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Abstract

Being a competent and efficient diagnostician in situations that require collaboration is
essential in many professions. For instance, physicians regularly not only diagnose a patients’
illness individually, but in collaboration with other physicians of the same or another
professional background. Collaborative diagnostic reasoning is the competence to generate
and evaluate evidence and hypotheses, and to share, elicit, and negotiate them with others in
order to reduce uncertainty with respect to a professional decision. In the medical context this
means, for example, that a physician shares and discusses symptoms and differential
diagnoses about the disease of a patient with another physician in order to identify the most
likely diagnosis. For developing collaborative diagnostic reasoning competences, the
application of theoretical knowledge to case scenarios in collaborative situations is crucial.
Implementing opportunities for practice in higher education is, therefore, essential.
Simulations offer the opportunity to apply knowledge to authentic situations, thereby
facilitating the learning of complex competences such as collaborative diagnostic reasoning.
However, for the learning of complex competences instructional support beyond mere
problem solving is often important. For the learning of collaborative competences,
collaboration scripts provide socio-cognitive support and have been found to be effective for
facilitating the learning of collaboration skills. Therefore, the goal of this thesis was to deepen
the understanding of collaborative diagnostic reasoning and to identify conditions under
which collaborative diagnostic reasoning of students can be effectively facilitated when
learning with simulations and with collaboration scripts. To address these goals, a model for
collaborative diagnostic reasoning (CDR model) was suggested, an agent-based simulation
representing a common collaborative diagnostic situation in the medical context was
developed, and three empirical studies were conducted. In contrast to human-to-human
interaction, agent-based simulations offer a high standardization and a high control over
collaborative processes and, therefore, offer ideal conditions for the investigation of the
effectiveness of instructional support.

In all, the thesis comprises three studies. Study 1 examined the validity of the
developed agent-based simulation. Study 2 examined the general effectiveness of
collaboration scripts in the context of computer-supported collaborative learning. Study 3
examined the effectiveness of collaboration scripts when learning with agent-based
simulations. Thus, while Study 1 examined collaborative diagnostic reasoning from a

measurement perspective, Study 2 and 3 investigated its facilitation with collaboration scripts.
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The first empirical study was meant to provide evidence for the validity of the agent-
based simulation. In a quasi-experimental study, medical students with low and high prior
knowledge were compared to internists with at least three years of working experience with
respect to the quality of collaborative and diagnostic reasoning processes as well as their
cognitive load when working with the simulation. Further, internists rated the authenticity of
the simulation. Validity evidence was collected and interpreted based on Kane’s (2006)
validity framework. The study showed that the simulation allows one to differentiate between
different levels of prior knowledge on most collaborative diagnostic reasoning measures, yet
it also highlighted some weaknesses of the agent-based simulation that were addressed
afterwards. For instance, the more general measure information sharing skill was split up into
evidence sharing and evidence elicitation skills due to low internal consistency. Nevertheless,
the results of this first study already indicated that in all the simulation is a valid instrument to
assess collaborative diagnostic reasoning.

The second study addressed the question of whether collaboration scripts in general
could be an effective instructional means for facilitating collaborative diagnostic reasoning.
To this end, two comprehensive literature searches were conducted, resulting in the
identification of 56 empirical studies on the effect of collaboration scripts on collaboration
skills. Those studies were synthesized by means of a random effects meta-analysis. Moreover,
the study addressed a widespread criticism according to which collaboration scripts
undermine learners’ agency and motivation. Such negative effects on motivation could — in
the long run — affect learners’ behavior and, thus, reduce their effectiveness. To assess the
empirical validity of this argument, the meta-analysis also estimated the effect of
collaboration scripts on motivation. The analyses showed that collaboration scripts have
medium positive effects on collaboration skills, but no significant effect on motivation. Yet,
only few studies examined the effect of collaboration scripts on motivation indicating that
further evidence is necessary. Beyond that, the meta-analysis investigated moderating
variables to identify conditions under which collaboration scripts are particularly effective.
The findings indicated that collaboration scripts are descriptively more effective if
collaboration scripts prompted only a single type of collaboration skills. Overall, the second
study showed that collaboration scripts could be an effective instructional means to advance
the learning of collaboration skills without undermining learners’ agency.

The third study builds upon findings of the prior two studies and examined the effects
of collaboration scripts on collaborative diagnostic reasoning when learning with agent-based

simulations in an experimental intervention study. In this study, medical students worked on



