider for test equivalence. In this section, we review various
factors related to test equivalence including linguistic comparability, equivalence of test engagement,
adaptivity and Al-based item creation and test scoring.

Linguistic comparability of assessments

In examining cross-cultural validity and comparability, particular attention has been given to the
comparability of different language versions of assessments. In multilingual assessment contexts, test
adaptation facilitates the administration of assessments to students in their language of instruction to
provide a valid measurement of the targeted constructs.

The task of test adaptation goes beyond the literal translation of the assessment content (Ercikan and Por,
202036]; Perie, 20202;; van de Vijver and Tanzer, 1997377). An abundance of research has shown that a
literal translation does not necessarily produce equivalent measurement and therefore comparability of
scores due to key differences between languages (Allalouf, Hambleton and Sireci, 1999;3g;; El Masri, Baird
and Graesser, 201639;; Ercikan and Koh, 2005pu0;; Hambleton, Merenda and Spielberger, 2005441)).
Languages vary in the frequency of compound words, word length, sentence length and information
density (Bergqvist, Theens and Osterholm, 2018u2)). Moreover, grammatical forms in one language may
not have equivalent forms in other languages or may have many of them. There is also the difficulty of
adapting syntactical style from one language to another, and languages may also differ in form (alphabet
versus character-based) and direction of scribe (left-to-right, right-to-left or top-to-bottom).

In order to support measurement equivalence, test adaptation goes beyond literal translation to reflect
equivalent meaning, format, relevance, intrinsic interest, engagement and familiarity of the item content
(Ercikan, 199843;; Hambleton, Merenda and Spielberger, 200541;). Subtle differences in meaning, difficulty
of vocabulary or complexity of sentences between different language versions of tests can affect the
difficulty levels of items differentially and lead to incomparability of performances of examinees from
different language groups (Allalouf, 200344;; Ercikan et al., 2004s)).

Equivalence of engagement with digital assessments

In addition to potential linguistic differences between different language versions of assessments, the
administration of assessments on digital platforms can create sources of non-equivalence in measurement
including students’ digital literacy (Bennett et al., 20084¢1) and their familiarity with digital platforms (Tate,
Warschauer and Abedi, 2016u7). Digital literacy varies across cultural or social student groups who may
have differential levels of access to and experiences with digital devices, which may then affect the extent
to which performances may be accounted for by their abilities to use digital devices and navigate through
the assessment effectively. Research has demonstrated that digital demands in assessments can affect
performance differentially for different cultural or language groups (Ercikan, Asil and Grover, 2018ys;;
Fishbein et al., 2018u9]; Zehner et al., 2020;50)).

In particular, requirements for interactivity in assessments heighten the importance of digital literacy in
engaging with assessment tasks in ways that support performance. Students from different sociocultural
backgrounds may lack familiarity with certain digital platforms or may not use the specific tools and
capabilities made available by the assessment similarly (Jackson et al., 2008;51;). In addition, the use of
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multimedia formats in some new item types, such as hot-spot items (i.e. identification of correct or incorrect
zones) and drag-and-drop image matching, requires that images and videos represent the same meaning
and relevance to students from different countries and sociocultural backgrounds (Solano-Flores and
Nelson-Barber, 200111;). Differential engagement with assessments due to these factors may create
sources of incomparability and jeopardise cross-cultural comparability.

Adaptivity

Adaptivity entails tailoring the assessment to students' performance levels in ways that provide
measurement efficiency and increase student engagement with the assessment. However, adapting to
students’ performance levels is also associated with some limitations and challenges (Kingsbury, Freeman
and Nesterak, 201452;; Yamamoto, Shin and Khorramdel, 2018s3;; Zenisky and Hambleton, 2016s4).
Adaptivity can be at the item level, known as computerised adaptive testing (CAT), or after item sets and
at different stages of the assessment, referred to as multi-stage adaptive testing (MST). In both cases,
adaptivity in testing relies on the measurement equivalence assumption, that is, that the same constructs
are measured by the assessment for different groups and that items have the same order of difficulty for
these groups.

Complex constructs such as creativity, communication and collaboration often involve multiple components
and measurement dimensions. This multidimensionality not only creates challenges for simple adaptivity
designs based on a single dimension but it can also be a source of measurement incomparability.
Individuals from different social and cultural backgrounds do not necessarily develop across the construct
components in uniform ways. In other words, the dimensionality structure may be different for individuals
who may have differential opportunities to develop in different dimensions of the construct. This can result
in somewhat different constructs being measured and the ordering of difficulty of items differing for these
cultural groups. The assumptions of measurement equivalence, dimensionality and consistency of item
ordering are fundamental to establishing cross-cultural comparability in adaptive assessments and these
need to be evaluated when designing comparable assessments involving cultural groups. Violations of
these expectations can have critical implications, in particular, not meeting the intended goal of
measurement efficiency and improving engagement.

There is an additional concern in multi-stage testing (MST) adaptive designs related to the appropriateness
of the routing blocks of items and routing decisions for different cultural groups with large degrees of
variation in their performance levels. MST adaptivity may start with a block of items determined to have
medium-level difficulty across all groups. For groups with much lower performance distribution, a block
identified as medium difficulty may be considered difficult or very difficult. This misalignment may also
result in MST not meeting its intended goals of advancing measurement efficiency or improving test
engagement, in turn affecting the cross-cultural validity and comparability of scores. Therefore in addition
to examining measurement equivalence, the appropriateness of an MST design needs to be evaluated for
or adapted to cultural groups with varying performance distributions.

Artificial Intelligence-based methodologies in digital assessments

Automated scoring

As educational assessments capture more complex data on student and computer interactions, analyses
using machine learning (ML) and Al algorithms have been developed to support automated inferences of
student performances (DiCerbo, 2020;55). Al-based algorithms for scoring, which make use of features
generated from natural language processing (NLP) of text, image recognition of visual data or speech
recognition of audio data, are critically dependent on the data sources used in the creation of such
algorithms (Baker and Hawn, 2021s6); Manyika, Silberg and Presten, 2019s7)).
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In particular, if data sources for these algorithms are restricted to specific cultural and language groups,
resulting scores may not have equivalent validity and accuracy for all groups. For example, on an English-
speaking test, the Al-based score engine may produce biased scores for students who have different
accents and dialects if the model was trained on standard English pronunciations (Benzeghiba et al.,
2007s8)). Similar bias may be observed in the automated scoring of text. Previous research has shown that
an automated scoring algorithm developed using data from mainstream student groups resulted in less
accurate scores for certain racial and ethnic student groups even if responding in the same language
(Bridgeman, Trapani and Attali, 2012js9)). This means that automated scoring models need to be trained,
calibrated and adjusted using appropriate samples of responses from all target populations (Zhang,
2013i601), especially when Al-identified features are used in prediction.

As with many Al-based applications, unintended biases can be introduced due to construct-irrelevant
features that are correlated with human scores or due to inadequate representation of features that are
uniquely observed for minority language or culture groups (Feldman et al., 2015s1;). The ethical use of Al
requires that automated scoring systems treat all test takers fairly regardless of language or population
groups by providing equivalent meaning of scores for individuals from different social and cultural groups.

An important consideration in the use of automated scoring systems is whether the scoring systems are
similarly effective in detecting aberrant responses across languages and cultural groups. Aberrant
responses are defined as atypical responses that are not amenable to be scored by algorithms based on
most typical response patterns, such as responses that have unusually creative content (e.g. highly
metaphorical), exhibit unexpected response organisation (e.g. poem) or have off-topic content (Higgins,
Burnstein and Attali, 2006,2; Zhang, Chen and Ruan, 2015p3). In multicultural and multilingual
assessment contexts, these differences are magnified when students respond in different languages.

Automated item generation

Similar to Al-based automated scoring, automated item generation (AIG) uses a variety of algorithms to
automatically create test items. AlG can potentially deliver large amounts of items that cover a variety of
content and knowledge, accelerate content updates and test creation, and significantly reduce cost in
assessments by replacing highly labour intensive and costly item development by humans. AIG in
interactive digital assessments can also be used to generate items "on the fly", in other words, to create
and deliver items in interactive and adaptive assessments tailored to students’ responses, performance
levels and potentially their sociocultural differences.

AIG relies on two processes: an item cognitive model and a computer algorithm that automatically
generates items according to the item model. Some risks of using algorithms for generating items have
been identified by researchers, such as questionable cognitive models, ill-structured problems that produce
multiple correct answers, and implausible or irrelevant distractors (Gierl, Lai and Turner, 20124;; Royal
etal.,, 2018s51). There are additional challenges for multilingual AlIG items that are intended to be
administered to students from different cultures, where translation quality (awkward phrases, for example)
and psychometric properties of the AlG items may not be invariant across cultural groups (Gierl et al.,
2016e6); Higgins, Futagi and Deane, 2005;7)). Hence, two issues require evaluation of the appropriateness
of AIG in assessments designed for multicultural and multilingual groups: the first is the degree to which
the item cognitive model used for generating items can be assumed to be equivalent for students from
different sociocultural contexts; and the other is the linguistic and psychometric equivalence of AIG items
generated from different language models trained in different languages.

Test condition equivalence

The final aspect of measurement equivalence is test condition equivalence, which refers to the similarity
of test administration conditions such as test instructions, mode and format of the test, timing and advanced
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preparations of the test administrators. Large-scale assessments often entail administering the
assessments in multiple test sites and across geographical boundaries. The large variability in testing
environments and sociocultural norms of learning and assessments therefore increases the threats to
score comparability.

Score comparability rests on the premise that valid generalisations can be made about students'
performances across test administration sites and cultural and language groups. In multicultural and
multilingual assessment contexts, test administrators should be drawn from the local communities so that
they are familiar with the culture, language and local dialects to respond to and forestall administration
deviations. Training of test administrators is central to the standardisation of testing conditions and should
be provided to all administrators in different cultural settings to ensure understanding of the importance of
standardised procedures and to provide the needed test administration skills. In the case that the
assessments are delivered remotely with live proctors, those proctors need to be trained adequately as
well.

When interpreting scores of students from diverse cultural and language backgrounds, knowledge of the
broader testing conditions that exist outside assessment settings can enhance understanding of
assessment outcomes. These conditions include societal context for testing such as the emphasis given
to testing, which may affect how students perceive the testing situation and its role, in turn impacting
students’ motivation to perform and how they engage with the assessment.

Integrating a sociocultural perspective in assessment design

Despite the recognition that sociocultural context plays an important role in shaping learning and
performance on assessment, this context is often neglected in assessment design. In order for
assessments to provide equivalent measurement of targeted constructs, the targeted cognition and
construct models, task designs and interpretation models (i.e. the three key models of Evidence-Centred
Design) need to consider the sociocultural context of learning from the beginning of the design process.

Evaluating construct equivalence

Ensuring cross-cultural validity and comparability needs to start with an evaluation of the equivalence of
constructs. This involves identifying behaviours, conceptual understanding and characteristics associated
with a construct in a specific culture and time (including how different levels of the competencies involved
are differentiated) through surveys or expert judgements (van de Vijver and Tanzer, 2004s)). The
International Test Commission (2017s9)) guidelines emphasise that adequate empirical evidence should
be collected to demonstrate that the construct assessed should be understood in the same way across
language and cultural groups in large-scale and/or international assessments. In assessments with
technological elements, further considerations should be given to how the measurement and scoring of
the constructs will be impacted by technology (International Test Commission and Association of Test
Publishers, 2022[70;). Gathering such evidence then helps to determine what aspects of the construct can
be expected to be common (and what aspects can be expected to differ) across cultural groups considered,
and whether a common assessment can provide scores with consistent score meaning across these
groups.

Optimising cross-cultural validity

Once the evidence described above has been established, the next step is to develop items for the
common and culture-specific elements of the target construct. The common elements will facilitate score
comparability and the culture-specific elements will optimise validity of score interpretation and use in
different cultural groups. Task models therefore need to consider: 1) whether the definition of the targeted
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construct varies for different groups; 2) whether there are expected differences in learning progressions
and knowledge structures; 3) whether variations in sociocultural context are expected to lead to different
cognitive processes for students from different backgrounds; 4) whether students from different contexts
are expected to engage with different features of tasks differently; and 5) what kinds of variations of
features of tasks might be needed to optimise performance for students from different sociocultural
backgrounds. Multiple versions of tasks may be necessary to obtain equivalent evidence of the targeted
construct from different student groups or to redirect the assessment focus to components of the targeted
construct where more similarities can be expected for these groups.

Differences in OTL also need to be considered when developing assessment tasks and interpreting and
using responses to assessment tasks. In particular, it is important to determine whether students from
different population groups can be expected to have had similar opportunities to learn and develop the
targeted constructs, what types of tasks might be more closely aligned with their learning experiences, and
whether students can be expected to engage with the test environment effectively given their access to
similar digital devices, applications and tools. The potential for variations in digital literacy, in particular, to
be a source of incomparability can be addressed by intentionally designing assessment tasks for students
with the least access to and familiarity with digital resources. When more advanced technology is
necessary for an assessment, accessible and effective tutorials can also be provided to help acquaint
students with navigating the assessment interface and entering their responses. If possible, practice tasks
can also be developed as part of the assessment and distributed to help familiarise students with the digital
environment. Ercikan, Asil and Grover (2018ps]) also recommended examining how students from different
backgrounds engage with digital assessments using cognitive labs or other response process analyses
(see Chapter 12 of this report for a more detailed discussion of the uses of process data for validation
purposes).

