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Abstract

Since the 1980s, the learning sciences have been an emerging field of research that focuses on
learning of individuals and groups in authentic social, material, and digital contexts from a multi-
level perspective. The learning sciences have substantially advanced theoretical conceptions of
learning and its support as well as methodological approaches, for example by introducing design-
based research. The article provides an overview of the history, important theories and concepts



of learning and guidance, as well as methods of the learning sciences. The concluding part
sketches potentially important areas for future research in the learning sciences.

Keywords

Computer-Supported Collaborative Learning (CSCL)
Constructivism

Design-based Research (DBR)

Inquiry Learning

Learning Sciences History

Problem-based Learning

Learning-by-Design

Scaffolding

Situative Learning

Socio-cultural perspective on Learning

1 A Brief History of the Learning Sciences

Interest in human learning and effective ways of supporting learning through teaching and other
forms of instruction can be traced back for millennia. The learning sciences (LS) as an emerging
academic field originated in the 1980s (Hoadley, 2018). The emergence of the LS was based on
three groundbreaking shifts.

First, the idea of context and learning in situ moved to center stage. The shift toward context made
it possible to consider the role of the social and physical world in and through which people learn
as a basis for theorizing and understanding learning. Studying learning in context was a response
to the cognitive paradigm of research on learning and instruction. As (socio-)constructivist and
socio-cultural learning theories (e.g., Vygotsky & Cole, 1978) were increasingly adopted, the re-
search focus shifted from studying the individual's cognition (cognitivism) in isolation to studying
the learning of individuals and groups in their physical and social environments (e.g., Brown et
al., 1989; Scardamalia & Bereiter, 1991). This development is mirrored in the influential 1993
special issue of the journal Cognitive Science which contained “a debate among proponents of
two distinct approaches to the study of human cognition” (Norman, 1993, p. 1) and led to an
increased interest in situated action or situated cognition, “emphasizing the role of the environ-
ment, the context, the social and cultural setting, and the situations in which actors [learners] find
themselves” (p. 1). Viewing learning as driven by both internal and external factors led to a theo-
retical multiplicity, a tradition that the learning sciences continue to advance by staying open to
new theoretical perspectives with utility for better understanding and supporting human learning.

Second, the understanding of learning as situated and influenced by socio-cultural and physical
contexts required a new set of methodological approaches that can capture (ongoing) learning as
understood from these new perspectives. Established prior paradigms from (educational) psy-
chology such as aptitude-treatment interaction (Cronbach & Snow, 1977) was questioned, as
these did not adequately mirror the way learning happens within complex school and out-of-
school settings, missing important aspects of ongoing learning. As a consequence, research in
school and out-of-school learning environments became a dominant paradigm, necessitating the
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development and use of qualitative, quantitative, and mixed-methods approaches for capturing
and facilitating learning (e.g., design-based research). Notably, the learning sciences are charac-
terized by a methodological multiplicity that continues to develop in light of recent technological
developments (e.g., Rosé, 2018; Shapiro & Garner, 2021; Sommerhoff et al., 2018)

Third, the learning sciences are also associated with a shift toward interdisciplinary research
fueled by the rise of computer science, research on artificial intelligence, computer learning (i.e.,
how do computers learn?), and computerized learning (i.e., how do humans learn using comput-
ers or other technologies?) (e.g., Bobrow & Collins, 1975; Sleeman & Brown, 1982; Wenger,
1987). Trailblazing scholars, including Roger Schank and Seymour Papert, anticipated that com-
puters would radically transform human learning and research on learning, also considering com-
puters as tools that could advance mental structures through the production of personal (learning)
designs (e.g., Papert, 1980). In particular, the extension of the phenomenon of learning from hu-
mans to computers and the comparison and combination of both agents (i.e., people and com-
puters) brought together researchers from a diverse range of fields, including education, psychol-
ogy, and computer science. For example, major interdisciplinary research lines were the imple-
mentation of learning in programming languages (e.g., LISP, LOGO), research on artificial intelli-
gence and learning (e.g., Anderson, Boyle & Reiser, 1985), and the development of computer-
supported learning environments (e.g., Cognition and Technology Group at Vanderbilt, 1992).
Corresponding interdisciplinary endeavors were, for example, nourished by first specific funding
programs for the learning sciences, such as the “Cognitive Consequences of Programming” of
the US National Institute of Education (Pea & Linn, 2020). The learning sciences have since par-
ticipated in shaping a vision of computational innovations as mediating new and more advanced
forms of learning (including computer-supported collaborative learning, see also Lee, 2017).

Together, these conceptual, methodological, and (inter-)disciplinary developments led to the for-
mation of a community of researchers, which transcended the hitherto disciplinary boundaries
and created the necessity for novel opportunities for meeting (e.g., conferences), publishing (e.g.,
journals), and funding (e.g., special programs). In 1989, the AERA special interest group “Educa-
tion in Science and Technology” was founded and later also the sister special interest groups
“Learning Sciences” and “Advanced Technologies for Learning” which became a central outlet for
the developing learning sciences community. As a consequence of the significant growth of the
learning sciences community in terms of impact and spread during the 1980s and 90s, higher
education opportunities and separate scientific publication outlets in these areas of research be-
came cogent for the further development of the field (Kolodner, 2004). The Journal of the Learning
Sciences (JLS) was established in 1991 and the first doctoral program including the terms “Learn-
ing Sciences” in its title was launched at Northwestern University in 1992. The doctoral program
evolved from the Institute for the Learning Sciences, which was founded at Northwestern in 1989.
Parallel, the first International Conferences of the Learning Sciences (ICLS) and of Computer-
Supported Collaborative Learning (CSCL) were held in the early 1990s (Kolodner, 2004; Sawyer,
2014). Since 1995, both conferences have repeated regularly in a biannual format. To bring these
conferences and the Journal of the Learning Sciences (JLS) under one institutionalized umbrella,
the International Society of the Learning Sciences was founded as a non-profit professional soci-
ety in 2002. In particular, ISLS brought together partially different communities clustering around
the learning sciences and CSCL (Hoadley, 2018). To address the partially different interests of
the CSCL community, the International Journal of Computer Supported Collaborative Learning
(fCSCL) was established in 2006 (Stahl & Hesse, 2006).