patient cases within the agent-based simulation used in Study 1. During the intervention, one
third of the participants was supported with a static collaboration script and one third learnt
with an adaptive collaboration script. The last group learnt without any instructional support.
Both collaboration scripts consisted of meta-knowledge prompts about the simulated
collaboration partners’ tasks and responsibilities. The three groups were compared with
respect to their performance in collaborative diagnostic reasoning, especially with respect to
the subskills of evidence elicitation and evidence sharing, their extraneous cognitive load and
the satisfaction of their basic psychological needs. For supporting evidence elicitation, static
collaboration scripts seemed most effective. However, learners of all groups scored high on a
post-test indicating that evidence elicitation was easier to learn and additional support in form
of collaboration scripts was not necessary. For supporting evidence sharing, both
collaboration scripts were effective during the intervention. Yet, only the adaptive
collaboration script supported transfer to an unsupported post-test and, thus, internalization of
the collaboration script. Moreover, the findings of the study suggest that adaptive
collaboration scripts were more positive for learners’ perceived competence and their
extraneous cognitive load when compared to static collaboration scripts. However, both
collaboration scripts did not significantly affect learners’ perceived autonomy or perceived
social relatedness. These findings suggest that for supporting learning with agent-based
simulations, collaboration scripts consisting of meta-knowledge prompts are an effective
instructional means. To exploit the full potential of collaboration scripts, they should be
adapted to the learners’ performance.

Overall, the results of this work emphasize the relevance of implementing the learning
of collaborative diagnostic reasoning in higher education. The thesis provides further insights
of how learning of collaborative diagnostic reasoning is effective. For instance, meta-
knowledge about the collaboration partners’ tasks, roles and responsibilities was identified as
an important determinant of successful collaborative diagnostic reasoning. The three studies
conducted further suggest, firstly, that agent-based simulations are suitable for modelling
collaborative diagnostic reasoning processes. Secondly, that in general collaboration scripts
are an effective instructional means for facilitating collaboration skills. Thirdly, that when
implementing collaboration scripts in agent-based simulations to support collaborative
diagnostic reasoning, adapting them to the learners' performance is beneficial since this
supports the internalization of collaboration scripts and competence experience and reduces

the extraneous cognitive load.
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Deutsche Zusammenfassung

Fiir viele Berufe ist es wichtig in Situationen, die eine Zusammenarbeit erfordern,
effizient diagnostizieren zu kdnnen. Beispielsweise diagnostizieren Arzte die Krankheit eines
Patienten regelmiBig nicht nur individuell, sondern auch in Zusammenarbeit mit Arzten
derselben oder einer anderen Fachrichtung. Unter kollaborativem Diagnostizieren versteht
man die Kompetenz, Evidenzen und Hypothesen zu generieren und zu evaluieren und sie mit
anderen zu teilen oder von anderen zu elizitieren und zu verhandeln, um die Unsicherheit in
Bezug auf eine berufliche Entscheidung zu verringern. Zum Beispiel teilt und diskutiert ein
Arzt Symptome und Differentialdiagnosen tliber die Krankheit eines Patienten mit einem
anderen Arzt, um die wahrscheinlichste Diagnose zu ermitteln. Fiir die Entwicklung von
kollaborativen Diagnosekompetenzen scheint die Anwendung von Wissen auf Fallszenarien in
kollaborativen Situationen von entscheidender Bedeutung zu sein. Es ist daher unumgénglich,
Moglichkeiten fiir das Uben solcher Anwendungen in die Hochschulausbildung zu
implementieren, zum Beispiel durch den Einsatz von Simulationen. Simulationen bieten die
Moglichkeit, das Wissen auf authentische Situationen anzuwenden, wodurch das Erlernen
komplexer Kompetenzen wie zum Beispiel kollaboratives Diagnostizieren erleichtert wird.
Fiir das Erlernen komplexer Kompetenzen scheint jedoch eine iiber die reine Problemldsung
hinausgehende Unterstiitzung vorteilhaft zu sein. Fiir das Erlernen von kollaborativen
Kompetenzen konnten Kollaborationsskripts lernwirksame sozio-kognitive Unterstiitzung zu
bieten. Daher zielt diese Arbeit darauf ab, das Verstdndnis von kollaborativem Diagnostizieren
zu vertiefen und Bedingungen zu identifizieren, unter denen kollaborative
Diagnosekompetenzen von Studierenden beim Lernen mit Simulationen mit
Kollaborationsskripts effektiv geférdert werden konnen. Um diese Ziele zu erreichen, wurde
in dieser Arbeit ein Prozessmodell fiir kollaboratives Diagnostizieren (CDR-Modell)
vorgeschlagen, eine agentenbasierte Simulation entwickelt, die eine iibliche kollaborative
diagnostische Situation im medizinischen Kontext darstellt. Im Gegensatz zur Mensch-zu-
Mensch-Interaktion bieten agentenbasierte Simulationen eine hohe Standardisierung und eine
hohe Kontrolle {iber kollaborative Prozesse und bieten daher ideale Voraussetzungen fiir die
Untersuchung der Wirksamkeit instruktionaler Unterstiitzung. AuBerdem wurden drei
empirische Studien durchgefiihrt. Studie 1 untersuchte die Validitét der entwickelten
agentenbasierten Simulation. Studie 2 untersuchte die allgemeine Effektivitit von
Kollaborationsskripts beim computergestiitzten kollaborativem Lernen. Studie 3 untersuchte
die Wirksamkeit von Kollaborationsskripts beim Lernen mit agentenbasierten Simulationen.