Adapting assessments into different language versions involves trade-offs between comparability and
cultural authenticity: while concurrent/parallel/simultaneous development (Solano-Flores, Trumbull and
Nelson-Barber, 2002i71;) of items in multiple languages prioritises cultural authenticity, successive
development (Tanzer and Sim, 1999(727) of items in one language and then adaptation to other languages
prioritises comparability. Having experts evaluate language equivalence is a necessary step as they can
identify differences in language, content, format and other aspects of items in the comparison languages.
Documenting changes and the rationale for changes between the language versions of assessments is
critical for informing test users about the potential impact on comparability.

Validating test scores

Following task design, the next step is interpreting student responses to tasks. There are two components
to interpretation models: the scoring models used to extract evidence from responses and the
measurement models used for accumulating evidence across tasks. Scoring models are created based on
cognitive theories; however, different world views, knowledge structures and learning progressions might
impact student responses. It is therefore important to investigate whether variations in scoring models are
needed for obtaining equivalent quality of evidence of the constructs in different student groups.

In general, even when the assessment design integrates all the considerations discussed above, tasks
measuring complex skills can remain susceptible to influences from cultural exposure and learning
experiences. One possible psychometric solution is the use of universal or anchor items in the test design.
Test developers can judiciously identify a set of items that are universally recognised to measure the
construct of interest and that can be carefully selected to represent the assessment in terms of assessment
content (see Box 11.1 for an example), item statistical characteristics (Kolen and Brennan, 201473) and
item formats (Livingston, 201474)). These items, to be used as linking items, can be administered to all
students. The performance on these universal items can then be used to anchor the differences in
performance on the remaining tasks that are more susceptible to influences by cultural norms and
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expectations. In this way, universal items can facilitate score comparability and culture-specific item sets
can optimise cultural validity of score interpretation and use in different cultural groups.

Further considerations are required for any Al-based automated scoring algorithms, which should be based
on construct understanding and evaluated through the lens of validity of interpretation and use (Attali,
201375); Bejar, 20117e;; Bennett and Bejar, 199877;; Powers et al., 20007s;; Williamson, Xi and Breyer,
2012(79)). This requires systematic evaluation of the consistency of interpretation and use of the Al-based
automated scoring engines for individuals from different gender, cultural and language groups, and test
developers must ensure that there is an adequate representation of students from all relevant cultural and
language groups when training the algorithms. In particular the following set of considerations are
important for investigating potential bias in Al-based automated scores (Baker and Hawn, 2021se;
Benzeghiba et al., 2007ss); DiCerbo, 2020;s5;; ETS, 2021s0;; Kearns et al., 20181)):

e Possible human biases in data coding (particularly in supervised learning algorithms).

e Experimenting with different models used in algorithms and paying attention to differential fairness
for different cultural groups in the models.

e Cross-validating the models with new and different datasets.

e Investigating potential bias by comparing human versus machine scores for different cultural
groups.

In addition, it is necessary to evaluate the equivalency of NLP features that feed into Al algorithms across
languages and investigate whether the same, different or hierarchical Al-based scoring models should be
used for different cultural and language groups (see McCaffrey et al. (2022js2)) for a more detailed
discussion of these issues). The involvement of subject experts from different cultural and language groups
in developing Al-based scoring (and automated item generation) is necessary for minimising poor quality
item development and incomparability across language and cultural groups.

Methodologies for examining equivalence

While several steps should be taken throughout the assessment design process to establish evidence to
support construct and test equivalence, these issues also need to be evaluated by large-scale
psychometric studies using various methodologies. The most commonly used methodology for examining
measurement invariance at the scale or test level is confirmatory factor analysis (CFA) that compares test
data structures across comparison groups (Ercikan and Koh, 200540); Oliveri and Ercikan, 20113;). At the
item level, differential item functioning (DIF) analysis evaluates whether the probability of a correct
response among equally able students is the same for comparison groups (Guo and Dorans, 2019s4j;
2020;s5;; Dorans and Holland, 1993s6;; Holland and Thayer, 1988is7;) and it has been the psychometric
approach for examining measurement equivalence across groups since the 1980s (Dorans and Holland,
199386;; Holland and Thayer, 1988s7;; Holland and Wainer, 1993;ss;; Rogers and Swaminathan, 2016;sgj;
Shealy and Stout, 1993907). Research indicates that measurement incomparability identified at the item
level does not necessarily result in observable test or scale level differences (Ercikan and Gonzalez,
200891;; Zumbo, 2003927). This highlights the importance of examining factor structure equivalence at both
the test and item levels to provide complimentary evidence for a full evaluation of measurement invariance.

In large-scale assessments that involve large numbers of language and cultural groups, various other
methods may be used to examine measurement invariance across groups. In particular in international
assessments, measurement invariance is determined by the item-by-language (country) interaction in the
item parameter estimates (see Chapters 9 and 16 in OECD (201793), for example). Group-specific
parameters (i.e. country item parameters) for items exhibiting group-level DIF in the international
calibration are estimated to reduce potential bias introduced by these interactions. If multiple language-
adapted assessments are produced, then a linking study may also be needed to create comparable scales

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



| 201

with measurement unit equivalence. Research on comparability (Sireci, 199794;; 2005(95)) indicates that, in
the absence of sufficient evidence for measurement equivalence across groups, score scales should be
based on separate language/country calibrations and comparability should be established through a linking
procedure.

Interpretation of DIF findings

Several considerations must be kept in mind for interpreting statistical findings in the context of
measurement invariance research. First, some level of incomparability exists when measurement is
compared for all assessment groups and statistical significance in the violation of measurement invariance
may not be a useful indicator in evaluating its practical consequences, especially when sample sizes are
large. Effect size measures provide a better indication of the level of incomparability (Nye and Drasgow,
201196)) to facilitate making decisions about the exclusion of items or the revision of scales to establish
comparability.

Second, statistical results do not always guide what actions should be taken if there is evidence of
measurement variance and incomparability. Recent studies examining and confirming sources of DIF have
advocated for the use of mixed methods approaches that integrate quantitative results from DIF analysis
and qualitative findings from expert appraisal to uncover sources of DIF across comparison groups
(Benitez and Padilla, 2014 97;; Benitez et al., 2016(9s)). Ercikan et al. (2010p9]) demonstrated that Think
Aloud Protocols (TAPs) could be used as an approach for examining and confirming sources of DIF in
multiple language versions of assessments. Digital assessment environments also provide opportunities
for examining measurement equivalence in different ways by providing information about student
behaviour and cognitive processes in the data logs that can be used for examining the comparability of
response processes and patterns for students from different cultural groups (Ercikan and Pellegrino,
20171100;; Guo and Ercikan, 202119)) — see also Chapter 12 of this report for more detail.

Third, most current DIF methodologies are designed for the comparison of pre-specified focal and
reference groups (i.e. observable manifest groups characterised, for example, by gender or ethnicity). In
other words, DIF methods do not identify hidden bias for latent heterogeneity groups that might
nonetheless exist. For instance, the assumption of within-group homogeneity often neglects the actual
heterogeneity that exists in subgroups (Cohen and Bolt, 2005}101); Ercikan and Por, 2020(36); Grover and
Ercikan, 2017[102). Oliveri, Ercikan and Zumbo (20141031) demonstrated in a simulation study that an
increase in heterogeneity from 0 to 80 percent within the focal groups decreased the accuracy of DIF
detection.

Different approaches have been used to account for the heterogeneity in focal and reference groups used
in DIF analyses. One such approach, referred to as “melting pot” DIF (Dorans and Holland, 1993ss]) or DIF
dissection approach (Zhang, Dorans and Matthews-Lopez, 2005104]), focused on crossing two manifest
groups (e.g. gender and ethnicity) to create more specific subgroups for analysis. Other approaches
focused on identifying latent homogenous groups through statistical analyses (Cohen and Bolt, 2005(101j;
Strobl, Kopf and Zeileis, 2015}1051). Ercikan and Oliveri (2013(106]) also proposed a two-step approach in
conducting DIF using latent class analysis within manifest groups: the first step involves a latent class
analysis to identify heterogeneous groupings in the considered populations, and the second step involves
applying DIF methodologies to the identified latent classes rather than manifest groups as a whole.

Conclusion
Assessing complex constructs using engaging tasks, often on digital-based platforms, is critical for

promoting learning and development of high value skills, knowledge and competencies, and necessary for
advancing assessment methodologies. In this chapter we argued for the recognition of the complex
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sociocultural context that assessments are conducted in and the importance of cross-cultural validity and
comparability. In particular, assessment designers need to take the complex sociocultural context into
account in deciding what to assess, how to assess it and how assessment results need to be interpreted
and used. We highlighted key measurement equivalence issues that arise specifically in digital
assessments of complex constructs in multicultural populations. Many of these issues can be mitigated
through a principled assessment design process that examines sociocultural influences at the onset of
defining the assessment constructs, designing tasks, and developing scoring and measurement models.
However, even when all these are taken into account, empirical investigations and supporting empirical
evidence are necessary for establishing the validity and comparability of assessment results for individuals
from different cultural and language groups.
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1 2 Uses of process data in
advancing the practice and science
of technology-rich assessments

By Kadriye Ercikan, Hongwen Guo and Han Hui Por

(Educational Testing Service)

Digital assessments and technological advances provide opportunities for
significant innovations in assessments, including assessing complex
constructs where both the solution and the response processes are important
assessment targets. This chapter discusses how technology-rich
assessments can capture data representing test takers’ response processes
at a large scale that may provide insights on students’ knowledge and
abilities and how they interact and engage with assessments. It discusses
three key uses of process data captured on digital platforms during the test-
taking processes, including for improving assessment design and score
quality and validity, for providing evidence of the targeted construct, and for
investigating group comparisons and fairness. The chapter describes each
of these key uses and appropriate methodologies for optimising the use of
process data in digital assessments.
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Introduction

Increasingly, assessment design and development are informed by and provide information about student
learning processes. This is motivated by the need to understand how students learn, to align assessments
with cognition models, and to provide feedback to learners and teachers. In addition, there is a growing
emphasis on the importance of assessing complex constructs such as problem solving and creative
thinking, which require capturing response processes in addition to the final solutions to assessment tasks.
Technology-rich assessments provide opportunities for presenting items in engaging contexts that may
include audio, videos, images, text, interactivity, and include other dynamic displays and digital tools.
These opportunities are accompanied by advancements in data capture capabilities that allow for collecting
data on response processes including eye-tracking, click streams and time stamps associated with
different actions and events (also refer to Table 7.1 and Table 10.1 in Chapters 7 and 10 of this volume,
respectively).

Research has demonstrated the benefits of multimedia item formats in increasing engagement as well as
their potential negative impact on validity due to a multitude of cognitive demands not targeted by the
assessment (McNamara et al., 20111;; Popp, Tuzinski and Fetzer, 20152)); see also Chapter 11 of this
volume. Despite the potential for contributing to incomparability, digital assessment environments provide
opportunities for capturing response process data that can advance measurement in significant ways from
assessment design, item development, validation of score meaning and use, and for group comparisons
and fairness research. Use of response process data requires interpretation of clicks, timing and other
action data with respect to what they may indicate in cognitive thinking processes.

In the first section of this chapter, we discuss approaches to creating response process indicators using
process data, focusing on timing data and using rapid guessing behaviour indicators as an example. This
is followed by three sections highlighting three key, interrelated uses of process data (Figure 12.1): 1) to
improve assessment design, quality and validity; 2) as evidence of the targeted construct; and 3) for
examining differential engagement in the assessment by different groups, for score comparability and
detecting construct-irrelevant variables (CIVs). The chapter ends by highlighting the importance of using
process data during the initial design stages of technology-rich assessments.

Figure 12.1. Three key uses of process data

Improving assessment * Assessment design
design, quality and validity » Validating score meaning

« Contributing to score creation
« Describing performance for formative purposes

As evidence of construct

For examining group » Examining differential engagement
differences and fairness « Evaluating fairness
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Construction of response process indicators

One of the key steps in utilising process data is identifying aspects of data that might be meaningful in
reflecting cognitive response processes — that is, creating response process indicators. Descriptions of
such indicators, inspired by Intelligent Tutoring Systems (ITS), can be found in Chapter 10 of this volume
as well as reviews by Baker et al. (20193;) and Sottilare et al. (2013y4). This section focuses on process
indicators extracted from process data captured in educational assessments. We discuss methodologies
for creating response process indicators and their uses in analysing whether students are engaging with
tasks in intended ways as a valid measure of their ability or exhibiting unintended behaviours such as rapid
guessing.

There are two approaches to creating such indicators: fop-down and bottom-up. The top-down approach
for creating process indicators is theory-guided and uses a known cognitive theory (i.e. one that experts
agree upon in the literature and practice) to determine what evidence in the log data reflects students’
cognitive thinking processes and how to extract such evidence. Kroehne and Goldhammer (20185)
proposed a generic framework — finite state machines — to analyse log data using a top-down approach.
States represent parts of a theoretically defined response process consisting of filtered and/or integrated
log data. Theoretical considerations constitute the meaning of states — for example, students are expected
to read the question stem and response options before providing the first response to an item set. In this
example, the sequence of states decomposes the problem-solving process to provide the theoretical
foundation for defining process indicators. Kroehne and Goldhammer (2018;s)) also illustrated how item-
level time components, states and indicators (such as time on reading item stem, time on solving question)
were extracted from log data for individual questions in an item set presented on one screen and how they
could be used to explore the relationship between response times and item responses. In another study,
Goldhammer et al. (2021g)) created the item-level indicator, which reflects the construct allocation of
cognitive resources and is presented by the time spent on relevant pages.

Guided by cognitive writing theories, Guo and colleagues (20197; 2020;s)) also used a top-down approach
to extract information from log data. They defined a priori finite states (e.g. long pause, editing, text
production and global editing) extracted from keystroke data, with time stamps, in essay writing processes.
Markov modelling of the state sequences and their duration times showed group differences in the writing
processes when given comparable essay score distributions. Writing states can also be aggregated into
process measures, such as frequencies in different writing stages, to investigate students’ writing styles
(Zhang, Guo and Liu, 20219]). Bennett and colleagues (2021107) further used writing process features to
create higher-level process indicators to investigate different writing styles among students with different
writing proficiency.