Research and community building in the context of the learning sciences and CSCL also emerged
internationally beyond the North American focal point (Pea & Linn, 2020). For example, the Eu-
ropean Research Network Kaleidoscope was established in 2004 based on a funding program by
the European Commission that centered on Technologies for the Information Society. The net-
work focused on technology enhanced learning and brought together over 1,000 researchers from
about 100 research units and approximately 20 countries, spanning the fields of computer and
social sciences and education, with the goal to integrate different research communities in the
context of technology-enhanced learning and to inform knowledge transfer between education,
industry, and the wider society (Laurillard, et al., 2007). Within Kaleidoscope, special interest
groups on CSCL and on Inquiry Learning became focal points for new scholarly communities with
strong conceptual and methodological relationships to the learning sciences. Many of these Eu-
ropean CSCL researchers later joined the CSCL community within ISLS. Also in 2004, the Asia-
Pacific Society for Computers in Education (APSCE), which aims to promote the conduct and
communication of scientific research related to all aspects of the use of computers in education,
was formed, evolving from the Asia-Pacific Chapter (APC) of the Association for the Advancement
of Computers in Education (AACE), which itself was established in 1994.

Based on these national and international developments and its theoretical, methodological, and
disciplinary pluralism, the learning sciences as an academic field has developed into a multidis-
ciplinary “tent” (Nathan, Rummel & Hay, 2016) that represents an international community and an
emerging discipline. This is also reflected within the Cambridge Handbook of the Learning Sci-
ences (Sawyer, 2005, 2014) and the International Handbook of the Learning Sciences (Fischer
et al., 2018), the contents of which comprise conceptual, methodological, and epistemological
foundations of the learning sciences as well as an overview of current research. The handbooks
serve as introductions to learning sciences as a community and field of research for students and
researchers. The handbooks capture the historical development of the learning sciences including
proposals for future research trajectories for the academic field.

2 The (Self-)Concept of the Learning Sciences

Since its formation, the ISLS considers itself as a community of practice (Wenger, 1999) bringing
together academics, professionals, and students who are seeking to advance the sciences and
practices of learning. It investigates “fundamental inquiries on how people learn alone and in col-
laborative ways, as well as on how learning may be effectively facilitated by different social and
organizational settings and new learning environment designs, particularly those incorporating
information and communication technologies (ICT), as in computer-supported collaborative learn-
ing (CSCL)” (ISLS, 2009, p .1). It is a community that addresses authentic learning in contexts in
which learning would naturally happen (Kolodner, 2004). The ISLS also has an educational mis-
sion, for example, to foster high quality learning sciences programs in higher education interna-
tionally. This educational aim led to the foundation of the Network for Academic Programs in the
Learning Sciences (NAPLeS) at an ICLS conference in Sydney in 2012. NAPLeS'’ first activities
were the establishment of a world-wide directory of affiliated learning sciences master’s and PhD
programs, a collection of syllabi for higher education introductory courses to the learning sciences,
and a webinar series with a selection of learning scientists including pioneers who advanced
groundbreaking insights that fundamentally shaped the learning sciences, including Carl Bereiter,
Allan Collins, Jim Greeno, and Marlene Scardamalia. To date, NAPLeS has developed into an

essential component of ISLS’s educational activities.
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The unification of the biannual ICLS and CSCL conferences into the “ISLS Annual Meetings”, the
first of them held in Bochum, Germany in 2021, reflects the co-development of both learning sci-
ences and CSCL and the growing coalescence of the learning sciences as an emerging discipline.
However, even with this convergent development, the learning sciences remain a community that
distinguishes itself through theoretical, methodological, and disciplinary pluralism. Within this plu-
ralistic understanding of studying learning as it unfolds within a social and physical context, certain
core concepts and methods exist within the learning sciences that are orbited by other adjacent
concepts and methods (e.g., ISLS, 2009; Nathan et al., 2014; Sommerhoff et al., 2018). This
makes the LS a dynamic society that aims to understand and foster human learning in authentic
settings ranging from early childhood to adult education and informal learning over the life span.

3 Theories of Learning and Guidance in the Learning Sciences

3.1 Theorizing Learning

From the perspective(s) of the learning sciences, learning is predominantly considered from cog-
nitive and socio-cultural perspectives on learning, with embodied and neuroscientific learning the-
ories expanding. However, what can be attended to as learning and what it means to learn in
different contexts can be described differently depending on the theoretical perspective. Thus, a
multitude of nuanced learning theories have evolved over time, which expand the broad theoret-
ical approaches for more specific learning situations, in particular also combining learning theories
with educational perspectives on how to support learning in these situations.

The cognitive revolution (Miller, 2003), starting in the 1950s, led to a shift away from behavioral
learning theories and was able to better account for many aspects of individual learning. However,
subsequent research also highlighted multiple phenomena related to learning, for example indi-
viduals showing different performance in different contexts (e.g., Carraher, Carraher & Schlie-
mann, 1985), which could not be accounted for adequately by these theories. Corresponding
findings led to socio-cultural learning theories, which extended current cognitivist conceptions of
learning. The research of the Soviet psychologist Lev Vygotsky had a major influence (also out-
side of Russia), based on the re-publication (and partial revision) of his work “Mind in Society” in
the late 1970s (Vygotsky & Cole, 1978). This conception of learning takes the perspective that all
learning is socially embedded, leading to the focus on learning (within) communities and, for ex-
ample, knowledge building (Scardamalia & Bereiter, 1991; see section Computer-Supported Col-
laborative Learning below) within these communities. This conception was further developed
within the learning sciences context with concepts such as i) “situated learning/cognition” (Lave
& Wenger, 1991), positing that all knowledge is intrinsically linked to a specific social, cultural,
and physical context, ii) “distributed cognition” (Hutchins, 1995), focusing on how cognition is dis-
tributed over an environment rather than taking place solely in the individuals’ minds, and, iii)
“collective knowledge construction” (Cress & Kimmerle, 2018), which focuses on the joint creation
of knowledge and content from relatively small groups to large communities, for example in wikis
with hundreds of contributors.