Wihrend Studie 1 kollaboratives Diagnostizieren aus einer methodischen Perspektive heraus
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untersuchte, untersuchten Studie 2 und 3 die Férderung von Kollaborationsfdhigkeiten bzw.
kollaborativen Diagnostizierens durch Kollaborationsskripts.

Die erste empirische Studie zielte darauf ab, Evidenzen fiir die Validitit der
agentenbasierten Simulation zu erbringen. In einer quasi-experimentellen Studie wurden
Medizinstudierende mit niedrigem und hohem Vorwissen mit Internisten mit mindestens drei
Jahren Berufserfahrung hinsichtlich der Qualitdt kollaborativer und individueller
Diagnoseprozesse sowie ihrer kognitiven Belastung beim Bearbeiten der Simulation
verglichen. Ferner bewerteten die Internisten die Authentizitdt der Simulation. Evidenzen fiir
die Validitit wurden basierend auf Kane’s (2006) Framework gesammelt und interpretiert. Die
Studie zeigte, dass es mit der Simulation moglich ist, beziiglich der meisten kollaborativen
Diagnosemalle zwischen verschiedenen Vorwissensgruppen zu unterscheiden. Die Studie
zeigte aber auch einige Schwichen der agentenbasierten Simulation auf, die anschlieBend
adressiert wurden. So wurde zum Beispiel die allgemeinere Fahigkeit zum
Informationsaustausch aufgrund der geringen internen Konsistenz in Féhigkeiten zum Teilen
und zum Elizitieren von Evidenzen aufgeteilt. Insgesamt deuten die Ergebnisse dieser ersten
Studie darauf hin, dass die Simulation ein valides Instrument zur Messung kollaborativer
Diagnoseprozesse ist.

Die zweite Studie befasste sich mit der Frage, ob Kollaborationsskripts grundsitzlich
eine wirksame instruktionale Unterstiitzung zur Forderung kollaborativer
Diagnosekompetenzen sein konnten. Zu diesem Zweck wurden zwei umfassende
Literaturrecherchen durchgefiihrt, bei denen 56 empirische Studien iiber die Wirkung von
Kollaborationsskripts auf Kollaborationsfahigkeiten im Kontext von computergestiitztem
kollaborativen Lernen identifiziert wurden. Diese Studien wurden mit Hilfe einer random-
effects Meta-Analyse zusammengefasst. Dariiber hinaus befasste sich die Studie mit einer
weit verbreiteten Kritik, die besagt, dass Kollaborationsskripts die Autonomie und Motivation
der Lernenden untergraben. Solche negativen Auswirkungen auf die Motivation kdnnten - auf
lange Sicht - das Verhalten der Lernenden beeinflussen und damit die Wirksamkeit von
Kollaborationsskripten verringern. Daher wurde in der Meta-Analyse auch die Wirkung von
Kollaborationsskripts auf die Motivation analysiert. Die Ergebnisse der Analysen zeigten,
dass Kollaborationsskripts mittlere positive Effekte auf die Kollaborationsfahigkeiten, aber
keinen signifikanten Effekt auf die Motivation haben. Es untersuchten jedoch nur wenige
Studien den Effekt von Kollaborationsskripts auf die Motivation, was darauf hindeutet, dass
weitere Studien notwendig sind. Dariiber hinaus untersuchte die Meta-Analyse moderierende

Variablen, um Bedingungen zu identifizieren unter denen Kollaborationsskripts besonders
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effektiv sind. Die Ergebnisse zeigten, dass Kollaborationsskripte deskriptiv wirksamer sind,
wenn diese nur eine einzige Kollaborationsfiahigkeit unterstiitzen. Insgesamt zeigte die zweite
Studie, dass Kollaborationsskripte eine wirksame instruktionale Unterstiitzung sein konnen,
um das Erlernen von Kollaborationsfahigkeiten zu fordern, ohne die Motivation der
Lernenden zu reduzieren.