In contrast, bottom-up or data-driven approaches involve the creation of indicators of behaviour types using
exploratory data analysis methods, such as cluster analysis, data visualisation and unsupervised or semi-
supervised learning. Researchers identify patterns or clusters in the data and then validate and interpret
the findings against cognitive theories or external evidence (Fratamico et al., 2017;11;; Perez etal.,
2017112)). Process indicators can also be created using a combination of top-down and bottom-up
approaches. Guided by cognitive theory and the data exploration literature, Greiff and colleagues (201613))
examined log files collected from complex problem-solving tasks. They studied three process indicators:
time on task, non-interfering observation (time before the first action), and intervention frequency
(interaction events with the test environment), and their relationships with performance. Their analysis of
the behavioural data helped to understand students' performance.

In the following sub-section, we use the rapid guessing behaviour indicator as a concrete example to
explain the creation of a process indicator. As discussed in Chapter 9 in this volume, triangulation between
top-down and bottom-up approaches can provide evidence supporting the interpretation of different
response processes. A similar approach that strikes a balance between guidance by theory and exploration
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of data was discussed by Fratamic and colleagues (2017(117) in an adaptive learning context using
interactive simulations.

It is important to highlight that indicators developed through both top-down and bottom-up approaches
require validation of their intended interpretation and use, meaning theoretical and/or empirical rationales
are needed to support the validity of inferences about (latent) attributes of test takers' response processes
(Fratamico et al., 2017p11;; Goldhammer et al., 2021)). Validity of interpretation of process indicators was
examined by Goldhammer and colleagues (2021)) using correlational and experimental validation
strategies. The authors explained the process of reasoning from log data to low-level features and then
process indicators as the outcome of evidence identification, where contextualising information from log
data is essential. Such exploration and validation studies help build process models that can guide test
development. Although it is not generally possible to develop formal process models and indicators that
will account for the full range of performances and behaviours in the domain, it is often possible to develop
such models for specific kinds of test tasks in the target domain in a technology-rich environment (Kane
and Mislevy, 2017114)). Validation of process indicators plays a critical role in evaluating their meaningful
application in measurement.

Process indicator for rapid guessing behaviour

Valid interpretation and uses of assessment results require item responses to be indicators of the targeted
constructs. When students engage with items in ways that do not reflect their abilities and competencies,
such behaviours may compromise validity. A primary example of such behaviours is rapid guessing.
Previous research has commonly used item response time (Buchholz, Cignetti and Piacentini, 2022(15;;
Wise, 20171e1; Wise, 20211177) to identify rapid responding behaviours. Rapid guessing behaviour is usually
identified as students' lack of meaningful engagement with an assessment situation such that they respond
to assessment items rapidly without taking the time to read and fully consider the items. It is also
hypothesised that, for a multiple-choice item, rapid guessing responses on average lead to a chance score,
which may not reflect students' true knowledge and skills (DeMars and Wise, 2010p18;; Kroehne, Deribo
and Goldhammer, 2020;19;; Schnipke and Scrams, 200220;; Wise, 201711¢1). In intelligent learning or tutoring
systems, such effortless behaviours are relevant to exploiting hints and “gaming the system” and are
associated with lower learning gains (see, for example, Baker et al. (201931) and Roll et al. (2005p217)).

Many procedures have been developed to identify rapid guessing responses (Wise, 20171¢)), which use
either the theory-guided (top-down) approach, data-driven (bottom-up) approach or a combination of the
two (Ercikan, Guo and He, 2020;22;; Guo and Ercikan, 2021ap3;; Guo et al., 2022124;). For example, the
normative threshold (Wise, 201716)) method is the most widely used data-driven approach, identifying the
time threshold as x% of the average item response time, where x is a numerical value determined by the
researchers. Responses with response time less than the normative threshold (NT) will then be classified
as rapid guessing. While convenient, when using the NT method researchers need to validate the choice
of x; that is, whether flagged item responses, using the selected threshold, lead to the chance score on
average.

Another example is the mixture of log normal (MLN) distributions procedure, which is a parametric version
of the visual inspection approach and a data-driven approach. It assumes that the item response time
distribution is bimodal, where the lower mode distribution represents rapid responding, and the upper mode
distribution indicates effortful responding. The lowest point between the two modes is then chosen to be
the threshold. As with the NT method, users of the MLN method need to evaluate whether the flagged
responses lead to the chance score or whether they reflect responses from highly competent students.
Moreover, the MLN procedure cannot be used to identify a threshold in the absence of a bimodal
distribution (Guo and Ercikan, 2021ap23;; Rios et al., 201725;; Rios and Guo, 2020pe). In contrast, the
cumulative probability method (Guo et al., 201627;; Guo and Ercikan, 2021by2g)) identifies the response time
threshold at which the cumulative proportion correct rate begins to be consistently above the chance rate
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for the studied item. By including the item correct rate (theory-guided) simultaneously with the timing
distribution (data-driven), the cumulative probability procedure negates the need to separately validate
whether flagged responses lead to a chance score on the studied item.

The above procedures produce item-level indicators (response time thresholds) to flag students’ rapid
responses on individual items on an assessment. Wise and colleagues proposed a test-level indicator for
individual test takers, the response time effort (Wise, 20171¢; Wise and Kong, 2005p9; Hauser and
Kingsbury, 2009;0;), to evaluate the overall effort on an assessment, which can be reframed as the rapid
response rate for a test taker. The differential rapid responding measure was discussed with statistical
significance in a large-scale assessment context (Guo and Ercikan, 2021ap3); Rios and Guo, 2020;2g)).
Note that response time effort is equal to one minus the proportion of the number of rapidly responded
items over the total number of items on the assessment.

Use of process data for improving assessment design and validity

Even when scores on an assessment rely on responses only (that is, scoring of final solutions to
assessment tasks), process data can play an important role in improving assessment design and validating
scoring meaning. This section focuses on discussing these uses of process data.

Improving assessment design

Response process data captured in digital assessments reflect how students interact with the assessment,
which are traces of cognitive processes students use as they engage with assessments and "provide clues
as to why students think the way they do, how they are learning, as well as reasons for any
misunderstandings or gaps in knowledge and skills that may have developed along the way" (Pellegrino,
2020, p. 8231)). Insights about response processes are particularly important in assessing complex
constructs such as (collaborative) problem solving or communication, for which process is central to the
construct and where examinees’ sequences of actions provide more direct data on how they reason,
collaborate and interact.

Analysing process data from assessments can inform task development with respect to the interfaces,
representations, task features and scoring rules, as well as clarify any confusion and the measurement of
the targeted construct. Assessment design typically relies on small-scale think aloud protocols (TAP) or
cognitive labs to examine how assessment tasks function with students from targeted populations. Even
though such studies are necessary and critical to provide valuable information, they tend to be based on
small student samples. In technology-enhanced assessments, tasks can be administered to larger
samples of students, which are more likely to reveal problems that may not surface with a small sample.
For example, process data provide information about how examinees engage with different aspects of the
assessment, how they navigate through the test, and if they go about solving problems and responding to
questions as expected by content experts and TAP findings (DiBello et al., 201732;; He, Borgonovi and
Paccagnella, 202133;; Nichols and Huff, 201734)). Often, unexpected behaviours are revealed in large-
scale studies, such as rapid guessing behaviours (Wise, 2021117;), which are unlikely to be observed in a
cognitive lab study. Process data (particularly timing data) are also used in test assembly to manage the
distribution of test time across sections and minimise test “speededness” (van der Linden, 2011y35). In
addition, process data can provide important insights about the functionality and use of tools included in
assessments such as spell-check, read-aloud or text-to-speech functions, dictionaries, bilingual versions,
and applications like a calculator (Wood et al., 2017e;; Jiang et al., 202337)).

In interpreting process data for the purpose of improving task design, it is important to note that the same
performance levels may be achieved through different behaviour patterns and test-taking behaviours may
have different types of associations with performance for different populations. Test-taking behaviours are
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associated with students' knowledge, skills and competencies targeted by the assessment, as well as with
test-taking strategies and potentially their background and personal learning experiences, such as how
they acquired the skills and how they prepared for the assessments (see Chapter 11 in this volume for
more on score comparability). In the log data collected from a large-scale, high-stakes language test,
distinct clusters were observed in test-taking behaviours regarding where and how long test takers spent
their time on the test regardless of their test scores and testing modes (Guo, 20223s)). In low-stakes
assessments, test-taking behaviours are also confounded with students' test-taking motivation, strategies,
cultural-language differences and other factors (Ercikan, Guo and He, 202022;; Guo and Ercikan, 2021ap3j;
Wise, 2021177). Therefore, it is necessary to cross-validate different behaviour patterns in the process data
with other sources (such as data from TAPs, survey questionnaires, socio-cultural context and results from
different assessments) to evaluate possibilities of alternative interpretations, the impact of such differences
on performance and ways to mediate or improve assessment designs, and to develop data analysis
methods to consider biases introduced by sampling from diverse populations (especially heterogeneous
test populations). In particular, assessments administered in multicultural contexts require validation of
interpretation and use of process data and process indicators with the relevant diverse populations.

Validating score meaning

The importance of response processes in validating score meaning has been highlighted by the Standards
for Educational and Psychological Testing (AERA, APA, NCME, 201439)). In assessments of complex
skills, process data can be used to investigate whether students' test-taking behaviours are aligned with
the expected cognitive processes and to examine the extent to which items and tasks engage test takers
in the intended ways and therefore can provide validity evidence (Ercikan et al., 2010u0;; Kane and Mislevy,
2017114; Yaneva et al., 2022(1)).

There is growing research demonstrating the usefulness of process data in validating performance on
assessments as indicators of the targeted constructs. Based on experts’ specified features that elicit
particular components of knowledge, procedures and strategies, Carpenter, Just and Shell (199042))
developed production rules on the Raven’s Progressive Matrices tasks (non-verbal geometric patterns
presented in a matrix) to measure analytic intelligence. In addition to response error rates, they tracked
students' eye movements and collected verbal protocol data. They found that the eye-fixation data
supplemented by verbal protocols distinguished between a higher scorer and a lower scorer in the ability
to induce abstract relations and to dynamically manage a large set of problem-solving tasks in working
memory; that is, successful solutions were largely consistent with applying the expected or intended
production rules in those data and thus reflected higher analytic intelligence. Also, using eye-tracking data
collected from test takers responding to multiple-choice questions, Yaneva et al. (2022p1) investigated
alternative score interpretations by applying machine learning methods. The authors evaluated the
prediction powers of a machine learning model on various combinations of features and found that different
eye movement patterns were associated with correct/incorrect responses. Correct responses were
associated with working from the item stem to the item options, spending more time on reading the problem
carefully, and a more decisive selection of a response option aligned with the intended score interpretation.

Guo and colleagues (201843)) studied pause events (such as inter-key intervals and intra-word duration
times) extracted from keystroke log timing data. They found informative and consistent features across
different prompts in essay writing processes. These low-level features reflected students' writing fluency
and showed added power in predicting writing performance. The findings were consistent with research
on writing cognition which showed that keyboarding skills and composition fluency contribute to essay
quality, particularly writing fundamentals (Deane, 201414;; Deane and Zhang, 2015p5)). Furthermore, using
data mining techniques, Sinharay, Zhang and Deane (2019u¢]) showed that process features from writing
keystroke logs predicted essay scores nearly as well as their natural language processing (NLP) features,
which provided validity evidence for process features and which in turn can be used to validate scores.
Similarly, Greiff and colleagues (2016p13)) found that process indicators such as time on task, non-
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interfering observation (observing how the problem environment behaved without any interference/actions)
and intervention frequency with the test environment created from computer log files on some dynamic
tasks and vary-one-thing-at-a-time (VOTAT) problem-solving strategies predicted performance, and thus
enhanced score meaning.

Process data can also be used to provide information on test-taking strategies to offer insights on how test
takers engaged with the assessment and the targeted assessment inferences and claims. For example,
Greiff and colleagues (2016(13)) showed that time on task derived from complex problem-solving process
data and performance had a complex relationship and followed an inverted U-shape relationship. Students
who spent too little or too much time on the complex tasks showed overall poor performance on average.
Intuitively, too little time may indicate that students were not engaged or had not fully understood the
requirements of the tasks, while too much time spent might indicate exerting effort but having difficulty in
solving the task, idling without engaging with the tasks or some other unexpected behaviours. He and
colleagues (2021331) used process data to identify behavioural patterns in problem solving action
sequences on interactive tasks (such as navigating through websites to search for a job) in a technology-
rich environment. A process indicator was created that measured the distance or (dis)similarity between
test takers' action sequences and the optimal strategies that content experts identified as the most efficient
solution paths. Their results showed that test takers who followed optimal strategies were likely to obtain
high scores, and thus supported score validity.

Use of process data as evidence of the construct for augmenting score creation

The second key use of process data is as evidence of the construct for augmenting the scoring of
responses, which is particularly important for scoring interactive and simulation-based tasks where
response processes are key aspects of assessing the targeted construct. These uses encompass their
inclusion in the measurement model along with response data (Bennett et al., 20077, Levy, 2020us)); see
also Chapter 8 of this volume.