For example, situated cognition draws on ideas from socio-cultural theories of learning and theo-
rizes that learning is principally a social process (Brown et al., 1989) that emerges in interaction
with others (Vygotsky & Cole, 1978). Within this theoretical approach, the notion of cognitive ap-
prenticeship takes precedence, which refers to the enculturation of learners into the authentic,
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established, and valued practices of a community with the aim of becoming full members of that
community (Lave & Wenger, 1991). Learning environments that are designed based on socio-
cultural learning approaches support learners to interact with others toward engaging in ways of
doing that are established and valued within the surrounding social context (e.g., Engle & Conant,
2002). This may mean identifying specific disciplinary practices and recognizing how learners use
resources and approach content related to the discipline in ways that are recognizable and rep-
resentative (Engle & Conant, 2002).

The shift from learning as something within an individual's mind toward considering learning as
situated within a community of practice means inviting learning to be theorized, captured, and
designed for at multiple levels within the larger socio-cultural and historical system of relevant
practices. This alludes to another central theoretical background of learning from a learning sci-
ences perspective: Activity theory. While its origins go back to the Soviet psychologists Sergei
Rubinstein and Alexei Leont’ev, it was taken up by several Western scholars (e.g., Engestom,
2000) and further developed, for example, through Danish’s (2014) work that employed an activity
theoretical lens for educational design and analysis to analyze complex socio-cultural systems
and their interactions. While activity theory aims at describing a single individual, it positions this
individual in a broader context, a socio-technical system, that includes the community as a whole
and, as crucial aspects of this community, their specific cultural tools, their rules and the division
of labor, all of which are necessary to describe the single individual within this context. Activity
theorists often use the so-called activity triangle that can be applied as an analytical frame toward
understanding an individual, a group, a community, or a system in context, their interactions, and
possibly their changes over time. Besides this general necessity for context, activity theory also
introduces a hierarchical structure of activity, which can be transferred to the notion of the multi-
leveled nature of learning. Roschelle (1998) roughly characterizes these levels as “cultural, con-
scious, and automatic” (p. 243). While these three levels are often not considered explicitly
enough, they inform why learning sciences research includes research approaches that range
from the cultural level (e.g., using an ethnographic perspective) and the automatic level (e.g.,
using neuro-cognitive approaches). While less prominent in the learning sciences as a theoretical
underpinning, a similar argument can be based on Newell’s unified theories of cognition (1994),
which positions learning on different time scales from milliseconds (biological processes) to sec-
onds (cognitive and rational processes) to hours, days, weeks, and beyond (socio-cultural, organ-
izational) (see also Nathan & Alibali, 2010).

Each of these concepts for learning highlights that learning is situated (e.g., Greeno, 2011) in the
sense that it is situated within a community of individuals, situated in certain situations, and situ-
ated within certain objects or artifacts, which might be used as means for learning. This view of
learning can be characterized as core to the learning sciences; however, there is also a broad
periphery of less radically social conceptions of learning around this core, which are used within
the learning sciences and lead to tensions and synergies (Danish & Gresalfi, 2018).

An example of a specific theoretical approach trying to combine cognitive and socio-cultural per-
spectives is learning with multiple representation (Ainsworth 1999, 2018). This approach gives a
specific account on how multiple representations, such as texts, videos, or augmented/virtual re-
ality impact learning and how they can (individually and in combination) be designed to support
optimal learning. However, learning through multiple representations goes beyond purely cogni-
tive theories of learning (e.g., Mayer, 2014; Sweller, Van Merriénboer & Paas, 1998) by building



on semiotic and sociological perspectives to better address the role of the context in the analysis
and the design of representations for learning.

The learning sciences is also increasingly focusing on embodied (Alibali & Nathan, 2012; Ma,
2016; Shapiro, 2019) and neuro-cognitive learning theories (Sousa, 2010; Varma et al., 2018).
The former points to the importance of the human body for cognition and learning, in particular
regarding the sensory, perceptual, and the motor/kinesthetic systems as well as how bodies and
a combination of bodies are positioned together to facilitate relationships to domain-specific ideas
and concepts. It is rooted in part in theories from developmental psychology emphasizing that
knowledge and thought are not only reflected in specific actions, but that actions, for example
specific motions and gestures, can also support learning (e.g., Goldin-Meadow, 2005). Finger-
counting or drawing geometric objects in midair to illustrate one's cognition when solving mathe-
matical problems are two examples of embodied cognitive approaches to learning (e.g., Alibali &
Nathan, 2012). Corresponding theories underline that effective learning environments consider
possibilities for learners to engage in (bodily) actions, for example by using specific analog or
digital manipulatives that can support these actions (e.g., Abrahamson, 2009).

While theories of embodied cognition and their implications are already permeating learning sci-
ences research, neuro-cognitive learning theories are only starting to change current conceptions
of learning as examined in the learning sciences (e.g., Sousa, 2010). Cognitive neuroscience has
already made impressive progress on explaining cognition of individual learners focusing on short
timescales (partially at the level of fractions of seconds) in relatively controlled, laboratory settings
(e.g., Eden etal., 2004; Postle, 2020). However, this is currently at odds with the learning sciences
focus on learning in situ (Varma, McCandliss & Schwartz, 2008), which centralizes authentic,
contextualized, social processes often related to timescales of days, weeks, and months.

3.2 Supporting Learning

3.2.1 The Design of Learning Environments in a Broad Range of Educational Contexts

Responding to the multilevel and multi-perspective view of learning, research that aims to support
learning typically involves challenging situations that ask learners to grapple with tasks and prob-
lems “for which they do not have rote solutions or for which they cannot simply call upon a mem-
orized factoid” (Fischer et al., 2018, p. 4). These challenging situations are typically embedded in
information-rich environments that include interaction with other humans and technology.