Die dritte Studie baut auf den Ergebnissen der beiden vorangegangenen Studien auf,
indem sie die Wirkung von Kollaborationsskripts auf kollaboratives Diagnostizieren beim
Lernen mit agentenbasierten Simulationen in einer experimentellen Interventionsstudie
untersuchte. In dieser Studie bearbeiteten Medizinstudenten Patientenféllen in der in Studie 1
verwendeten agentenbasierten Simulation. Wéahrend der Intervention wurde ein Drittel der
Teilnehmenden mit einem statischen Kollaborationsskript unterstiitzt, ein Drittel lernte mit
einem adaptiven Kollaborationsskript und die letzte Gruppe lernte ohne jegliche
Unterstiitzung. Die Kollaborationsskripts bestanden aus Meta-Wissen Prompts tiber die
Aufgaben und Verantwortungen des simulierten Kollaborationspartners. Die drei Gruppen
wurden beziiglich ihrer Performanz beim kollaborativen Diagnostizieren, insbesondere
beziiglich der Teilfdhigkeiten Evidenz elizitieren und Evidenz teilen, ihrer extrinsischen
kognitiven Belastung und der Erfiillung ihrer psychologischen Grundbediirfnisse verglichen.
Zur Unterstiitzung beim Evidenzen elizitieren schienen statische Kollaborationsskripts am
wirksamsten zu sein. Allerdings erzielten die Lernenden aller Gruppen in einem Post-Test
hohe Punktzahlen, was darauf hinweist, dass Evidenzen elizitieren leichter zu erlernen ist und
zusitzliche Unterstiitzung in Form von Kollaborationsskripts nicht zwingend notwendig ist.
Zur Unterstiitzung von Evidenz sharing waren beide Kollaborationsskripts wihrend der
Intervention wirksam. Allerdings unterstiitzte nur das adaptive Kollaborationsskript den
Transfer auf den Post-Test und damit die Internalisierung des Kollaborationsskripts. Dariiber
hinaus legen die Ergebnisse der Studie nahe, dass adaptive Kollaborationsskripts im Vergleich
zu statischen Kollaborationsskripts positiver fiir das Kompetenzerleben der Lernenden und
ihre extrinsische kognitive Belastung waren. Beide Kollaborationsskripts hatten jedoch keinen
signifikanten Einfluss auf das Autonomieerleben oder die soziale Eingebundenheit der
Lernenden. Diese Ergebnisse zeigen, dass Kollaborationsskripts zur Unterstiitzung des
Lernens mit agentenbasierten Simulationen wirksam sind. Um das volle Potenzial von
Kollaborationsskripts auszuschopfen, sollten sie jedoch an die Leistung der Lernenden
angepasst werden.

Insgesamt heben die Ergebnisse dieser Arbeit hervor, wie relevant die

Implementierung des Lernens kollaborativen Diagnostizierens in der Hochschule ist. Die
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Arbeit liefert auBerdem Erkenntnisse dariiber, unter welchen Bedingungen das Lernen
kollaborativen Diagnostizierens effektiv ist. Beispielsweise wurde Meta-Wissen iiber die
Aufgaben und Verantwortung des Kollaborationspartners als wichtig fiir erfolgreiches
kollaboratives Diagnostizieren identifiziert. Des Weiteren legen die drei durchgefiihrten
Studien nahe, dass, erstens, agentenbasierte Simulationen zur Modellierung kollaborativer
Diagnoseprozesse geeignet sind. Zweitens sind Kollaborationsskripts im Allgemeinen eine
wirksame instruktionale Unterstiitzung zur Férderung von Kollaborationsfahigkeiten. Drittens
ist bei der Implementierung von Kollaborationsskripts in agentenbasierte Simulationen zur
Unterstiitzung des kollaborativen Diagnostizierens eine Anpassung an die Leistung der
Lernenden von Vorteil, um die Internalisierung von Kollaborationsskripts und das

Kompetenzerleben zu unterstiitzen und die extrinsische kognitive Belastung zu reduzieren.



Contents

ACKNOWIEAZEMENLS ... ..ottt e
ADSIIACE ..ottt e
Deutsche Zusammentassung ..........o.oouiiuiiniiitii e aean

[070)117=) 11 1~ S

1 General INtrodUCHION coveeeeeiieeereeeneeieeeereeesseseecesessssssssesssssssssssccssssssssnes
1.1 Aim and Structure of the TheSIS «..ovvviriiiiit e,
1.2 Collaborative Diagnostic Reasoning ..............cccevuiiiiiiiiiiiiieiiinniaeannnn

1.3 Instructional Support for Facilitating Collaborative Diagnostic Reasoning .....

1.4 Outline of the Studies and the Agent-Based Simulation ...........................

2 Study 1: Learning to Diagnose Collaboratively — Validating a Simulation for
Medical StUAENTS vevvveieiiiiniieiieiiiiiiieiieiiiiiietietititiettetitietiectececsassscescnsans

3 Study 2: Good for Learning, Bad for Motivation? A Meta-Analysis on the Effects
of Computer-Supported Collaboration SCIIPLS ceueeeerierenreieiinrenieierenrenesensensonssens

4 Study 3: Learning to Diagnose collaboratively — Effects of Adaptive Collaboration
Scripts in Agent-Based Medical SImulations ..cceeeevevieiieiiieiieiieiiiieiieiiecienennenn

S General DiSCUSSION ....vviniiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieieiiieieeieeeiaeieeeeaeanns
5.1 Summary of the Results
5.2 Theoretical Implications for the Understanding of Collaborative Diagnostic
REASONING ..ot
5.3 Theoretical Implications for Facilitating Collaborative Diagnostic Reasoning
with Collaboration Scripts in Agent-Based Simulations ...............c..cooeovin.e
5.4 Practical IMpPlications .........oouuinuiiniiii e