Process data have been used in student profiles to augment performance. For example, using an Intelligent
Tutoring System (ITS) for science learning, Betty’s Brain, Biswas and co-authors (201549) presented an
overview of research on process data. This ITS uses the learning-by-teaching paradigm. Through studying
students’ actions and navigation behaviours with the system, video data and other process data, and
utilising hidden Markov models, sequence mining and statistical analysis, the researchers were able to
differentiate successful and unsuccessful performances and identify the sources of failure (such as lack of
pre-knowledge). These results helped to reconceptualise and improve the system design and produce
process indicators to cluster students into different profiles (such as frequent researchers and careful
editors, strategic experimenters, confused guessers, disengaged, and engaged and efficient learners),
which in turn helped to provide more informed scaffolding decisions to improve performance and student
learning. Elsewhere, Guo and colleagues (2022/24)) applied several machine learning techniques such as
autoencoder, unsupervised, semi-supervised and active learning on students' sequential process data
such as response, timing and tool use sequences on a large-scale assessment to provide a holistic view
of students’ entire test-taking processes. Without sequential information, an isolated action or event is open
to multiple interpretations — for example, rapid guessing behaviours at the beginning of the test may
indicate low test motivation while rapid guessing behaviour at the end of the test suggests test
speededness. In their study, students were grouped into profiles such as unengaged group, low
engagement group, tool play and mixed test-taking strategy group, struggling group with high tool use,
high performing with regulated time and tool use, etc. Such profiles helped to contextualise students'
performance, augment score reporting and generate actionable feedback for educators.

Previous research examined incorporating process data into multidimensional latent models on digital-
based assessments. Response time-based indicators, speed or response time latency measure how fast
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test takers respond to items and are often jointly modelled with latent ability in a hierarchical model to
investigate the speed-and-accuracy trade-off (van der Linden, 2007s0;; van der Linden and Fox, 2016(51))
and to detect aberrant response behaviours (van der Linden and Guo, 200852;). The joint model accounts
for individual differences in speed when estimating ability and thus improves estimation accuracy (van der
Linden, 2009;s3)). Pohl and colleagues (202154)) extended the joint model to include the item omission
propensity and speed-related process data (i.e. how often and fast they omitted items), in addition to latent
ability and speed, to evaluate how process data-based indicators help to produce different profiles that
reflect different aspects of performance. As Pohl and colleagues discussed, test-taking behaviours are not
a nuisance factor that may confound measurement but an aspect providing important information on how
test takers approach tasks. Test-taking behaviours have different relationships with performance for test
takers with different backgrounds and learning experiences, which may lead to an unfair comparison of
performance scores and difficulty in score interpretability. Therefore, researchers may experiment with
different score reporting approaches such as reporting performance with supplementary profiles, including
test-taking behaviours reflected in process data, to evaluate whether it can increase contextualisation,
transparency and the valid use of assessment results.

From studies using process features, states and indicators generated from innovative assessments, new
indicators based on process data have emerged to measure test takers' problem-solving processes as
well as their knowledge. In particular, process data can be leveraged in technology-rich assessment
environments to provide evidence of construct-relevant variables for complex constructs largely defined
by processes. For example, using log files collected from an online learning system, Gobert et al. (2013(s5])
applied data mining techniques on interaction features to replicate human judgement and measure whether
students demonstrated science inquiry skills, which may provide real-time, automated support and
feedback to students. Using simulation-based data from Harvard’s Virtual Performance Assessments
(VPA), Scalise (2017s6]) applied Bayes Nets to score rich patterns in the log data and then integrated that
information into multidimensional Item Response Theory (IRT) models (e.g. mIRT-Bayes) to produce
scores and yield inferences (see Box 8.1 in Chapter 8 of this volume for a more detailed discussion).

Andrews and colleagues (2017;571) used process data and performance outcomes collected from about
500 pairs of test takers on a simulation-based task to analyse interaction patterns. Interaction patterns in
chat box messages were annotated manually as categorical data and a multidimensional IRT model was
used to analyse test takers’ propensities toward different interaction patterns. Their results showed that
different interaction patterns related to different performance outcomes and helped to conceptualise
collaborative skills for assessment research. Similarly, Johnson and Liu (2022;ss]) also developed a joint
model that could simultaneously consider item response and process data, for example the onscreen
calculator used on a mathematics assessment. A construct of the propensity of using a calculator was
jointly estimated with the latent ability. Chapter 10 of this volume further showed that machine learning and
Artificial Intelligence (Al) tools could be used to create features and/or indicators in collaborative tasks to
augment score creation.

Note that in any assessment, the use of process data as evidence of the construct(s) critically depends on
whether the assessment is designed to evoke the kind of processes that may be indicators of different
levels of the targeted construct. Careful consideration of the use of process data in measurement models
is necessary and their use should depend on whether their inclusion enhances the interpretation of
assessment results.

Use of process data for group comparisons and fairness research
The third key use of process data is to examine differential engagement and possible construct-irrelevant

variation in digitally-based assessments for different student groups (refer also to Chapter 11 in this volume
for cross-cultural validity and comparability research using process data). Ercikan and Pellegrino (2017 s9))

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



| 219

discussed this type of use for examining the comparability of response processes and patterns for students
from different cultural groups, albeit with caution since some aspects of process data might not be directly
comparable across different cultural and language groups (Ercikan, Guo and He, 2020p2; Guo and
Ercikan, 2021apz3;; Guo and Ercikan, 2021bpzg); He, Borgonovi and Paccagnella, 202133)).

In examining the equivalence of measurement for different groups, response process data can be used to
examine whether students are interacting with items in expected ways and whether students engage with
items similarly for the comparison groups (Ercikan, Guo and He, 2020;22;; Goldhammer et al., 2014s0;;
Pohl, Ulitzsch and von Davier, 2021(54;; Yamamoto, Shin and Khorramdel, 201851;). These explorations of
how examinees from different cultural and language backgrounds engage with items are particularly
important when items involve interactivity and digital tools, such as graphing tools, dictionaries and search
capabilities. Response process data such as item response time and the number of actions, which are
captured in the Programme for International Student Assessment (PISA) (OECD, 20192)), for example,
can be particularly important in examining how and the degree to which students from different cultural
and language backgrounds interact with the assessment tasks, which in turn can inform inferences about
the comparability of measurement across groups (Ercikan, Guo and He, 2020p22; Goldhammer et al.,
2017163)).

As discussed earlier, response processes are functions of the targeted construct as well as test-taking
strategies, the test taker's exposure to curriculum and instruction, their familiarity with the assessment
technology, and their cultural and language backgrounds. When responding to a complex task, students
need to have both the construct-relevant knowledge, skills and abilities (KSAs) that the assessment intends
to measure as well as the construct-irrelevant KSAs (such as the ability to engage with digital interactive
tasks effectively) that are necessary to understand, respond to and navigate through the assessments
presented (Bennett et al., 2021(10}; Mislevy, 20194); Sireci, 20215); Sireci and Zenisky, 2006s6)). Studies
have shown that relationships between item responses, response times or actions, and the construct may
vary across different cultural and language groups (Ercikan, Guo and He, 2020p2; Guo and Ercikan,
2021ap23;; He, Borgonovi and Paccagnella, 202133;; Pohl, Ulitzsch and von Davier, 2021(54;). Even for
students with comparable performance on assessments in the same language, different test-taking
behaviour patterns have been observed in students' keystrokes on essay writing tasks, response time
sequences or action sequences in logfiles (Bennett et al., 202110;; Guo, 20223s;; Guo et al., 20197).

Differences in behaviours uncovered by process data may contain evidence on whether score
comparability has been compromised, especially when such differences might hinder students'
performance on assessments only for some language or cultural groups. For example, differences in input
method editors can cause students in some language subgroups to devote much more time to typing.
Digital platform features adapted and developed for one language subgroup may lead students in another
language group to spend time figuring out task requirements. In these cases, students lose valuable time
to work on other items which may adversely impact their performance. These insights highlight the
importance of collecting rich process data to examine response processes and understand the potential
source of process differences and their impact on the comparability of measurements and score meaning
(Ercikan, Guo and He, 202022;; Kroehne, Deribo and Goldhammer, 2020;19)).

As mentioned in the previous section on validating score meaning, rapid guessing behaviour has clear
relevance to the interpretation of group score comparisons. Rapid response behavioural differences may
be attributed to various factors including differences in assessment context and language as well as cultural
and motivational factors. In addition, because of cultural and language differences, the relationships
between rapid response rates and performance may differ. Recently, a few process indices have been
developed to identify differential response patterns for groups of test takers matched on performance on a
test, such as differential response time and differential rapid response rate, to assess and evaluate the
magnitude of differences in rapid response behaviours among different cultural and language student
groups (Ercikan, Guo and He, 2020;22;; Ercikan and Por, 202067;; Guo and Ercikan, 2021ap23;; Kroehne,
Deribo and Goldhammer, 2020y19;; Rios et al., 201725; Rios and Guo, 2020p26)). These methodologies can
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be applied to examine differential engagement in assessments by diverse student groups. It is important
to note that, in addition to their possible impact on measurement comparability, differences in test-taking
behaviours may provide important insights into how test takers approach and respond to assessment
tasks. For example, Guo and Ercikan (2021ap23)) observed that student groups from different countries
showed differential rapid response rates, even when there was ample testing time left; the lower-
performing student groups showed a higher correlation between rapid response rates and performance.

Pohl and colleagues (2021s4)) showed differences in test-taking behaviours in terms of response time and
item omission in different language groups. Differences in test takers’ problem solving action sequences
or writing state sequences were also observed among groups (Guo et al., 20197;; He, Borgonovi and
Paccagnella, 202133); Pohl, Ulitzsch and von Davier, 2021s4), which prompted proposals of reporting test-
taking behaviours on large-scale, low-stakes assessments as part of a performance portfolio across groups
for fairer comparisons, a deeper understanding of performance and tailored interventions.

Group differences in performance can indicate proficiency level differences on the targeted construct.
These differences could also be due to differences in construct-irrelevant factors such as familiarity with
assessment technology or cultural relevance. Given their correlation with performance, process indicators
like differential engagement, if reported as supplementary information to performance scores and survey
results, may help educators and policy makers to identify the source of performance differences within and
between groups, such as cultural norms/attitudes toward low-stakes assessments, lack of (pre-)
knowledge, learning experiences and time management. When process data are appropriately integrated
into measurement models, differential process indicators can provide insights to improve educational
systems as has been done in learning systems (Biswas, Segedy and Bunchongchit, 2015140]; Baker et al.,
20193)).

Conclusion

In this chapter, we have discussed different uses of process data in technology-rich assessments, from
improving assessment design and validating score meaning to their uses as evidence of the targeted
construct and for examining comparability and fairness for groups. We have reviewed relevant research
that applied various research methodologies, from statistical and psychometric models to data mining and
machine learning techniques for analysing process data for these purposes. Guided by cognitive theories,
response process data including response time, action data and eye-tracking data collected during test
administrations may help uncover differences in cognitive thinking processes and refine definitions of the
target constructs, provide insights about sources of measurement variance, and consequently help
examine score comparability and validity and improve assessment design. Findings from process data
generated by technology-rich assessments can shed light on how students engage with tasks and solve
problems and, eventually, help improve teaching and learning.

It is important to note two key considerations in using process data. First, process data as indicators of
actions are only traces of students’ thinking processes and require additional sources of information to help
interpret these as evidence of response processes. The additional information that can help with
interpretations can include data from think aloud protocols or cognitive labs (Bannert and Mengelkamp,
20086s); Benitez et al., 2016s9;; Ercikan et al., 2010u0)). The integration of data from multiple sources to
support, validate and complement each other (for example, engagement is less likely to be an issue under
watchful eyes in a cognitive lab) and to validate performance in uncovering cognitive thinking processes
in mixed qualitative and quantitative methods have been used in some of the reviewed studies in this
chapter (see also Table 10.1 in Chapter 10 as well as the discussion of developing the PISA 2025 Learning
in the Digital World assessment in Chapter 9 of this volume, respectively). Process data such as think
aloud and eye-tracking data can only be analysed at a small scale currently because of technical limitations
and cost (see Figure 12.2 below). With advances in technologies and Artificial Intelligence, researchers
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will be able to analyse multimodal data collected from technology-enriched assessments more efficiently
and effectively at large scale.

Figure 12.2. Multimodal data capture to reflect thinking processes
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heart rate, etc.)

Another issue to consider in using process data is the critical dependence of response processes on
personal qualities and cultural and educational contexts. For example, the sequences and speed of actions
in responding to assessment tasks depend on many individual factors such as anxiety levels, pre-
knowledge, and learning and testing experiences (besides the actual targeted abilities). These highlight
the limitations of interpreting response processes uniformly across student populations. One strategy that
can help with such interpretations is to design tasks and task features that guide engagement with tasks
in ways that support the interpretation of process data in the intended ways. As highlighted in earlier parts
of this chapter, to take full advantage of technology-rich assessments tasks need to be developed and
designed in such ways that their characteristics, features and directives can elicit the targeted cognitive
processes and problem-solving behaviours so that process indicators can be captured from process data
and in turn used as empirical evidence for task design, score creation and validation, and score
comparability.
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ﬂ A tale of two worlds: Machine
learning approaches at the
intersection with educational
measurement

By Kathleen Scalise, Cassandra Malcom and Errol Kaylor

(University of Oregon)

Promising digital technology affordances have expanded rapidly in
education, and advances in the volume and nature of evidence that can be
generated through digital technologies are impressive. However, especially
at scale, analytical approaches to accumulate such data and draw
meaningful conclusions (inferences) remain a frontier that is hard to navigate.
This chapter discusses how machine learning and artificial intelligence
approaches rapidly emerging in educational contexts are intersecting in
many ways with educational measurement and argues for the imperative of
these different fields to learn from each other. The chapter suggests some
main takeaways for each field for the valid use and interpretation of
innovative educational assessments.
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Introduction

This publication makes the case that large-scale assessments should move beyond what is easy to assess
and develop new methods to make claims on students’ development of complex competencies. It also
argues that simulations and other interactive assessment experiences can supplement more traditional
item formats and potentially provide the evidence we need to compare students on these competencies.
Scholars in learning analytics (LA) have made tremendous progress in applying data mining (DM) and
machine learning (ML) techniques to the streams of data generated from learning experiences in digital
environments. It is thus tempting to imagine that all we need to innovate assessment is to adopt these new
techniques, moving beyond established methods of psychometrics. However, things are not so
straightforward because the bridge between learning analytics and educational measurement still needs
to be built.