Learning sciences research is addressing both the design of formal and informal learning envi-
ronments. For example, formal learning environments have been investigated more systemati-
cally for primary and secondary mathematics and science education (e.g., Belland et al., 2017)
and for argumentation and collaboration in different fields of higher education (Jeong, Hmelo-
Silver & Jo, 2019). Informal learning environments have, for example, been studied in museums
(Lyons, 2018) and in maker-centered learning spaces that can be situated within a range of edu-
cational institutions and that provide opportunities for people to engage with high- and low-tech-
nological tools and materials and can foster technological innovativeness (Peppler, Halverson &
Kafai, 2016). Studying learning within out-of-school settings (rather than school settings) allows
the advancement of knowledge about highly innovative designs for learning, as well as building
inroads for later possible adaptation in school settings. Work on out-of-school settings also in-
cludes considering outdoor and indigenous knowledge spaces for broadening cultural relation-
ships within STEM learning (e.g., Litts, Searle, Brayboy, & Kafai, 2021; Tzou et al., 2019).



In addition, learning sciences research considers the facilitation of learning and expertise across
the lifespan. Although a majority of studies address K-12 learners, there is increasing interest in
learning within early childhood (e.g., van Horne & Bell, 2017) and family settings (e.g., Roque,
2016). Research on expertise development has investigated environmental conditions and sup-
port for learners in a much broader age range, including learning at work and through professional
development (Ludvigsen & Nerland, 2018; Reimann & Markauskaite, 2018).

3.2.2 Pedagogies

Learning scientists have systematically employed and explored pedagogies that acknowledge the
multilevel nature of learning and address the design and use of challenging learning tasks (e.g.,
Eberle, 2018). They share the basic assumption that complex skills cannot be learned well solely
through reading books, being exposed to teacher presentations, or solving massively simplified
“toy” problems. Instead, situations are seen as more supportive of learning if they resemble real
problem-solving situations in important dimensions of agency (Brown et al., 1989). Among these
important dimensions are (a) agency in applying and transferring knowledge to new situations,
cases, and problems; (b) agency in generating new knowledge (e.g., on natural and social phe-
nomena), that is, to what extent learners take responsibility to find out about important mecha-
nisms, effects, rules, or relations to explain natural or social phenomena; and (c) agency in coor-
dinating with, explaining to, and negotiating with others the processes and outcomes of
knowledge generation and knowledge application (argumentation and knowledge building).

In the following, we briefly introduce three types of pedagogies, (1) learning through problem-
solving, (2) learning through inquiry, and (3) learning through design. In addition, we sketch the
concept of (4) scaffolding as it probably is the most prominent form of instructional support in
complex learning environments that result when the three pedagogies are applied.

(1) Learning through problem-solving: Environments for learning through problem-solving involve
learners’ engagement with complex problems with the goal of learning (Hmelo-Silver, Kapur &
Hamstra, 2018). Problem-solving pedagogies typically focus more on learners’ agency with re-
spect to applying and transferring of canonical knowledge (agency dimension a) than on learners’
initial discovery of that or new knowledge. Highly productive lines of research have addressed an
individual’s learning through solving problems. One central research area has addressed the is-
sue of cognitive load that arises through complex problems for learners with little prior knowledge,
for example while trying to solve mathematical problems. Goal-free instruction and worked-out
examples have been suggested as scaffolding associated with a reduced amount of cognitive
load in comparison to solving the problem by oneself (Sweller et al, 1998). Four Component In-
structional Design (4C/ID) is an instructional approach that builds on cognitive load theory and
that has been applied in many contexts, including higher education (e.g., Sommerhoff, Kollar &
Ufer, 2021) and vocational education (e.g., van Merriénboer & Kirschner, 2018).

Another longstanding and influential line of research that is associated with learning through prob-
lem-solving has been the investigation of intelligent tutoring systems (ITS or cognitive tutors,
Graesser, Hu & Sottilare, 2018b). With ITS, learners try to solve problems presented to them on
a computer, while ITS use artificial intelligence to assess the process and the outcomes of a
learner’s attempts to solve a problem, to build a model of a learner’s skills, and to offer feedback
and scaffolding, for example, through more difficult or easier tasks, strategic hints, prompts, or
examples. Beyond supporting individual learning through ITS, learning scientists began to explore
the effects of collaborative learning within small group problem-solving that employ an ITS (Kumar
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& Kim, 2014; Rummel, Walker & Aleven, 2016). Also, some approaches to game-based learning
and simulations build on learning through problem-solving (Chernikova et al., 2020; Clark, Tan-
ner-Smith & Killingsworth, 2016; Fields & Kafai, 2018).

There has been a long tradition of employing collaboration to enhance the effects of learning
through problem-solving. The most prominent example is problem-based learning (PBL). In PBL
scenarios, small groups of 5 to 12 learners collaborate around complex, domain-specific case
problems (Dochy et al., 2003; Hmelo-Silver & Barrows, 2015). A main focus with respect to col-
laboration in this context is on pooling of resources: The group, supported by a tutor, identifies
the knowledge needed to solve the case, for example to come up with an accurate diagnosis or
a promising intervention for a patient case problem in medical education. The members of the
group search for resources that offer access to the missing knowledge and share their findings in
the group. In addition, further questions, including what makes tutors effective in PBL, have been
addressed in research (Schmidt, Rotgans & Yew, 2011).

Recently, work within the learning sciences has started investigating the knowledge and skills
necessary to engage in complex collaborative problem-solving (Graesser et al., 2018a) and has
designed learning environments to facilitate them. For example, there have been approaches to
use agent-based simulations where one or more human learners have interacted with collabora-
tion partners that were simulated by a computer (e.g., Graesser & Mc Namara, 2010).

(2) Learning through inquiry: Inquiry learning requires learners increasingly to take responsibility
to find out about important mechanisms, effects, rules, and relations to explain natural or social
phenomena. In inquiry-based learning environments, learners are supposed to explore phenom-
ena, use disciplinary and generic tools and methods (e.g., measurement devices, lab protocols,
spreadsheets), and come up with sound descriptions and explanations of the observed phenom-
ena (see Pedaste et al., 2015). Many computer-supported inquiry learning environments have
been developed for and employed in middle school science classrooms (e.g., Linn, Clark & Slotta,
2003). Yet, increasingly, other domains (e.g., historical inquiry; Voet & de Wever, 2016) and other
educational contexts (i.e., higher education; de Jong, Linn & Zacharia, 2013) have been explored
in relation to inquiry-based pedagogies as well.