5.5 LAMITAIONS .ottt ettt ettt

5.6 Directions for Future Research ........ooooviiiiiiiiiii i,

0 CONCIUSION vevuuiiiieieteniiiieeeeeeneeesseeeressssssssecssssssssssecsssasssssssossssssssassonne

T R EICTEIICES iveerrennniiieeereeenneeereeeeeessssseccsssssssssssssssassssssecsssassssssscssnnnssses



xi

B APPENAICES .uvirnniiiniiiiiiiiiiiiiiiitiiitiiittiietiittiistttatttstttstttnsttstotnsssnscns 128
A Patient Cases Study land 3 ... 129
B Measures and Sample Solutions Study 1 ..o 134
C Coding Scheme Study 2 ......ooiiii e 137
D Measures and Sample Solutions Study 3 ... 145
E Collaboration SCTipt .......oouiiiiii i 148
F Experimenter Guidelines .............ooooiiiiiiiiiiiiii e 149
G Ethical Approval by Ethics Committee ..............coooiiiiiiiiiiiiiiiiii i, 150

H Information for Participants and Declaration of Consent ............................ 151



1 General Introduction

Anika Radkowitsch

This chapter partly draws upon ideas that were first presented in a manuscript accepted for
publication as:

Radkowitsch, A., Sailer, M., Fischer, M.R., Schmidmaier, R., & Fischer, F. (accepted).
Diagnosing collaboratively: A theoretical model and a simulation-based learning
environment. In F. Fischer & A. Opitz (Eds.) Learning to diagnose with simulations -
examples from teacher education and medical education. Series: Springer Briefs in
Education. New York: Springer.
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1.1 Aim and Structure of the Thesis

The ability to collaborate with others is a core competence of the 21 century (e.g.,
Griffin & Care, 2015; OECD, 2017). The importance of collaboration already becomes clear
when reflecting on its influence on our daily routine. Most products that we use on a daily
basis — be it the desk we sit at or the computer we conduct our analyses with — are invented
and produced collaboratively (Hutchins, 1995), and even the overall standard of living of a
country depends on its citizens’ ability to collaborate (Griabner, Heimberger, Kapeller, &
Schiitz, 2020; Hidalgo, Klinger, Barabasi, & Hausmann, 2007). Collaboration frequently
enhances the quality of solutions since it allows for the integration of multiple perspectives
and sources of knowledge and expertise in the problem solving process (Graesser et al.,
2018). Thus, it does not come as a surprise that the importance of collaboration as a core
competence also has become visible in educational and psychological research. For instance,
researchers have proposed frameworks on and instruments for collaboration in different
contexts such as collaborative problem solving and collaborative learning (Fiore et al., 2010;
e.g., Liu, Hao, von Davier, Kyllonen, & Zapata-Rivera, 2015; e.g., Sun et al., 2020), or
collaboration at the workplace (e.g., Claus & Wiese, 2019).

The present thesis is concerned with collaboration in a context that until now -
notwithstanding the actual relevance of collaboration - has been investigated mainly as an
individual competence: diagnostic reasoning. Diagnostic reasoning is the “goal-oriented
collection and interpretation of case-specific or problem-specific information to reduce
uncertainty in order to make [...] [professional] decisions” (Heitzmann et al., 2019, p. 4). It is
relevant for many professions such as teaching (e.g., Wildgans-Lang, Scheuerer, Obersteiner,
Fischer, & Reiss, 2020), medicine (e.g., Norman, 2005), or mechatronic engineering (e.g.,
Abele, 2018). Particularly in the medical context, collaborative diagnostic reasoning is part of
many diagnosticians’ daily routines, which makes medicine an attractive context for
investigating collaborative diagnostic reasoning. For instance, physicians discuss diagnoses or
treatment plans of patients in roundtable discussions such as tumor boards or consult more
specialized physicians to identify the best diagnosis or treatment for a patient. An example for
the latter case is physicians working in the emergency departments who often request
radiological investigations to obtain further evidence about the patient’s disease. For a correct
interpretation of such radiological images, clinical details as well as precise clinical questions
are crucial. Otherwise, severe errors during the radiologic reasoning process, such as
interpreting a post-surgical change in the breast for malignancy or mistaking a thrombus for a

retained cannula, could occur (Davies et al., 2018). Therefore, the requesting physicians must



1 General Introduction 3

be able to identify information that is important for their collaboration partners and share it, or
identify relevant information that the collaboration partner might have and elicit it
accordingly. In practice, however, such collaborative diagnostic reasoning often functions
deficiently since, for instance, inadequate clinical information has been identified as a major
cause of errors in radiology (Brady, Laoide, McCarthy, & McDermott, 2012). Given the
relevance of collaborative diagnostic reasoning in medicine and the severe implications of
errors, a closer examination of collaborative diagnostic reasoning in the context of medicine
seems warranted. The present thesis addresses this challenge. I assume, however, that the
findings presented in this thesis transfer to different contexts as well, although this is an
assumption that ultimately requires empirical testing, an issue that will be taken up in the
discussion at the end of the thesis.