The gap that exists between the two fields can be explained by their principal goals. The goal of LA is often
to describe how learners learn or to find ways to adapt and personalise learning content to individual
learners — sometimes also called Learning Engineering. LA uses a variety of data-driven approaches to
make predictions about how people will learn in specific situations (i.e. using certain tools or working on
certain activities). On the other hand, educational measurement — sometimes called psychometrics —
focuses on making defensible claims about students’ achievement, abilities or engagement with learning.
Both can be used to inform learning interventions. LA and educational measurement are not completely
distinct worlds: if the evidence collected for LA is then used to generate metrics (i.e. to make claims about
students or student groups), then educational measurement is involved even if the end result is framed as
a prediction rather than a score report. Some researchers including Sclater (2014(1)) and Wilson and
Scalise (2016p2) have therefore begun to establish standards of practice in LA when educational
measurement is involved.

Hidden challenges for accumulating complex evidence

LA developers as well as those working in educational measurement have been converging in recent
years, at least in very basic ways, on some important topics at the interface of LA and measurement
technology. However, distance remains because scholars across these fields have different scholarly
preparation, discourse language, epistemologies, ontological commitments and pedagogical grammars.
For instance, in LA, conclusions tend to hinge on a relative argument about which model better explains
the data set and is therefore the better “predictor” of something that the data set is purported to represent.
This makes a lot of sense for traditional machine learning fields that rely on manifest variables
(i.e. something that can be directly measured or observed) and involve data mining of homogeneous data
sets — for example, a computer vision application that identifies if there is a tiger in a given picture (the tiger
being the manifested variable). Yet for latent traits, such as mathematics knowledge and mental health,
manifest variables do not exist and therefore there remain questions about what the data set represents.

Given these differences, LA scholars often see the need for new content and technology affordances in
educational measurement but are unfamiliar with addressing what we refer to as the “Levy challenges”.
Over several decades, the field of psychometrics has developed well-accepted procedures for important
issues in educational measurement, which include calibration and estimation of overall claims, reliability
and precision information, test form creation, linking and equating, adaptive administrations, evaluating
assumptions, checking data-model fit, differential functioning and invariance. However, as argued by Levy
(2012(3;) and others, newer “data analytic” techniques using machine learning cannot rely on the same
well-fitting measurement models used in psychometrics to verify the quality of assessment evidence and
establish validity — an issue we call the “Levy challenges” and introduce in Chapter 8 of this report. LA
approaches currently lack the theory and methods as well as the operational infrastructure often needed,
such as analytic programs and delivery platforms at scale, to address these challenges. What this means
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is that the way we can and should interpret findings about learners changes considerably if methods of
evidence accumulation cannot satisfy these challenges via well-accepted procedures.

It should also be noted that classifications by software, such as describing how learners learn by classifying
them into categories, also involves indicators and inferences. There would be no way to classify the
learners if there were no indicators, and no reason to classify if no inferences were to be made from these
classifications. Inferences might be about what might help the learner learn, but regardless, such
inferences are claims about the student.

Many therefore advocate for a “separate-but-equal” view to break out different types of assessments by
purpose. This sounds promising, but here is the resulting dilemma: if assessments for different purposes
are treated as “separate-but-equal,” this makes it simpler to analyse and implies no need to make
consistent claims based on learning analytics methods and claims based on educational measurement —
but this compromises the utility of assessments. Inconsistent claims across assessments — even if those
assessments have different purposes (e.g. to plan future learning vs. to summarise what has been learned)
— are highly confusing to teachers, students, parents and policy makers. For example, if teachers are told
with one analytic technique that their students are proficient in their science knowledge while another
technique says the same students have large learning gaps, teachers will not know what to believe and
may ultimately discount the use of evidence in their work.

One solution that some suggest is to advance the field of assessment design by administering complex
technology-based tasks at scale to generate process data but refrain from using the data for making
inferential claims in the reporting (instead leaving these rich data for secondary research). However, such
tasks may then be quickly discounted for various reasons: for example, is it a legitimate use of resources
to develop technology-rich tasks if the new evidence they generate is not then used for reporting? Is it a
legitimate use of student, school and administrators time to sit them? If such tasks are needed to fully
actualise the construct, how can leaving out the evidence be justified? If the data are to be used for
research, should the research not happen first and then deployment at scale occur when evidence is ready
for reporting?

Another possibility is to neglect the “Levy challenges” altogether and be content with new analytic and
reporting approaches that haven’t yet matured robust measurement procedures. But as discussed
throughout this report and elsewhere, the validity issues associated with integrating complex data into
measures can be substantial. Without the ability to calibrate and estimate overall score(s), generate
reliability and precision information, conduct subgroup analyses, create test forms, and engage in linking
and equating, are robust inferences from large-scale assessments possible? Adaptive administrations,
evaluating assumptions across languages and cultures, checking data-model fit, investigating differential
functioning, and establishing invariance in the context of hard-to-measure constructs and complex
naturalistic tasks goes well beyond what is currently known (Scalise, 20124)).

The intersection of the two worlds

As explored in more detail in Chapter 8 of this report, possible approaches to accumulating complex pieces
of evidence to make inferences about students in large-scale assessment hold some promise. These
include developing extended measurement models that borrow strengths from both psychometrics and
learning analytics, establishing multiple inferential grain sizes or iteratively developing exploratory models
to ultimately reach a confirmatory one. When considering any approach to accumulating (and eventually,
reporting) assessment data, it is important to be mindful of the intended purpose of the assessment and of
how results will be used and what they might be interpreted to mean. Given the hidden challenges
described above, in the rest of this chapter we discuss some things that the fields of LA and educational
measurement might learn from each other to further innovation in assessment analytics — especially in the
context of large-scale assessments.

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



232 |

What learning analytics can learn from educational measurement

Evidence accumulation is as important as evidence elicitation

We argue that perhaps the most important thing that LA needs to learn about educational measurement is
that when techniques such as machine learning (ML) — and more complex types of machine learning that
may go by the name artificial intelligence (Al) — are used to make inferences about learning, it is not enough
to consider only the elicitation of bits of evidence. The bits may look enticing and seem applicable to a
given area of an assessment framework, but in and of themselves, bits of evidence alone do not satisfy a
measurement argument.

As described in the Introduction chapter of this report, the interpretation vertex of the “assessment triangle”
is actually two things: 1) defensible elicitation of bits of evidence; and 2) defensible accumulation of this
evidence to make an inference. Exactly how all the pieces together add up to satisfy measurement claims
and make the intended inferences is key. This accumulation of the bits to make inferences is called
aggregation of evidence. Both elicitation of evidence and aggregation of that evidence to make claims
must be defensible, including showing accuracy and precision of the metrics involved and ruling out
alternative hypotheses — as well as verifying that the assessment is fair and equitable for sub-populations
(as discussed in Chapter 11 of this report). Before reporting, both the elicitation and aggregation of
evidence should be transparent, justified and warranted.

There must also be additional care paid to ensuring that features used in a predictive model are rigorously
supported by educational frameworks. Feature engineering in educational assessment contexts should
seek to provide meaningful data across levels of student skill rather than focus only on high performing
students.

Measurement requires a chain of evidentiary reasoning supported by principled design

When technology is used for the purpose of educational measurement, often a set of questions are asked
to guide the development of valid assessment instruments — such as in Evidence-Centred Design (see the
Introduction and Chapter 6 of this report for a more detailed description). These questions are phrased
differently in different contexts but essentially boil down to the following:

e What can we do? In other words, what do technology affordances allow to collect evidence and
what “bits” of evidence will be elicited?

e What do we want to report from the evidence? In other words, how will we aggregate or accumulate
evidence and what are the larger inferences and claims that the “bits” of evidence go together to
form so that results can be meaningfully reported?

e What will be needed to make the connection between the bits of evidence elicited and what we
want to aggregate and claim? In other words, what is needed to make the connection between the
first two bullets?

A clear path based on evidentiary reasoning needs to be established between the goals and objectives of
measurement (e.g. an assessment framework) and how the evidence is used to make a claim (e.g. the
reporting of assessment results). In this way, stakeholders in education are empowered to use and value
the results. It is also important to be able to use data to build a solid validity argument, for example verifying
that conclusions about students are consistent across tasks that are designed to measure the same set of
skills and evaluating that the assessment measures these skills well across the ability distribution and
across sub-populations.

However, in many applications of LA based on data-mining approaches, the three principled design
questions above are often not asked from the outset. A common feature of these approaches is the idea
of discovering results from the data (i.e. generative or exploratory approaches) as compared to building

INNOVATING ASSESSMENTS TO MEASURE AND SUPPORT COMPLEX SKILLS © OECD 2023



| 233

from theory (i.e. confirmatory). No argument is stated a priori regarding the aggregation of evidence but
one is determined afterwards based on what is interesting in the evidence — for example, based on patterns
in the data that might provide insights into students’ cognitive processes in problem solving (Zhai et al.,
2020;5)). This type of data exploration can provide highly interesting insights for research but might not be
the best approach for making claims about what students can or cannot do. For making a claim, the
analytics must be based on a clearly transparent and defensible argument using data.

Prediction is not the same as measurement

Learning analytics often aims to fit the best set of clusters, networks or other structures to data via machine
learning, then defend the results based on having chosen the best fitting among various structures. Results
are often considered acceptable if the predictions based on these indices are better than other models that
were fit and more accurate than random. Patterns over a set of interactions may be possible to consider
in measurement models, as discussed in Chapter 8 of this report, but treating predictions for such complex
data as if they were valid measurements of latent traits can be problematic as the validity argument is not
sufficiently defined nor is the validity evidence accumulated.

Producing a “new” metric just because the market asks might not be best way forward

In policy discussions around large-scale assessments there is often an urgency to assess new constructs
and generate new insights, because there are many unanswered questions about students’ skills and there
is often a sense of déja vu when new reports come out. There are also expectations that applying ML
approaches to big data from technology-enhanced tasks will fill all of our existing information gaps. The
“market demand” is undoubtedly there but this demand should not be the only driver of decisions in
assessment design. What we need is better metrics not just new metrics. It is important to be responsive
to policy makers when defining what we should assess and what insights on learners we need, but these
new insights must be accompanied by a solid evidence base built on a carefully constructed validity
argument. Otherwise, there is the risk that relevant findings are quickly discounted by measurement
experts because they are not sufficiently validated and do not meet the “Levy challenges” described earlier.

Some things educational measurement can learn from learning analytics

Embrace the value of naturalistic tasks

Perhaps the most important thing that educational measurement needs to learn from researchers in
learning analytics is the use of the naturalistic task. If policy makers want to take advantage of the many
affordances of information technology discussed throughout this report, then the measurement field must
be able to support the collection and aggregation of evidence from more authentic tasks and more complex
activities. In a departure from the standard, multiple-choice assessments of the 20th century, naturalistic
tasks are becoming more prominent in educational measurement. Naturalistic tasks can cover a broad
array of task designs. Some examples come from science tasks, but many other disciplines also have
created naturalistic tasks such navigating through a park in collaborative problem solving or reading with
a purpose in mind to gather information for a presentation. In science and many other others, examples
include simulations such as students interacting with lab equipment. These tasks are often defined by
going through a natural development process where developers create the task similar to a classroom
lesson that is guided by content standards (Scalise and Clarke-Midura, 2018;s)) and are further defined by
realistic science experiences for students. Embedding small goals of a similar nature, such as assessing
inquiry skills, can be done within and across several tasks with as much standardisation as possible in
order to use ML/AI techniques to accumulate evidence on student learning (see again Chapter 8 of this
report for an example of such an approach).
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An important point here is that employing the naturalistic task isn’t only about improving the precision and
accuracy of the metrics. Measurement scholars will often want to discard complexity in innovation if metrics
from simpler item types and tasks are likely to give the same measured result — or one that is similar
enough to draw the same or similar inferences. Historically, for instance, in many contexts it has been
shown that selected responses can measure some constructs as well as constructed response formats.
Yet having students construct unique responses and evaluating those responses with rubrics or a scoring
engine is nonetheless a central part of many assessments. Elsewhere in this publication (Chapters 2-5
and 7, particularly), the argument is made that using naturalistic tasks and gathering information on
processes improves our evidence base for complex constructs such as collaborative problem solving,
when essentially those constructs are largely defined as processes (e.g. collaboration is a process). By
contrast, if only response data is considered and no opportunity is given to engage in such a process in
an authentic way, the validity argument is certainly affected.

Why else? One reason is the importance of the “signifying” role of assessments. As discussed in the
Introduction chapter of this report, educational research has established that teachers, students and local
and national policy makers take their cues about the goals for instruction and learning from the types of
tasks found on state, national and international assessments. Therefore, what is assessed in areas such
as science, mathematics, literacy, problem solving, collaboration and critical thinking, and how those
constructs are assessed, often will end up being the focus of instruction. In this role of signifying, it is hence
critical that assessments represent the forms of knowledge and competency and the kinds of learning
experiences we want to emphasise in classrooms. If students are expected to achieve the complex,
multidimensional proficiencies needed for the worlds of today and tomorrow, they should be able to
demonstrate their proficiency doing so. This requires moving away from measuring what is easy to
measuring what matters.

Engagement and the student experience are also important considerations. Embedding agency and
relevancy in an assessment activity is likely to increase students’ engagement and thus the likelihood of
observing what students can do at the best of their capacity. If we really want to describe what students
know and can do, then test effort is an extremely important assessment argument.