Building on research relating to the many problems that learners experience when engaging in
knowledge generation through inquiry (e.g., de Jong & van Joolingen, 1998), several approaches
to guided inquiry and discovery (in contrast to free discovery) have been developed and investi-
gated (Donnelly, Linn & Ludvigsen, 2014). Typically, inquiry environments that learning scientists
have developed include opportunities to interact with peers in small groups or whole classrooms
in inquiry activities, such as formulating or evaluating hypotheses, generating evidence, or draw-
ing conclusions and revising an explanation (Slotta, Quintana & Moher, 2018).

(3) Learning through designing: Pedagogies that build on learning through designing involve tasks
in which learners engage in the process of utilizing disciplinary knowledge for generating ideas,
devising a problem space, building prototypes, and evaluating and iteratively refining a product
aimed at solving a challenging situation, often a provided problem. These pedagogies consider
agency of the learners for engaging in inquiry activities by which they derive the disciplinary
knowledge as well as the knowledge on the constraints and affordances of the problem, both of
which are needed for designing, refining, and evaluating the product. Building on foundational
work in the early 2000s (see Kafai, 2012; Kolodner et al., 2003), the field has substantially ad-
vanced by introducing more recent approaches to learning through designing digital games
(Fields & Kafai, 2018), including augmented reality (Enyedy & Yoon, 2021), research on the
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maker movement (Halverson & Peppler, 2018), research on design thinking in different educa-
tional contexts (Svihla & Reeve, 2016; Goldman & Kabayadondo, 2016), and considering alter-
native tools and materials for the study of equitable STEM education through design activities
(e.g., Peppler & Glosson, 2013). Design pedagogies typically include a focus on interaction
among peers where collaboration has quite different functions, including peer feedback on initial
ideas, inter-group competitions with respect to the performance of the designed product, and col-
laborative knowledge building through joint experimentation and discussion (Kolodner et al., 2003;
see Fields & Kafai, 2018). Design pedagogies typically initiate and support peer communities
using either digital contexts such as internet platforms (e.g., Scratch; see Fields & Kafai, 2018) or
material contexts, for example in the context of science learning (e.g., Clegg & Kolodner, 2014).

Theoretical foundations of learning through designing pedagogies are often constructionist, that
is assuming that learning happens best when learners come to know the world while creating
personally meaningful projects that can be publicly shared (Papert, 1980). A focus lies on the
creation and manipulation of tools and materials. For example, in the process of design, materials
that are being manipulated turn into “objects-to-think-with” (Papert, 1980, p.11) that make it pos-
sible for learners to become epistemologists who observe their own learning as well as personal
and multiple ways of knowing (Papert & Harel, 1991). Studying particular material design situa-
tions thus allows research to expand on these theoretical ideas within constructionist approaches
toward a richer understanding of ongoing learning within digital and physical learning through
design situations.

(4) Scaffolding: Referring to the concept of the Zone of Proximal Development, the zone between
what learners can do on their own compared to what they can do with the support of more expe-
rienced others (Reiser & Tabak, 2014; Vygotsky & Cole, 1978), pedagogies preferred by learning
scientists are centered around complex situations that are typically somewhat too challenging for
learners themselves. Initially, the learners cannot master these problem-solving, design, or inquiry
tasks without additional support. Of the various forms of potential additional instructional support
that exist (e.g., feedback, additional information, additional incentives), the learning sciences com-
munity has put particular focus on the idea of scaffolding (Wood, Bruner & Ross, 1976). Scaffold-
ing refers to instructional support that enables learners to master tasks that are outside their reach
without this support. Scaffolding is typically offered by more knowledgeable others or by (intelli-
gent) computer systems. Wood et al (1976) identified main functions of scaffolding which include
sparking situational interest (recruitment, p. 98), reducing the complexity and difficulty of tasks
(reduction in degrees of freedom, p. 98), keeping learners focused on their goal (direction mainte-
nance, p. 98), (4) highlighting crucial features of a task (marking critical features, p. 98), (5) moti-
vating disappointed learners (frustration control, p. 98), and (6) providing solutions and models of
a task (demonstration, p. 98). Building on Bruner’s original work, several taxonomies of scaffold-
ing functions emerged that differ mostly with respect to whether they address what is to be learned
(e.g., scaffolding for joint sense-making or for building a hypothesis, e.g., Quintana et al., 2004)
or whether they refer to how the learner is supported (e.g., prompting, hinting, channeling, Pea,
2004).

A joint assumption of scaffolding approaches is that the effectiveness of this kind of support de-
pends on its contingency and timeliness. Scaffolding is considered to be temporary and needs to
be removed (or faded) when the learner does not need it anymore because scaffolding can also
be detrimental for learning (expertise reversal effect; Kalyuga, 2007). Thus, scaffolding requires
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a dynamic assessment of knowledge and skills, and consequential adaptive interventions—a com-
plex interplay of guidance and self-regulation with respect to each and every individual learner
(see Plass & Pawar, 2020). As this seems hardly possible in typical classrooms with only one or
two teachers or tutors and 20 or more learners, technology and peers as sources of scaffolding
increasingly became the focus of research (Tabak, 2004). Although theoretically straightforward,
a recent meta-analysis found mixed evidence on the effects of instructionally adapting the scaf-
folding to the inferred needs of the learners (Belland et al., 2017).

There are several lines of research on scaffolding for individual learning (Belland et al., 2017).
Scaffolding by using examples, so called example-based learning, is certainly one of the more
systematically researched approaches to scaffolding (Renkl & Atkinson, 2003). In this approach,
learners have the opportunity to follow someone else’s steps in solving a difficult problem, typically
without further explanation of why these steps were taken. Then, the learners typically have to
self-explain the steps by using domain knowledge (e.g., principles of probability calculus). This
type of scaffolding example has been used effectively in several domains. In particular, studying
and self-explaining examples was more effective than engaging in problem-solving activities for
learners with little prior knowledge (see van Gog & Rummel 2018).