Lately, the relevance of collaboration in medical education has also been recognized
by medical educators. For example, in a German national competence-based learning goal
catalogue, the role of physicians as members of a team is emphasized by setting the goal that
medical students should learn collaboration skills during medical education (MFT
Medizinischer Fakultitentag der Bundesrepublik Deutschland e. V., 2015). Several simulation
centers have also acknowledged the importance of team trainings. They offer full-scale
trainings of different scenarios with simulated patients, ambulances, or emergency
departments (e.g., Gardner & Ahmed, 2014). Such simulation-based trainings provide
opportunities for practice in a controlled, ethically unobjectionable, and risk-free environment
(Ziv, Wolpe, Small, & Glick, 2003). However, full-scale trainings are expensive and time
consuming, which is why medical students and physicians rarely get the chance to actively
participate in such trainings. Rather, they spent a lot of time observing peers acting in the
simulation (Zottmann, Dieckmann, Taraszow, Rall, & Fischer, 2018). For the learning of
competences as complex as collaborative diagnostic reasoning, however, it is necessary that
learners practice actively and repeatedly while focusing on particular difficult subtasks (e.g.,
Ericsson, 2004; Kolodner, 1992).

During practicing, learners ideally receive further instructional support to avoid
overwhelming learners (Kirschner, Sweller, & Clark, 2006). Thus, providing learners with the
opportunity to learn with small-scale simulations complemented with further instructional
support, such as socio-cognitive scaffolds, could offer effective conditions for learning
collaborative diagnostic reasoning. Such socio-cognitive scaffolds are, for instance,
collaboration scripts which support learners to develop internal cognitive schemata that guide

collaborative practices or modify existing cognitive schemata that do not result in beneficial
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actions (Fischer, Kollar, Stegmann, & Wecker, 2013). This thesis aims to enhance our
understanding of collaborative diagnostic reasoning and to investigate conditions under which
learners effectively learn to diagnose collaboratively when learning with simulations.

The remainder of this thesis is structured in three main parts: the first part is dedicated
to the theoretical underpinning. First and foremost, I define collaborative diagnostic
reasoning. To this end, I introduce a model for collaborative diagnostic reasoning that
distinguishes between individual and collaborative diagnostic activities and explicates their
interaction. Next, I describe how collaborative diagnostic reasoning can be facilitated by two
different means of instructional support — agent-based simulations and collaboration scripts —
and describe the general research questions of the thesis. In the second part, I present three
studies that were conducted to address the research questions. The first study validated an
agent-based simulation that was developed with the goal to facilitate and measure
collaborative diagnostic reasoning. The second and third study examined the effectiveness of
collaboration scripts. While Study 2 took a more general approach in form of a meta-analysis
on the effectiveness of collaboration scripts, Study 3 builds upon both prior studies and
examined the effectiveness of collaboration scripts when it comes to facilitate collaborative
diagnostic reasoning within agent-based simulations. In the third part of this thesis, I
synthesize the results of the three studies and discuss their joint implications for my

theoretical model and the research questions of this thesis.
1.2 Collaborative Diagnostic Reasoning

To date, collaborative diagnostic reasoning has not been defined thoroughly, which
makes an explicit examination and definition of the construct necessary. For that, it is
necessary to draw upon the rich body of literature on related constructs. First and foremost,
diagnostic reasoning can be understood as a subtype of problem solving. Problem solving is
the goal-directed and not routinely achieved transition from the current state of a system to a
goal state (Jonassen, 2000). Problem solving has also been examined in collaborative contexts
(i.e., collaborative problem solving; e.g., Herborn, Stadler, Mustafi¢, & Greiff, 2018). The
literature on collaborative problem solving is comprehensive and provides some fundamental
theoretical underpinnings necessary for defining collaborative diagnostic reasoning (for a
review on collaborative problem solving see Graesser et al., 2018). For PISA 2015, the
Organisation for Economic Co-operation and Development (OECD) brought together several

outstanding researchers who defined the competence of collaborative problem solving as
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“the capacity of an individual to effectively engage in a process whereby two
or more agents attempt to solve a problem by sharing the understanding and
effort required to come to a solution and pooling their knowledge, skills and

efforts to reach that solution” (OECD, 2017, p. 134).

This definition highlights three important aspects: first, the competence of
collaborative diagnostic reasoning is an individual competence and, therefore, can be assessed
at the level of individuals (OECD, 2017). This is a crucial assumption since this makes it
possible to facilitate and to assess collaborative diagnostic reasoning in individual,
standardized settings such as agent-based collaboration (see Section 1.3.1). Second,
collaborative problem solving is the joint attempt to engage in problem solving processes to
reach a common goal. Thus, the specific goal of the problem (i.e., identifying an accurate
diagnosis for a patient) and the cognitive activities and knowledge necessary to reach that
goal define problem solving processes occurring during collaborative diagnostic reasoning.
Finally, the process of collaborative problem solving involves both, cognitive and
collaborative activities. Whereas cognitive activities refer to processes related to individual
problem solving, collaborative activities refer to processes related to the interaction among
collaborators (Graesser et al., 2018; OECD, 2017). Hence, it can be assumed that
collaborative diagnostic reasoning similarly consists of individual cognitive and collaborative
activities. Below, I will describe what is known about individual diagnostic reasoning and
more specifically diagnostic reasoning in the medical context and related cognitive activities.
In a next step, by further describing collaborative processes, these ideas will be extended to