However, we caution assessment developers not to get stuck in the “cluster buster”; not everything has to
be as chunky as a long task, which may take a lot of student time and introduce a lot of unique variance
that is construct-irrelevant. Educational assessments (at least for now) may need to include a mix of newer
and older item and task types and investigate how the evidence produced by different types of task formats
and experiences triangulate. Hard-to-measure constructs are often supported by measuring what is proxy
and easy. To support interpretations, combining data types that are more known and less known is likely
to remain important for making defensible claims.

To improve naturalistic assessments and the quality of measurements they can produce, an iterative and
collaborative process between content experts, assessment developers, students and teachers is
necessary. These ideas closely align with the concept of “Learning Engineering” as well as the Assessment
Triangle discussed in the Introduction chapter of this report, emphasising an iterative process of building
affordances and optimising learning experiences. Assessment developers must understand both how
teachers look to understand student performance on a given task as well as how students engage with the
task environment. These discussions help prioritise task modification to encourage positive task interaction
styles among students as well as focus data collection in areas of interest and concern to the teacher.

Consider ways to establish a spectrum of comparability for reporting claims

The assessment field is still poised on the precipice of what assessing competencies using naturalistic
tasks means. Costs, versioning, assessment platforms and other practical considerations exist, especially
in the context of assessments that are intended to be replicable and comparable. Once such investments
are made, often the need to handle longitudinal data also will emerge, further complicating what needs to
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be in the measurement paradigm. Therefore, measurement standards may need to find ways to allow entry
points that are not as difficult to satisfy. This is the classic solution in other fields with large advances in
technology affordances. Can there be tiers and spectrums in education? For example, can there be a
comparability spectrum across different purposes for the use of assessment evidence?

This might take the form of co-habiting for a time and focusing on different types of claims. For example,
established measurement models might be used to build a scale that describes, in a reliable and
comparable way, what students are able to achieve in terms of their outputs from a given set of designed
tasks; this could be what problems they were able to solve (given enough information of this type is
generated across tasks similar enough to elicit the same latent trait). If this can be done, then LA might be
used to provide more descriptive diagnostics of strategies and processes that students follow on the tasks
to achieve an output. This might be done through a cluster analysis that describes different “types” of
problem solvers, for instance. Descriptions of students’ work in each different cluster can be potentially
very useful for teachers and students and provide tangible illustrations of applied 21st Century
competencies.

Another perspective on the comparability spectrum question may be to not rely so heavily on the perfect
fit of each item and score category or each scored observation in innovative assessments. Rather, either
patterns (such as those discussed in Chapter 8 of this report) or a factor of larger tolerances might be
allowed for the individual observations, if conclusions across the observations would be essentially the
same. The same might be concluded about testlets and independence of information, by treating the issue
as a discount factor on precision — so not overcounting the information when observations are not entirely
independent as it is generally the case in extended naturalistic tasks.

It is hard to say what might be found with further research to simplify the intersection of fields. However, it
is well known in educational measurement that no assessment of latent variables ever includes single
observations. So less time might be spent in research looking at how individual observations vary, and
rather researchers might look at if the inferences over the set vary substantially. Then the focus could be
on the comparability of claims made across many items or many observations. However, the analytic
mechanisms for how to approach these factors remain to be worked out.

What is at stake?

What is at stake for students may be no less than the development of broad transferable skills and
knowledge. Some may believe it is possible to build such skills without assessment and without advanced
digital technologies — arguing that such skills were necessary to achieve the accomplishments of earlier
times before digital technologies were available. But of course, modern digital affordances are not only
useful, as described in several other chapters of this report, but they are also today an expectation in the
everyday lives of students. In many cases we don’t yet understand the extent to which the broader
transferable skills and knowledge that are the target constructs of complex assessments can be elicited
across different digital tools — for instance, is self-regulated learning the same latent trait when applied in
computational thinking contexts as when applied in reading literacy contexts? Will the knowledge-building
tools that we might include in digital assessments to elicit evidence of such skills in turn cause them to
manifest differently? What is the interaction of these skills with domain knowledge and domain tools? Such
domain specifics no doubt impact the use and therefore performance of any such skills in an assessment
context. But learning more about the common strategies students might engage as well as the differences
in student behaviours that might arise between applications in digital contexts is important. To the extent
there are commonalities, it seems key to understand them.
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Conclusion

This chapter has discussed some important ideas that different fields approaching educational
assessments might consider. However, an important audience for this report is policy makers. One
message to policy makers from this chapter is that it is possible to undermine your objectives by
overclaiming from emerging assessments. For instance, if a paramount concern in innovative assessment
is ensuring equity and fairness as part of the validity argument, some of the issues discussed in prior
chapters will likely require a softening of claims when reporting results from innovative assessments. An
example is that policy makers should not select the most enticing wording for the “short” description when
reporting on a construct if the wording is inaccurate. Even if this might make the innovative assessment
seem more marketable, it will be a problem in the end if the “short” description does not match the claims
it seems to be making with high quality evidence.

This will run counter both to what some policy makers want and what the market may demand. The exciting
potential of technology affordances and rich new data sets may make policy makers want to lean into
making strong claims for very new constructs. A suggestion is to be disciplined and wait on reporting strong
claims until the needed progress in measurement science has been made — but don’t stop developing and
implementing such assessments or it won't be possible to make the needed progress. So do pursue
innovation goals or you will never get there, but be mindful of your claims in the meantime.

To summarise, important opportunities will be sacrificed even longer by not incorporating new possibilities
from new techniques (i.e. LA) even though this may require considerable exploration and grounding in
traditional fields (i.e. educational measurement). Alternatively, important evidentiary techniques for
measurement may be lost altogether and need to be recovered with much effort in the future if no pathway
is created forward into a modern world. So, we argue, crossover between these two worlds is needed now.
Wrestling with these topics will be hard and likely provocative since all sides will not be able to proceed as
they currently do. Proceeding without change is also undesirable if fields are to meaningfully inform each
other and affordances are to be optimised. Growing organically without incorporating field overlaps will
likely lead to many missteps for new analytical approaches and will compromise trust in what the
interpretation and use of results can mean for education.

Today, it is too soon to say what solutions might emerge at the intersection of the fields discussed here,
but approaches such as hybrid models (see Chapter 8 of this report) or co-habiting (see earlier in this
chapter) may become sufficiently established to represent a way forward. Regardless, it would seem
inevitable that the bridge to a shared future will mean some spectrum of comparability is needed in
educational measurement and assessment.
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1 4 Conclusions and implications

By James W. Pellegrino
(University of lllinois Chicago)
Natalie Foster and Mario Piacentini

(OECD)

This chapter reviews the arguments and evidence presented across the
preceding chapters in this report in support of the proposition that innovation
in assessment is both desirable and feasible. Many advances have been
made in the conceptualisation, design and interpretation of innovative
assessments of the 21st Century competencies that are and will be required
of an educated citizenry for the foreseeable future. The chapter considers the
challenges in bringing such innovative assessments to scale including the
assembly of the intellectual, fiscal and political capitals needed to support
such an enterprise. An example from PISA serves as an existence proof of
the possible.
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Introduction

This report argues for the need to seriously examine current assessment practices and pursue significant
innovation in educational assessment. Such innovation encompasses: 1) the types of educational
outcomes we assess; 2) how to do so by capitalising on the affordances of technology to systematically
design assessment situations that provide rich and meaningful sources of data; and 3) the considerations
needed to ensure that those assessments are valid and cross-culturally comparable given various possible
interpretive uses to guide educational practice and policy.

This concluding chapter is divided into two sets of comments. Part | briefly restates key concerns
expressed in the Introduction chapter for purposes of summarising and reflecting on the content of
Chapters 1-13 of this report. The focus is on relevant theory and capabilities we now have while also
considering the landscape of where we need to travel to advance the theory, science and practice of
educational assessment. The chapters also remind us that assessment development is an application of
scientific knowledge within constraints dictated by context and circumstances of use. Assessment is a
“design science” like engineering, drawing upon foundational knowledge in the cognitive and learning
sciences and in the measurement and data sciences. Part Il of this concluding chapter attempts to look
ahead and considers implications for what needs to be done to advance this design science and ensure
its utility for education well into this century.

Part I. Arguments and evidence regarding innovation in educational assessment

The Introduction chapter of this report set forth three main arguments for innovating assessments that are
elaborated and addressed across the following thirteen chapters in this publication. The first argument is
that educational policy and practice need to consider what is important to measure and better define the
components of what are often complex constructs and the authentic contexts in which we engage them.
In education we need to measure what matters not simply what’s easy to measure. The second argument
follows from the first: to assess constructs that matter we need to innovate the ways in which assessments
are designed, including the technologies used to assist in this process, bearing in mind the goal of
generating useful evidence about what students know and can do with respect to these complex
constructs. The third argument follows from the first two: for the results of any such assessments to be
useful to the intended audiences — be they teachers, administrators or policy makers — they must be valid,
i.e. assess those competencies that they purport to measure and not others. Thus the evidence generated
by innovative assessments must accurately reflect the complexity of the constructs assessed while taking
into consideration the diversity of the individuals assessed as well as the intended uses of the information.

The process of collecting evidence to support inferences about what students know and can do represents
a chain of reasoning from evidence about student competence that characterises all assessments. This
process has been portrayed as a triad of three interconnected elements — the assessment triangle — whose
vertices represent the three key elements underlying any assessment: 1) a model of student cognition and
learning in the domain of the assessment; 2) a set of assumptions and principles about the kinds of
observations that will provide evidence of students’ competencies; and 3) an interpretation process for
making sense of the evidence considering the assessment’s purpose and intended interpretive use
(Pellegrino, Chudowsky and Glaser, 20011)). These three elements may be explicit or implicit, but an
assessment cannot be designed and implemented, nor evaluated for its validity, without consideration of
each.

Argument 1: Measuring what matters — Cognition

Several of this report’s chapters explicitly focus on the “What” of educational assessment — the key
constructs that we should be interested in assessing, why those constructs are important and where we
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stand with respect to assessing them given the current educational assessment landscape. The bulk of
the argument across Chapters 1-4 of this report is that we should be focused on complex cognitive and
socio-cognitive constructs, the labels for which fall under the broader heading of “21st Century
competencies.” The challenge is carefully defining what we mean by these constructs so we can develop
tasks and situations where individuals exercise the requisite competencies allowing us to obtain evidence
that is valid, interpretable and useful whether the intended use is at the classroom level to guide learning
and instruction or in a large-scale educational monitoring context such as the OECD’s Programme for
International Student Assessment (PISA).

Multiple reasons are offered for the need to assess such complex competencies. Among them is the fact
that assessments have value beyond the data they provide. They can send key policy and aspirational
signals by illustrating the types of performance we want students to master and, in so doing, they can
become a driver of innovation rather than an obstacle to it. Preparing for (and sometimes engaging in)
such assessments should engage students in instructionally valuable activities and results from the
assessments should provide instructionally meaningful information. The tasks that students encounter
should tap “higher-order” cognitive skills that support transferable learning rather than primarily
emphasising skills that tap rote learning and the use of basic procedures. While there is a necessary place
for basic skills and procedural knowledge in educational assessment it must be balanced with attention to
critical thinking and applications of knowledge to new contexts.

Chapter 1 of this report provides an important review of different conceptual schemes that have been
proposed regarding the complex cognitive and socio-cognitive competencies of interest, noting their family
resemblances. The chapter also notes that while there is broad agreement and a strong narrative on the
need to develop so-called 21st Century competencies, translating this vision into educational practice
requires that curriculum, pedagogy and practice are aligned. In that regard, given its signalling power,
assessment can be a powerful driver of alignment. The chapter is also realistic about the challenge of
assessing 21st Century competencies with respect to defining constructs and learning progressions, the
role of knowledge, task design, scoring, evidence interpretation, reporting and validation.

The challenge for task designers is to identify suitable test situations that call for students to engage 21st
Century competencies as well as develop environments that allow students to respond authentically and
generate interpretable evidence about their ways of thinking and doing. Along these lines, Chapter 2 of
this report reinforces the importance of developing and using more interactive, complex and authentic
assessment tasks, and argues that the theory and research in the learning sciences can provide important
directions on how to do this. The authors propose some design innovations to develop new assessments
that are complementary to existing ones. These include using extended performance tasks that have “low
floors and high ceilings”; situating new assessments in specific knowledge domains; including opportunities
for exploration, discovery and invention; and embedding intelligent feedback and learning scaffolds. If
assessments are able to engage the same type of cognitive and socio-emotional processes of well-
designed, deep learning educational experiences, then time spent on assessment need not take time away
from learning.

Chapter 3 of this report takes the argument about the construct issue a step further regarding the cognition
element of the assessment triangle and its implications for the assessment development process. While
many agree that “higher-order” 21st Century competencies are important, the authors argue that identifying
a long list of competencies and creating single assessment instruments for each one is probably not the
most productive way to go. Such competencies do not exist in a vacuum and they are often used in
combination in situations of real-life learning and problem solving. The chapter offers a simple framework
to orient decision making on what to assess, guided by focusing on students’ capacity to solve important
problems. The framework includes: 1) deciding the type of activity students will work on (e.g. finding and
evaluating information to make a decision; understanding how something works; designing a new product
or process; building and communicating an argument, etc.); 2) deciding the context/knowledge required
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by the activity (disciplinary or cross-disciplinary knowledge); and 3) deciding whether students will work on
their own or collaboratively.