3.2.3 Computer-Supported Collaborative Learning (CSCL) and its Approaches to Facilitating
Learning

CSCL is concerned with groups that coordinate, co-regulate, and engage in argumentation and
knowledge building in problem-solving, inquiry, and design tasks in technology-rich environments.
In CSCL research, technology conceptualizations include providing complex and dynamic con-
texts for these activities and associated pedagogies, as well as enabling and structuring peer
collaboration of small and large groups. The International Handbook of Computer-Supported Col-
laborative Learning (Cress et al., 2021) identified common ground of CSCL with other areas of
the learning sciences but also differences with respect to phenomena, theories, and methods.

Collective knowledge construction within the learning sciences transcends a purely cognitivist
perspective by building on key aspects of socio-cultural perspectives (e.g., Engestrom, 2000;
Vygotsky & Cole, 1978). Here, the group level as well as (group/cultural) artifacts, alongside indi-
vidual learning are taken into consideration, with the aim to identify how to support both group
and individual learning in the best way possible. Issues around knowledge building (see Scarda-
malia & Bereiter, 2021) have characterized CSCL research for many years. Conceptual and em-
pirical research yielded design principles for learning environments in which learners in school
create and share new knowledge for themselves, their class, or even the whole school through
collaborative reasoning. The technology enabled the creation and linking of arguments, peer feed-
back on the arguments, and the revision of the arguments. The approach has been taken up in
many places around the world and further investigated through implementations in schools (see
Chan & van Aalst, 2018) and detailed network analyses (Oshima, Oshima & Matsuzawa, 2012).
Some more recent theories of collective knowledge building (Cress & Kimmerle, 2018; Stahl,
2005) describe and explain how groups of people, from small groups working on one project, to
organizations developing several new projects, to large communities producing online artifacts,
co-create new knowledge, both regarding their individual knowledge but, in particular, knowledge
at the group or community level. The focus of collective knowledge construction theories lies in
recognizing a multi-level and multi-agent structure that consists of individual learning and acting,
as well as group learning, interaction processes, and artifacts (e.g., Cress & Kimmerle, 2008).

11



Often, learners’ engagement in collaborative knowledge building and argumentation have been
analyzed from different theoretical perspectives, reflecting the different disciplinary roots and mul-
tiple epistemological backgrounds of the learning sciences. These perspectives include socio-
cognitive approaches which are mainly interested in individual learning and focus on discussion
and argumentation as potentially facilitating contexts of learning (e.g., Stegmann et al., 2011);
dialogic education which considers dialogic argumentation as a major cultural tool to shape indi-
vidual thinking (e.g., Philipson & Wegerif, 2016), as well as approaches to collaborative argumen-
tation mainly interested in understanding and advancing the human capacity to jointly generate
knowledge and resolve conflicts (e.g., Baker, Schwarz & Ludvigsen, 2021).

An important discovery of research on collaborative learning has been that collaborative argu-
mentation and problem solving among learners is not productive in a broad range of contexts
because learners often fail to work together (e.g., Barron, 2003; Weinberger, Stegmann & Fischer,
2010). Two lines of research examine forms of support that make productive collaboration more
likely.

(1) Awareness research examines different forms of awareness support for self- and co-regulation
in groups. For example, learners are provided with information about the prior knowledge of each
collaboration partner or about the amount/quality of their own contributions compared to other
learners in the group (cf. Bodemer, Janssen & Schnaubert., 2018). The effects of awareness
support are mixed. It is likely that the extent to which this additional information can actually be
used to improve collaborative problem-solving, inquiry, and design depends heavily on the self-
regulation skills and learning preferences of the individuals and the group (Jeong et al, 2019). A
promising new line of research uses dashboards to inform and support the teachers in their mon-
itoring and scaffolding of computer-supported collaborative learners (Tissenbaum & Slotta, 2019;
Van Leeuwen, 2015).

(2) Scripting and orchestration for groups: Research on CSCL has successfully broadened the
concept of scaffolding individuals in groups and scaffolding groups as a whole (see Kim et al.,
2020). Research on the design and the effects of collaboration scripts has emerged from an up-
take and the extension of two complementary notions of the term script as a cognitive structure
that enables understanding and acting (Schank, 1999) and as an instructional method to improve
collaborative learning (O’Donnell et al., 1987). Through collaboration scripts, complex collabora-
tive tasks are segmented into "scenes" and learners are supported by role specifications and, in
some cases, engagement in individual subtasks such as formulating questions or arguments (see
Fischer et al., 2013). Technology can be used for segmentation and coordination (e.g., Mana-
thunga & Hernandez-Leo, 2018) as well as to highlight a role, to provide just-in-time prompts and
guidance, and to adapt the level of support (e.g., Amarasinghe, Hernandez-Leo & Jonsson, 2019).
Collaboration scripts were found to be particularly effective for learning collaboration skills (e.g.,
engaging in dialogic argumentation in a discussion) and, to a somewhat lesser extent, for domain
learning, and segmentation into scenes proved to be the most effective approach to scaffolding
(see Vogel et al., 2017). A negative effect of structuring collaboration on motivation has not re-
ceived support from the existing evidence (see Radkowitsch, Vogel & Fischer, 2020). An exten-
sion of the scripting idea was presented with the concept of orchestration. The concept of orches-
tration addresses the distribution and coordination of technology-supported activities on individ-
ual, group, and collective level (Dillenbourg, Prieto & Olsen, 2018), with orchestration graphs
(e.g., Prieto et al., 2018) being a "notation system" for planning, enacting and analyzing multi-
level, computer-supported activity systems.
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4 Methods in the Learning Sciences

The methodologies and methods used in the learning sciences have been analyzed from several
perspectives (e.g., Sommerhoff et al., 2018; Yoon & Hmelo-Silver, 2017). According to these
analyses, learning scientists have methodological roots in several disciplines, such as psychol-
ogy, computer science, and science education. The different methods are often eclectically com-
bined to address the analyses of complex processes in contexts like classrooms in schools and
universities, laboratories, and informal learning contexts such as youth clubs, makerspaces
(Keune & Peppler, 2019), and museums (Lyons, 2018).