the collaborative context.
1.2.1 Individual diagnostic activities

Individual diagnosing has the goal to identify a diagnosis that is accurate (Simmons,
2010) and enables taking appropriate treatment actions (Charlin et al., 2012). To reach this
goal, diagnosticians engage in epistemic reasoning (Heitzmann et al., 2019). The epistemic
reasoning model Scientific Discovery as Dual Search (SDDS, Klahr & Dunbar, 1988)
conceptualizes (scientific) reasoning as the coordination between evidence and hypotheses by
searching through two hypothetical spaces: a hypothesis space containing a universal set of
hypotheses and an experiment space containing means to test hypotheses. The idea of the
universal hypothesis space was later extended by Van Joolingen and De Jong (1997) by
adding a learner hypotheses space consisting of those hypotheses considered during the
reasoning process. To describe the coordination between those spaces (i.e., reasoning), Klahr

and Dunbar (1988) propose a hierarchy of cognitive processes that comprises the activities of
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specifying hypotheses, deriving predictions from hypotheses, and testing and evaluating the
hypotheses in the light of existing evidence. In a similar, yet more concise activity-oriented
reasoning model, Fischer et al. (2014) suggest eight epistemic activities (problem
identification, asking questions, generating evidence, evaluating evidence, generating
hypotheses, constructing artefacts, drawing conclusions, scrutinizing results) that have been
found useful for knowledge generation in different domains and already have been used to
describe diagnostic reasoning processes (Heitzmann et al., 2019). In contrast to the SDDS
model, Fischer et al. (2014) assume no hierarchical structure or order of epistemic activities.
This makes their model more flexible. At the same time, Klahr and Dunbar’s (1988) notion of
two spaces allows for a more explicit description of the interdependencies between the
suggested epistemic activities, which is useful for understanding diagnostic processes. On a
more abstract level, reasoning processes further have been described with so called dual-
process theories. These theories distinguish two types of reasoning processes, one quick,
intuitive and non-analytic, and one slow, effortful and deliberate (Chaiken & Trope, 1999).
For instance, Kahneman, Slovic, and Tversky (1982) distinguish two sets of processes, named
System 1 and System 2, based on their speed and the content these processes act upon. More
specifically, they assume that System 1 automatically and with high speed produces answers
to a problem and System 2 monitors these processes and intervenes to correct or override the
answers (Kahneman & Frederick, 2002). Although such models may provide some insight
into how easily and accurate diagnosticians identify a diagnosis, they are less beneficial for
explaining the content of diagnostic reasoning processes.

The presented general descriptions of reasoning processes align well with descriptions
of diagnostic reasoning processes in the medical context. When diagnosing a patient’s illness,
experienced physicians often quickly come up with an initial hypothesis (Charlin, Boshuizen,
Custers, & Feltovich, 2007). Such initial hypotheses are often generated effortlessly and non-
analytically based on pattern recognition (Norman, Young, & Brooks, 2007) and are often
surprisingly accurate (Elstein, Shulman, & Sprafka, 1978). Feltovich and Barrows (1984)
introduced the illness script theory to explain these findings. According to this theory, medical
knowledge necessary for identifying a diagnosis matching signs and symptoms of a patient is
stored in so-called illness scripts. Illness scripts consist of knowledge about the underlying
pathophysiological processes of a disease, its consequences in form of signs and symptoms, as
well as enabling conditions (i.e., characteristics and circumstances that make a specific
diagnosis more likely such as age, gender, or familial pre-existing conditions). The theory

assumes that based on identification of initial relevant cues (particularly such describing
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enabling conditions, Van Schaik, Flynn, Van Wersch, Douglass, & Cann, 2005), specific
illness scripts become activated. This allows the diagnosticians to make predictions about
further symptoms (Barrows & Feltovich, 1987; Elstein et al., 1978). By that, illness scripts
guide the further data gathering that allows physicians to confirm or refute the activated
hypothesis (Charlin et al., 2007; Elstein & Schwarz, 2002). There is much empirical evidence
endorsing the illness script theory (Custers, 2015). For instance, once a specific illness script
is activated by naming a diagnosis, typical case information is processed faster than atypical
case information (Custers, Boshuizen, & Schmidt, 1996).

According to the illness script theory, an important characteristic of medical expertise
is, thus, the efficient organization of knowledge. Although it is assumed that novices and
laypersons also have illness scripts (Custers, 2015), Schmidt and Boshuizen (1993)
hypothesize that their structure fundamentally changes during the development of medical
expertise. In early phases of medical training, students acquire much biological and
pathophysiological knowledge that is stored in networks explaining causes and consequences
of diseases. Medical students in this early phase of expertise development tend to use this
pathophysiological knowledge to deliberately relate isolated signs and symptoms of a patient
to each other (Boshuizen & Schmidt, 1992). These reasoning processes are considered
deliberate, slow, and prone to error (Rikers, Schmidt, & Boshuizen, 2000). However, through
repeated application, pathophysiological knowledge becomes encapsulated into simplified
models that are more efficient but have the same explanatory power. Hence, experienced
physicians base their diagnostic reasoning more on clustered knowledge about symptoms and
patterns of symptoms than on isolated signs and pathophysiological knowledge (Schmidt &
Rikers, 2007). Although experienced physicians access pathophysiological knowledge less
frequently compared to medical students, they still have some access to this knowledge and
use it when necessary, for example during patient communication or when diagnosing
particularly difficult patient cases (Charlin et al., 2007; Patel, Groen, & Arocha, 1990).