Elaborating on the close links between complex competencies and domain-specific knowledge and skills,
Chapter 4 of this report argues that assessments and educational experiences must be re-evaluated to
provide students with opportunities to engage and practice the type of decision making and problem solving
that practitioners in a given domain face in the real world, e.g. learning how to think and reason like a
mathematician, a scientist, an historian, etc. What this means is that assessment problems should require
learners to choose strategies and make decisions that reflect authentic situations but nonetheless be
constrained by requiring the knowledge expected only of students at a particular level. To make this
possible, the authors argue, the key is to have a good understanding of the decisions practitioners face
and define learning trajectory levels that are appropriate for the individuals assessed (cognition vertex of
the assessment triangle), in turn using this knowledge to inform the design of tasks and scoring methods.
The chapter operationalises this approach for an assessment of complex problem solving in science and
engineering.

Argument 2: Principled assessment design and technology — Linking cognition,
observation and interpretation

While Chapters 1 through 4 of this report focus on aspects of the cognition element of the assessment
triangle, Chapters 5 through 10 address various aspects of the observation and interpretation elements of
the assessment triangle with an emphasis on how technology can be exploited through and within a
principled design process to create robust assessments instruments.

Chapter 5 of this report emphasises the point that digital technologies significantly expand our assessment
capabilities. The author notes that innovative technology-enhanced assessments have the potential to
expand the competencies it is possible to assess, enhance the way that tasks are designed and presented,
as well as generate new sources of data and methods for analysing such evidence. Technology also
introduces the possibility of embedding assessments in learning environments capable of providing
unobtrusive and more contextualised data on problem solving and decision-making processes to
complement data from stand-alone assessment scenarios. Regardless of the context for data capture, the
author underlines that the use of technology to assess complex constructs must be done following a
coherent and principled design assessment process.

Chapter 6 reminds us that every new assessment needs to be guided by a theory of knowing and learning
in the domain of interest and that anchoring the design of tasks and the evidence model to a well-defined
theoretical framework is essential for generating valid inferences about performance — especially in the
context of assessing complex constructs. The author emphasises that this process is an exercise in design
science; one requiring close collaboration among potential users of the results, domain experts,
psychometricians, software designers and UI/UX experts from the beginning of the design process.
Evidence-Centred Design (ECD) provides an architecture to structure the process and products of such a
collaborative design activity. The author notes that the main challenges in this process lie in interpreting
the data that innovative and open tasks provide. We have much to learn about modelling the complex data
associated with multidimensional and dynamic constructs including in situations where students can “learn”
by interacting with the assessment environment. Some of these modelling and interpretive challenges are
taken up in Chapters 8 and 13 of this report.

Chapter 7 of this report reminds us that the features of many educational assessments, particularly large-
scale standardised tests, have been designed and formalised given various “practical” constraints (e.g.
administration and scoring costs, time) and “technical” constraints (e.g. psychometric standards of
reliability, validity, comparability and fairness). Today, in large part thanks to technological and data
analytic advances, more is possible in terms of designing task formats, test features and sources of
evidence for assessments. Notably, innovative assessments allow us to move beyond static tasks to
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present individuals with interactive and immersive problems. Such situations can also be designed to be
adaptive to the test taker, to include resources for on-the-fly learning and to capture process data in
addition to product data.

Chapter 8 of this report addresses how innovative assessments might capitalise on these technology
affordances to generate defensible measurement claims that allow us to make inferences about
respondents or the groups they represent, given that typical psychometric models used operationally in
large-scale assessment programmes do not easily or well incorporate such complex data. While newer
“data analytic” techniques can handle large and complex data sets that include process data, they do not
yet have mature machinery appropriate to meeting the challenges of making measurement and inferential
claims. The chapter discusses new analytical methods where existing models in psychometrics and
data-mining techniques borrow strength from each other directly. It exemplifies a mIRT-Bayes hybrid
approach that integrates scores generated by Bayes nets into an Item Response Theory (IRT) model,
generating sizable measurement precision gains. The author argues that these approaches exploit the
suitability and flexibility of Bayes nets for describing construct-relevant patterns from process data in
technology-enhanced tasks while preserving the robust statistical properties of latent variable methods.

Chapters 5-8 of this report collectively make the case that processes of principled assessment design can
take advantage of the affordances of technology to expand the space of the possible for design and
implementation of next-generation assessments, and describe how the cognition, observation and
interpretation components of the assessment triangle can be linked together to enable the reasoning from
evidence process that must accompany any valid assessment effort. Chapters 9 and 10 of this report then
provide more concrete cases of the possible, illustrating some of what can be done with technology while
presenting some of the challenges inherent in working in complex design and interpretive spaces.

Chapter 9 argues that as educational goals increasingly focus on students’ capacity to learn, assessment
should also enable and evaluate that capacity. Accordingly, assessment situations should invite students
to engage in scenarios that can help elucidate the processes of learning. The chapter provides an example
of designing feedback and resource affordances embedded in assessment/learning scenarios to serve two
purposes: 1) to support authentic learning; and 2) to provide evidence about learning processes and how
learners regulate their learning. The authors note that the design and use of resources introduces many
challenges regarding the validity of inferences — perhaps most notably regarding the role of prior
knowledge. Typically, the knowledge that learners bring to an assessment is the target construct of the
assessment; in the example discussed in the chapter, the assessment is the context in which learning
takes places. Interpreting learning activities in light of prior knowledge is a major undertaking, as learners’
activities and strategy choices are contingent on their knowledge. A related challenge is that of
generalisability and transfer of students’ ability across resource types, learning opportunities and tasks.
The authors conclude that inferences about the use of tools should combine top-down (justified by theory)
and bottom-up (visible in data) arguments and evidence.

In Chapter 10 of this report, the authors turn to Intelligent Tutoring Systems (ITS) to illustrate how advances
in technology and data analytics (e.g. natural language processing, speech recognition software, etc.) can
enable the sorts of innovative designs argued for in previous chapters. ITS, the authors contend, exemplify
how digital environments can already provide learners with dynamic learning tasks, interactivity and
constant feedback loops — and hence innovative assessments have much to learn from them. With a
number of examples from ITS, the chapter emphasises how artificial intelligence (Al)-based applications
can support task design and scoring, from automating intelligent feedback tailored to the actions of
examinees to producing indicators of learners’ collaboration with others in open scenarios.

Argument 3: Ensuring valid assessments

Validity is the single most important property of any assessment, yet an assessment is never valid in and
of itself: an assessment that may be valid for one interpretive use (e.g. a classroom teaching situation)
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may be invalid for a very different interpretive use (e.g. a cross-national comparison), and vice versa. As
such, an assessment’s validity depends on arguments and evidence about its specific interpretive use. To
be valid for a wide range of learners, assessments of complex constructs should measure well what they
purport to measure, be accurate in evaluating students' abilities, and do so reliably across assessment
contexts and scorers. They should also be unbiased and accessible and used in ways that support positive
outcomes for students and educational systems. Principles associated with establishing validity are
especially important and deserve careful attention and investigation for technology-rich assessments that
target the measurement of complex performances.

Much of this report focuses on one of the most critical aspects of establishing the validity of next-generation
assessments for 21st Century competencies: validity arguments and evidence derived through the
application of a principled design process. For example, Chapter 6 discusses the key decisions that need
to be considered and addressed at the beginning of an ECD process to guide development of valid
assessments of complex constructs, starting with the definition of the construct(s) of interest. Evidence
from the design process would then be complemented by various forms of empirical data on how the
assessment performs, and the entire complex of evidence would constitute the elements of an
assessment’s validity argument. Chapters 11 and 12 of this report address particular issues of validity and
comparability in large-scale, technology-rich assessments including methodologies and principles for
examining validity issues throughout assessment design and once data have been collected.

Chapter 11 notes that complex constructs like creativity, critical thinking, problem solving or collaborative
skills are characteristically shaped by cultural norms and expectations. As a result, challenges arise in
balancing measurement validity with score comparability in multilingual or multicultural assessment
contexts. Therefore assessment developers should consider construct equivalence, test equivalence and
testing condition equivalence during the assessment design process. Use of digital assessments,
especially for assessing complex skills, also necessitates evaluating students’ digital literacy and
examining potential biases against cultural subgroups in Al-based methodologies such as in test adaptivity,
automated scoring and item generation engines.

Chapter 12 of this report expands on the very important point that process data, as mentioned in Chapters
7 and 8, can serve as important evidence regarding the processes of reasoning and problem solving that
individuals employ when they work on complex assessment tasks irrespective of whether those tasks are
stand-alone or are embedded in broader learning environments. Such process data can function in two
ways related to assessment validity. Studies using process data in complex tasks have shown their value
in validating assumptions about the cognitive constructs involved in assessment performance and as such
they can constitute critical data during assessment design and initial validation efforts before assessments
become fully operational. For tasks where prior validation of performance has been done, process data
obtained during task execution may enrich score meaning and reporting and constitute a part of the
interpretive process and evaluation of performance that goes beyond scores based solely on response
accuracy. For example, differential engagement with an assessment task or situation is a potentially
important index for both practitioners and policy makers. Students’ performance on large-scale
assessments may not be a pure reflection of what they actually know and can do because of differences
in prior knowledge, cultural norms, familiarity with technologies, attitudes and differences in educational
experiences.

Finally, one of the implications throughout this report regarding the design of complex tasks and
performances is that the interpretation of the evidence provided will not be simple. Undoubtedly it will
require models and interpretive schemes that go well beyond the psychometric models and methods that
have been the mainstay of most large-scale assessments. Chapter 13 of this report discusses validity
implications of using the results of “predictions” from data mining and machine learning methods in
reporting, given that these analyses are not supported by validity evidence that is deemed central in
educational measurement (e.g. on reliability and precision, check of data-model fit, differential functioning
and invariance). The authors argue that there is an important and critical intersection emerging between
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the fields of educational measurement and learning analytics, issues of vocabulary and definitions
notwithstanding. These broad fields, which are really many fields, can meaningfully learn from each other
when making claims or inferences about the complex constructs represented in innovative assessments.
By engaging in solving the measurement and inferential issues that currently exist, both fields will likely
advance the science and practice of educational assessment.

Part ll. Innovative assessments: Progress made and the road ahead

No single assessment can evaluate all the forms of knowledge and skill that we value for students, nor can
a single instrument meet all the goals and information needs held by parents, practitioners and policy
makers. As argued in the Introduction chapter, we need coordinated systems of assessments in which
different tools are used for different inferential and reporting purposes — for example, formative and
summative, or diagnostic vs. large-scale monitoring. Such assessment tools would operate at different
levels of the educational system from the classroom on up to school, district, state, national and/or
international levels of application. Within and across these levels, all assessments should faithfully
represent the constructs of interest and reflect and reinforce desired outcomes that arise from good
instructional practices and effective learning processes.

As noted in the Introduction chapter, the following features define the elements of assessments that
operate within and across such systems of assessment: 1) the assessment of higher-order cognitive skill;
2) high-fidelity assessment of critical abilities; 3) items that are instructionally sensitive and educationally
valuable; and 4) assessments that are valid, reliable and fair. A major challenge is determining a way
forward whereby we can create coherent systems of assessments that meet the goals we have for the
educational system, satisfy the information needs of different stakeholders, and that align with these
criteria. The chapters in this report reveal progress that has been made in conceptualising and
operationalising critical aspects of the assessments needed within such systems. The report provides a
vision of what next-generation assessments should focus on, what they might look like and how they should
function. As such we have the beginnings of a map of the terrain we need to move through to get there
and some destinations along the way. The map includes the constructs of interest, the innovations and
practices needed to make progress, as well as many of the conceptual and technical obstacles to
overcome along the way.

A journey of the type envisioned by this report’s body of work cannot be undertaken nor will it succeed
without an investment of multiple forms of capital. In the discussion that follows we consider three particular
forms of capital that are needed and expand on why each is critical to the success of such an endeavour.
They include intellectual capital, fiscal capital and political capital. Each is necessary but insufficient on its
own — yet collectively they provide the capital needed to advance the theory and practice of educational
assessment and maximise its societal benefit in the 21st Century.

Intellectual capital

The collective work described in this report illustrates that no single discipline or area of expertise will be
sufficient to accomplish what needs to be done to innovate assessment. Advances to date reveal that next-
generation assessment development is inherently a multidisciplinary enterprise: different communities of
experts need to work together collaboratively to find solutions to the many conceptual and technical
challenges already noted as well as those yet to be uncovered as part of the journey. Enlisting creative
people from multiple backgrounds and perspectives to the enterprise of assessment design and use, and
facilitating collaboration among them, is critical. Synergies need to be fostered between assessment
designers, technology developers, learning scientists, domain experts, measurement experts, data
scientists, educational practitioners and policy makers.
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Given that learning is embedded within social contexts and is characteristically shaped by cultural norms
and expectations, we can expect performance to vary across cultures. Designing valid assessments for
different student groups, particularly those for complex skills, requires multidisciplinary teams and
expertise. Therefore it is necessary to consider the complex sociocultural context in deciding what to
assess, how to assess it, and how assessment results will be interpreted and used. The PISA 2022
assessment of creative thinking (OECD, 2022;2;) exemplifies comparability challenges related to assessing
a complex construct across language and cultural groups (see Box 11.1 in Chapter 11 of this report for
more). Systematic evaluations of measurement comparability can provide the basis for future assessments
of complex skills.

In addition to design and validation concerns arising from context and culture, the assessment
development community writ large will need to grapple with complex issues including designing tasks that
can simulate authentic contexts and elicit relevant behaviours and evidence, how to interpret and
accumulate the numerous sources of data that technology-enhanced assessments can generate, and how
to compare students meaningfully in increasingly dynamic and open test environments. To address these
and related issues, considerable research will need to focus on modelling and validating complex
technology-enabled performances that yield multifaceted data sets. This includes modelling dependencies
and non-random missing data in open and extended assessment tasks.