The experimental paradigm has been expanded by an innovative combination with design meth-
ods coming from computer science. Design experiments (Brown, 1992) and later design research
(see McKenney & Reeves, 2021) and design-based research (Anderson & Shattuck, 2012; De-
sign-Based Research Collective, 2003; Sandoval & Bell, 2004) and design-based implementation
research (Fishman & Penuel, 2018) have developed in response to the complexity of conditions
that needed to be addressed when trying to investigate learning and teaching in authentic or real
contexts. Design-based research is a cyclic methodology in which interventions are designed
(and re-designed after testing their effects), mostly in collaboration with practitioners, to improve
learning in real educational contexts with the equal goal to form and test theoretical advances
toward understanding learning (see e.g., Cobb et al., 2003; DiSessa & Cobb, 2004). One ap-
proach to advance theory on learning, in and through design research, is conjecture mapping
(Sandoval, 2014), which originates from a higher-level idea about how learning could be facilitated
in a particular context and moves across design conjectures (e.g., the design and how it is used)
to theoretical conjectures (e.g., the outcomes of learning and how they are observed with the
design). Design-based Implementation Research (Fishman & Penuel, 2018) has developed as
an extension to DBR to investigate and address the multiple questions arising from the implemen-
tation process of educational innovations in classrooms across longer periods of time and funding
cycles.

In contrast to psychology and other disciplines investigating learning, units of analysis have been
extended beyond the individual to include small groups or even classrooms, schools or large
online communities (e.g., Stahl & Hakkarainen, 2021). These are addressed using a broad rep-
ertoire of methods, including cognitive, behavioral, and physiological measures, which either fo-
cus on individuals, interaction between individuals or their combination (see Sommerhoff et al.,
2018). Besides DBR as the signature method of the learning sciences, diverse methods are em-
ployed. While case studies and classical experimentation are used frequently, methodological
innovations are particularly widespread in the learning sciences. Qualitative and quantitative pro-
cess analyses of “big data”, written and spoken language, of gestures, of artifacts, and of logfiles
are used in these studies—and often so in combination in order to achieve a deep understanding
of the mechanisms of learning and collaboration (Vogel & Weinberger, 2018) and the effects of
technology for their support (Roschelle & Teasley, 1995; Koedinger & Aleven, 2007).

Think-aloud protocols and dialogue analyses (see Vogel & Weinberger, 2018), as well as (social)
network analyses (e.g., Oshima et al., 2012; Shaffer, 2017) are among the methods frequently
used to analyze reasoning and learning in authentic settings. Logfile analyses have been used to
more specifically target the interaction of learners with and within technology-enhanced learning
environments. Increasingly, physiological measures like eye-tracking or heart rate variability are
used to assess attentional processes and mental load in the learning process. Beyond these
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physiological measures, the learning sciences has been rather slow in making use of new meth-
ods from the neurosciences (see Varma et al., 2018).

Core and periphery. DBR is systematically taught in around 25% of learning sciences programs
(Sommerhoff et al., 2018) and is the method of choice in an even smaller fraction of conference
and journal contributions in the CSCL community within the learning sciences (Hmelo-Silver &
Jeong, 2021). However, the programs that teach DBR systematically seem to form a core of pro-
grams in the learning sciences community that are conceptually and methodologically more co-
herent, and relatively similar. Sommerhoff et al. (2018) suggest in their conclusions that this set
of programs may be considered as the nucleus of an emerging discipline of the learning sciences.
This nucleus is surrounded by orbiting programs that have strong roots in other disciplines. These
programs in the periphery drive methodological innovation and shape the field of the learning
sciences. Recent methodological developments with strong influence on the learning sciences
include learning analytics (Lang, Siemens, Wise, & Gasevic, 2017), eye-tracking (Jarodzka, Sku-
balla & Gruber, 2021), and multi-modal learning process analyses (Malmberg et al., 2019).

5 An Outlook on Advancing Research on Learning in the Learning Sci-
ences

The learning sciences have produced and worked on a successful research program on individual
and collaborative learning in authentic contexts in formal and informal settings over the past 40
years. This program includes new conceptual frameworks (e.g., collective knowledge construc-
tion, knowledge building, scaffolding) and new methods that were adopted from contributing dis-
ciplines and further developed to advance knowledge on learning (e.g., design-based research).
Looking ahead, we highlight five fields of potential importance for the future of the learning sci-
ences that can help to fill existing research gaps and to generate new insights to address pressing
educational and societal issues. They span from (1) replicating prior findings, to (2) novel means
of assessment and (3) conceptual and methodological innovation in future research, to (4) funda-
mental aspects related to educational equity within understanding learning and (5) personalized
learning as a key focus of interest and goal within the LS.

(1) Replicating research findings. In its early years, research in the learning sciences was often
descriptive with the aim to discover mechanisms and conditions rather than their validation
through additional research. While the discoveries within the learning sciences contributed to
novel perspectives on educational phenomena, topics such as replication and open science have
hardly been addressed in the learning sciences. For example, there are only a few meta-analyses
on learning sciences and CSCL research (e.g., Belland et al., 2017, Jeong et al., 2019) which
leaves important programmatic papers (e.g., Wise & Schwarz, 2017) speculating on the state of
research. The learning sciences have produced a wealth of new evidence through empirical stud-
ies. To advance the field, a more systematic examination of the robustness, replicability, and
transferability of the discoveries is needed. It is currently still subject to discussion within the field
whether and by which methods such investigations of robustness and transferability should be
undertaken. It is conceivable that an expansion of research in the learning sciences that aims to
confirm and evaluate findings across contexts is a prerequisite for systematic impact in related
fields and practice (e.g., teacher education).

(2) Emphasis on assessment. There is highly important work in the learning sciences that con-
siders novel approaches to assessment that are aligned with educational perspectives central to
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the learning sciences (Hickey & Harris, 2021). Yet, it has not been a central focus of the learning
sciences to develop new forms of assessment that are aligned with domain-specific and cross-
domain knowledge and skills facilitated through problem-solving, inquiry, and design pedagogies.
Better aligned assessment is needed to evaluate the effects of these pedagogies for different
uses, including their formative use in classroom assessment to help students to learn, their sum-
mative use to determine individual achievement, and their use to evaluate specific interventions,
programs, or institutions (Pellegrino, 2018). Given the strong focus on disciplinary knowledge and
engagement (Herrenkohl & Polman, 2018) in the learning sciences, models of domain-specific
competence development (Ufer & Neumann, 2018) and learning progressions (Alonzo, 2018)
seem to provide good starting points for these new kinds of assessment. Technology can play a
new important role in assessment, beyond making the data collection more efficient. For example,
in formative assessment, technology can be used to analyze log file data quickly to help teachers
to give adaptive and process-related feedback to individuals and groups, and to adjust the level
of scaffolding (e.g., van Leeuwen, 2015; Zhai et al., 2020). Ultimately, better means of assess-
ment will be necessary for the learning sciences (i) to validate that the way learning is observed
and supported within the learning sciences corresponds to their theoretical conceptions and (ii)
to provide a basis for the further creation and confirmation of highly valid research findings.

(3) Appreciation of conceptual and methodological innovations from other disciplines. Learning
scientists differ on whether they believe they are a discipline with a common methodological core
(Sommerhoff et al., 2018), an interdisciplinary group working on common projects requiring
shared conceptual framework models (Wise & Schwarz, 2017), or a multidisciplinary community
of researchers who mutually inspire each other through insights into their respective disciplinary
research. It is likely that all three views apply, but to different groups of learning scientists (Som-
merhoff et al., 2018) and that innovations from several related disciplines, which are being taken
up and used, are an important driver of progress in the learning sciences. A clear example of this
is the rapid development in the areas of data science in general, and educational data mining and
learning analytics specifically (e.g., Romero & Ventura, 2020; Rosé, 2018; Teasley, 2019). Among
others, similar innovations could be found, for example, in psychology with recent attempts to link
the nomothetic (striving for general regularities) and the idiographic (explaining the individual
case) research paradigms (e.g., Cook, Kilgus & Burns, 2018; Molenaar & Campbell, 2009). Tak-
ing up existing opportunities and generating new opportunities to monitor better the "innovations
next door", and to use them for LS research on authentic contexts of learning and collaboration,
will be of high importance for the LS.

(4) Educational Equity. Many learning scientists have grappled with questions of educational eq-
uity in recent years with the aim of understanding how forms of marginalization and representation
relate to understanding learning and learning opportunities (e.g., Politics of Learning Writing Col-
lective, 2017; Bang & Vossoughi, 2016; Esmonde & Booker, 2017; Uttamchandani, Bhimdiwala
& Hmelo-Silver, 2020). Within the work of educational equity, design has been considered as a
foundational approach toward transforming social and community realities that, along the tradi-
tional aim of educational design research, contribute to theoretical approaches regarding equita-
ble learning opportunities (Gutiérrez & Jurow, 2016). Among other things, researchers in this area
ask to what extent learning materials, curricula, and pedagogies interact with learner characteris-
tics associated with race, ethnicity, and gender. These interaction effects can systematically cre-
ate and perpetuate disadvantage and the erasure of general learning effects. Moreover,
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knowledge about these interaction effects can also be used to support learning in specific condi-
tions with specific measures. Empirical work related to educational equity within the learning sci-
ences increasingly focuses on STEM and computer science learning, where diversified represen-
tation, restorative approaches, and justice-centered orientation promise more social sustainability
also through the transformation of these domains (e.g., Barton, Tan & Greenberg, 2017;
Vossoughi et al., 2013). Work in this area has focused on, for example, indigenous knowledges
(e.g., Tzou et al., 2019; Kafai et al., 2014) as well as racial and ethnic representation (e.g., Tofel-
Grehl & Searle, 2017; afrofuturism, Holbert, Dando & Correa, 2020). Moreover, also LGBTQ+
issues (e.g., Uttamchandani et al., 2020) and gender equity (e.g., Buchholz et al., 2014; Keune,
Peppler & Wohlwend, 2019) have been increasingly addressed. A crosscutting focus of this work
has been transforming domain areas, inviting diverse cultural practices, and identifying relevance
of cultural and community practices. For example, work with indigenous families has focused on
opening up STEM practices to contribute to the socio-historical and community practices of non-
dominant and marginalized people in these fields through intergenerational design and storytell-
ing (e.g., Tzou et al., 2019). While these issues have, to date, predominantly been identified within
North American contexts, they have been increasingly taken as exemplary for raising pressing
questions about educational equity in other countries and for addressing them with empirical re-
search (e.g., Bang, 2019). The broader international interest in educational equity within the learn-
ing sciences has been substantiated with the formation of the ISLS Equity and Justice committee
that is charged to identify and address “issues related to diverse representation, the systemic
marginalization or erasure of particular voices, and justice-oriented scholarship” (ISLS,
https://www.isls.org/members/committees/).

(5) Personalized learning. Using technology to adapt the content to be learned and the instruc-
tional support to each individual learner’s current needs, both on micro and macro time scales,
and to do this in meaningful social contexts is a vision in current approaches to personalized
learning (see Plass & Pawar, 2020). Research projects are currently underway across the world
that focus on the role of artificial intelligence in education more generally and in facilitating learning
processes more specifically. The learning sciences have had a head start with decades of re-
search on ITS, scaffolding, and CSCL in general. Strong theorizing about learning mechanisms
and processes in individual and collaborative learning has made studies in the learning sciences
amenable to data scientists, even beyond the often-employed well-structured domains. The algo-
rithms used, and rapidly evolving, in learning analytics are often far superior in predicting learning
outcomes based on multiple learning process measures than the mostly pure linear regression
analyses that have been common in practice within the LS and related educational research until
now. Moreover, these approaches resonate, both with calls for educational equity and individual
assessment that allow to capture processes and products as well as knowledge and skills. While
there is initial evidence for positive effects of systematically employing these Al-based ap-
proaches in theory-based adaptive scaffolding environments, there are still challenges waiting to
be tackled by interdisciplinary teams of experts from the learning sciences and learning analytics
(Roseé, 2018).
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