Emerging studies have shown that by working with experts from different disciplines, machine learning and
Al techniques can help researchers better understand and model learning processes (Kleinman et al.,
2022;3)) and can assist content experts in efficiently and effectively annotating students’ entire problem-
solving processes at scale (Guo et al., 20224;). Work of this type is needed to supplement evidence derived
from small-scale cognitive lab studies, advance learning science and have an impact on large-scale
assessment.

At a pragmatic level, Schwartz and Arena (20135)) argue that we need to “democratise” assessment design
in the same way the design of videogames has become more accessible with the proliferation of online
communities. Crowdsourcing platforms, such as the Platform for Innovative Learning Assessments’ (PILA)
at the OECD, provide developers with model tasks they can iterate and embed data collection instruments
that simplify researchers’ work on validation and measurement. Such environments and testbeds could
make it far easier to engage in some of multidisciplinary intellectual work noted above.

In summary, there are multiple intellectual and pragmatic challenges in merging learning science, data
science and measurement science to understand how the sources of evidence we can obtain from complex
tasks can best be analysed and interpreted using models and methods from Al, machine learning, statistics
and psychometrics. Collaborative engagement with these concerns by learning scientists, data scientists,
measurement experts, assessment designers, technology experts, experts in user interfaces and
educational practitioners could yield a new discipline of Learning Assessment Engineering.

Fiscal capital

The development of assessments for application and use at any reasonable level of scale is a time
consuming and costly enterprise, especially for innovative assessment of the types envisioned in this
report. The bulk of the substantial funds currently expended at national and international levels on
assessment programmes is for the design and execution of large-scale assessments focused on traditional
disciplinary domains like mathematics, literacy and science (e.g. the National Assessment of Educational
Progress (NAEP) programme in the United States and the OECD’s PISA programme). Most such
assessments fall within conventional parameters for task development, delivery, data capture, scoring and
reporting. This has been true for quite some time despite the fact that most large-scale assessment

1 https://pilaproject.org/.
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programmes have moved to technology-based task presentation, data capture and reporting. Capitalising
on many of the affordances of technology as described in this report has not been a distinct feature of
those assessment programmes.

Developing and validating technology-rich assessment tasks and environments of the type advocated for
in this report is a much more costly activity than updating current assessments by generating traditional
items using standard task designs and specifications and presenting them via technology rather than
paper-and-pencil. Such new instruments require considerable research and development regarding task
design, implementation, data analysis, scoring, reporting and validation. As noted above, that scope of
work needs to be executed by interdisciplinary groups representing domain experts, problem developers,
psychometricians, Ul designers and programmers. Sustained funding for the type of research and
development needed is a key element in advancing next-generation assessment.

A significant roadblock to achieving assessment of 21st Century competencies is the paucity of examples
of assessment instruments of complex cognitive and socio-cognitive constructs, especially examples that
have been built following systematic design principles and then validated in the field. Those cases where
the work has advanced to the point where validity arguments can be offered, including evidence of
feasibility for implementation at scale, have seldom moved beyond the research and development labs
where they were prototyped. This is true even for cases that have achieved a high level of visibility within
the assessment research and development technical community. Regrettably, this body of work has not
managed to change the way assessment is conceptualised and executed at scale. To advance the field of
21st Century innovative assessment, considerably larger capital investments need to be made of two types
as argued below.

Substantial fiscal capital is required to assemble and support the multidisciplinary teams needed to conduct
research and development supporting the creation of innovative next-generation assessments. The
amount currently invested in multidisciplinary assessment research and development (R&D) work are but
a tiny fraction of what is spent on more conventional large-scale assessment development and
implementation. Neither government funding agencies, private foundations, testing companies nor
governmental assessment agencies have been willing to make the systematic and sustained investments
required. Funding at fiscal levels representing a small percentage of the total fiscal expenditures on
educational assessment would make a significant difference in what could be done and the time to do so.
Without sustained and increased investments in the types of work required it will prove difficult, if not
impossible, to accumulate the knowledge required to solve the conceptual and technical problems that
remain and generate the solutions required for valid and useful assessment of challenging constructs.

Of equal need is investment in bringing existing innovative assessments efforts to full maturity by scaling
up their implementation when evidence exists that they can effectively address the challenge of measuring
the constructs that matter. Current and future innovative assessment solutions are likely to languish within
the R&D laboratory unless funding can be provided to move them out of the laboratory and into the space
of large-scale implementation, where their efficacy and utility can be properly evaluated. Only then will the
possibility exist of using them to replace current ways of doing business.

Political capital

As currently practiced educational assessment is a highly entrenched enterprise, particularly the use of
large-scale standardised assessments for educational monitoring and policy decisions. Standardisation
includes what is assessed, how it is assessed, how the data are collected and then analysed, and how the
results are interpreted and then reported. This is not an accident but the product of many years of operating
within a particular perspective on what we want and need to know about the knowledge, skills and abilities
of individuals, coupled with a highly refined technology of test development and administration that is
further coupled with an epistemology of interpretation about the mental world rooted in a measurement
metaphor derived from the physical world.
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It is hard to make major changes within existing systems when there are well-established operational
programmes that are entrenched in practice and policy. Change of the type needed requires strong political
will and vision to encourage people to think beyond what is possible now or even in the near future. Without
political will, it will be impossible to generate sufficient fiscal capital to assemble the intellectual capital
required to pursue next-generation assessment development and implementation and achieve meaningful
change in educational assessment.

The political capital needed is not limited to policy makers. It encompasses multiple segments of the
educational assessment development community, the measurement and psychometric community, and
the educational practice community. Each of these communities has entrenched assumptions and
practices when it comes to assessment. Thus, each community needs to buy into a vision of transformation
that may well yield outcomes at variance with aspects of current standard operating procedure. For
example, if students’ knowledge and skills are no longer seen as discrete and independent, assessing
them requires examining the entire interactive process in adaptive learning environments that mimic
real-world scenarios. Regardless of where the process may lead, these communities must work together
to generate the amount of political will and capital needed to organise, support and sustain a transformation
process for educational assessment in ways envisioned in this report.

International large-scale assessments: Possibilities for innovation at scale

It should be obvious that much is needed to advance the agenda for innovation in assessment along the
lines outlined throughout this report. One of the biggest challenges in making change happen is that scale
is needed to show what is possible. As noted earlier, scaling up promising ideas is critical for testing how
flexible or brittle those ideas and assessment approaches may be, in addition to what it takes to put them
into practice at scale. Fortunately we have some examples of efforts to do so, which in turn have taught
us much with respect to what is possible as well as where challenges remain.

International assessments generally serve as tools for monitoring performance on contemporary
disciplinary standards. As such these programmes make statements about what is valued globally and
provide information about student proficiency at scale. They also illustrate an operational example of the
pooling of intellectual, fiscal and political capital required to move an innovative large-scale assessment
agenda forward. For example, in addition to its ongoing regular assessment programme in mathematics,
reading and science, the OECD’s PISA Programme has embarked on including one “innovative”
assessment in each of its assessment cycles. Through this effort, the OECD has signalled the important
forms of 21st Century knowledge and skill that should be assessed as a part of monitoring broader
educational goals and aims. We will briefly consider one recent example from that programme to illustrate
some of what has been learned through attempts to put innovative ideas about the assessment of learning
into practice.

In its 2025 cycle, PISA will include an assessment of Learning in the Digital World (LDW). When the PISA
Governing Board embarked on this new development back in 2020, there were clear expectations about
the added value it should bring: countries were interested in comparable data on students’ readiness to
learn and problem solve with digital tools. Even before the COVID-19 global pandemic, it was clear to
stakeholders that digital technologies are significantly impacting education, yet there is not enough
information on whether students have the necessary skills to learn with these new tools and on whether
schools are equipped to support these new ways of learning.

This policy demand oriented several design decisions. As already discussed, an assessment of learning
skills has different requirements from an assessment of knowledge. To distinguish more effective learners
from less effective learners, the assessment had to provide opportunities for students to engage in some
type of knowledge construction activities. In other words, the assessment designers had to structure the
assessment as a learning experience where it would be possible to evaluate how students’ knowledge
changed over the course of the assessment. Consequently, the structure of the assessment units has
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diverged from the traditional PISA format with a series of stimuli and independent questions to a new
format that is structured as a series of connected lessons (Figure 14.1).

Figure 14.1. Task sequence in the PISA 2025 Learning in the Digital World assessment

30 minutes
O
Introduction of Evaluation Learnin
overall learning of prior Tutorial o g Challenge
activities
goal knowledge

Source: Adapted from OECD (forthcomingjs)).

A virtual tutor guides the students through the test, explaining how they can solve relatively complex
problems using digital tools that include block-based coding, simulations, data collection and modelling
interfaces. An interactive tutorial with videos is embedded in each unit to help students understand how to
use these tools and mitigate differences in students’ familiarity with particular digital tools or learning
environments. Students then solve a series of tasks that progress from easier to more difficult, introducing
them to the concepts and practices they are expected to learn in the unit and that they will need to apply
to the later, more complex “challenge” task.

Part of the assessment construct relates to students’ capacity to engage in self-regulated learning,
therefore requiring the development of measures such as monitoring and adapting to feedback and
evaluating knowledge and performance. In order to generate observables for these self-regulated learning
processes, a number of affordances were embedded in the assessment environment. Over the course of
the test, students can receive feedback by testing whether they achieve the expected outcomes by asking
the tutor to check their work. They can choose to see the solutions to the training tasks after they submit
their answers, and for each task they can access hints and worked examples to help them solve the
problem. At the end of each unit, students are asked to evaluate their performance and report the effort
they invested while working through the unit and the emotions they felt during as they worked. The
assessment thus integrates the idea that we can better measure complex socio-cognitive constructs by
giving students choice in the assessment and monitoring not just how well students solve problems but
also how they go about learning to do so.

These innovations represent responses to well-defined evidentiary needs. As further elaborated in Chapter
6 of this report, the assessment has been designed to provide responses to three interconnected
questions: 1) what types of problems in the domain of computational design and modelling can students
solve? 2) To what extent are they able to learn new concepts in this domain by solving sequences of
connected, scaffolded tasks? And 3) to what extent is this learning supported by productive behaviours,
such as decisions to use learning affordances when needed or monitor progress towards their learning
goals? These questions have defined the cognition model of the assessment, have oriented the design of
tasks needed to elicit the necessary observations, and are guiding analysis plans to interpret the data in a
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way that is consistent with the reporting purposes of the assessment and that accounts for the complex
nature of the data.

The expectation is to produce multidimensional reports of student performance on this test including
measures of: 1) students’ overall performance on the tasks (represented in a scale, as in other PISA
assessments); 2) learning gains, i.e. how much students’ knowledge of given concepts and their capacity
to complete specific operations increases following the training; and 3) students’ capacity to self-regulate
their learning and manage their affective states. These different measures will be triangulated in the
analysis, for example explaining part of the variation in learning gains with the indicators of self-regulated
learning behaviours. The goal is to provide policy makers with actionable information that is not limited to
one score and a position in an international ranking but that includes more nuanced descriptions of what
students can do and indicates what aspects of their performance deserve more attention.

Coda: Returning to the three types of capital

The development of the PISA 2025 Learning in the Digital World assessment was only possible because
of the convergence of the different types of capital described in this chapter. The political backing of a
research and development agenda by PISA participating countries has been strong. The innovative
assessment included in each PISA cycle is now seen as a safe space to test important innovations in task
design and analytical models that can then be transferred to the trend domains of reading, mathematics
and science or that can provide inspiration for the development of national assessments once their value
is proven. Acknowledging the need for multiple iterations in the design of tasks and for extensive validation
processes for design and analytical choices through cognitive laboratories and pilot studies, the PISA
Governing Board provided the financial and political support needed to start the development of the test
five years before the main data collection. Further resources were made available by research foundations
that recognised the value of innovating assessments.

The development of the assessment has also been steered by a group of experts with different disciplinary
backgrounds: subject matter experts worked side-by-side with psychometricians, scholars in learning
analytics and experts in UlI/UX design. This cross-fertilisation was important to make space for new
methods of evidence identification in digital learning environments while keeping in mind the core objective
to achieve comparable metrics that result in valid interpretations of performance differences across
countries and student groups.

This new PISA test represents only an initial foray into the enterprise of innovating assessments. As argued
in this report, we need many new disciplinary and cross-disciplinary assessments to provide an exhaustive
description of the quality of educational experiences across countries. Several challenges also remain,
particularly in the interpretation vertex of the assessment triangle. International fora like PISA have a role
to play in coordinating policy demands and facilitating a consensus on what pieces of the puzzle we need
to work on and what the priorities should be for the near term and beyond. There is more than ample
evidence that innovative assessment of educationally and socially significant competencies is both
desirable and possible. The evidence also suggests that cooperation and collaboration on a global scale
may well be the best and only way to achieve such advances.
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Policy makers around the world recognise the importance of developing young people’s 21st century skills like
problem solving, creative thinking, self-regulation and collaboration. Many countries also include these skills as
part of the intended learning outcomes of their education systems. To shift intention into practice, educational
assessments need to better measure what matters. Innovative assessments are needed that combine
conceptual, technological and methodological advances in educational measurement.

This report explores new approaches to measuring complex skills through a practical and applied assessment
design lens, bringing together perspectives from leading experts to consider what we can learn from

the learning sciences to define more authentic assessment experiences and expand the range of skills we are
able to measure in both disciplinary and cross-disciplinary contexts of practice. The report also examines how
technology can expand our possibilities for innovation, including the creation of more interactive and immersive
problems and the generation of meaningful sources of potential evidence about students’ proficiency. Finally,
the report explores how we can make sense of the rich data captured in interactive digital environments using
new analytical approaches, and how we can ensure the valid interpretation and use of results from innovative
assessments.
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