Medical educators have outlined the educational implications of the presented theories
(e.g., Eva, 2005). Most importantly, giving medical students an early opportunity to apply
their knowledge to authentic patient cases seems vital for the restructuring of knowledge
(Boshuizen, Gruber, & Strasser, 2020). During medical education, medical students should
process a large number of patient cases with different diseases. These patient cases should
represent authentic patient cases showing the range of different representations of specific

diseases. Particularly complex and elaborated cases and cases of which medical students
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know the solution upfront seem less beneficial for the development of illness scripts (Custers,
2015; Eva, 2005; Lubarsky, Dory, Audétat, Custers, & Charlin, 2015).

To sum up, when engaging in diagnostic reasoning, physicians generate and evaluate
evidence and hypothesis. These processes are particularly influenced by the physicians’
medical knowledge, its structure and organization. The structure and organization of medical
knowledge (i.e., whether pathophysiological knowledge is encapsulated and whether illness
scripts are available) mainly affects how effortful and deliberate diagnostic reasoning
processes are (Charlin et al., 2007). Medical expertise becomes particularly evident in the
speed of coming up with an accurate hypothesis (Sherbino et al., 2012; Woods, Howey,
Brooks, & Norman, 2006), the knowledge about enabling conditions (Schmidt & Rikers,
2007) but less in the quantity of diagnostic reasoning processes (Hodges, McNaughton, &
Tiberius, 1999). The educational implications of the presented theoretical and empirical
evidence are straightforward: for the restructuring and reorganization of medical knowledge,
the early exposure to patient cases is considered essential (Eva, 2005; Eva, Hatala, LeBlanc,

& Brooks, 2007; Lubarsky et al., 2015).
1.2.2 Collaborative diagnostic activities

For collaborative diagnostic reasoning collaboration is relevant in addition to the
described individual diagnostic activities. According to the OECD’s definition of
collaborative problem solving introduced above, collaboration has the function to pool
“knowledge, skills and efforts” (OECD, 2017, p. 134) distributed among collaborators and
required to reach the solution of a problem. There is a rich body of literature on collaborative
processes from different research perspectives describing conditions for and processes of
successful collaboration. For instance, collaboration is examined in organizational psychology
and management (e.g., DeChurch & Mesmer-Magnus, 2010; Kozlowski, 2018), cognitive
psychology (e.g., Hinsz, Tindale, & Vollrath, 1997), educational psychology (e.g., Fischer et
al., 2013; Kozlov & Grofle, 2016), or social psychology (e.g., Larson, Christensen, Franz, &
Abbot, 1998). They agree that collaboration is a complex process but differ in the way and
focus for investigating it. Two different strands of research can be distinguished: firstly,
research investigating collaborative activities focuses on how collaborators interact with each
other. This line of research closely observes behavioral processes of individuals to
differentiate between successful and unsuccessful collaborative processes (e.g., Andrews-
Todd & Forsyth, 2018; OECD, 2017; Sun et al., 2020). The second line of research focusses
on the cognition related to collaboration (e.g., Cannon-Bowers, Salas, & Converse, 1993;

Wegner, 1987). This research strand attempts to understand how knowledge relevant for
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collaboration and its distribution among team members is organized and how it affects team
performance (Mohammed & Dumville, 2001). To understand collaborative processes during
collaborative diagnostic reasoning, both research strands are important. Below I will shortly
introduce them and describe how they help understanding collaborative diagnostic reasoning.

With respect to research on collaborative activities, several models that describe
collaborative activities in the context of collaborative problem solving and that mainly differ
in their granularity have been proposed recently (e.g., Hesse, Care, Buder, Sassenberg, &
Griffin, 2015; Liu et al., 2015; Sun et al., 2020). For example, Liu et al. (2015) suggest four
social skills (sharing, negotiating, regulating problem solving, and maintaining
communication) and provide a coding scheme to categorize team talk (e.g., Andrews-Todd &
Forsyth, 2018). Hesse et al. (2015) propose three skills (perspective taking, participation, and
social regulation) with two to four subskills each. Differences in the granularity considered
aside, these models overlap to large extents. They seem to concur on the following
collaborative activities (although some use an alternative terminology): Sharing information
in a way that takes the audience’s background into account, eliciting information from
collaboration partners to extend the own knowledge, negotiating conflicting ideas, regulating
the collaborative processes by setting goals and monitoring progress. Sharing and elicitation,
or, in other words, the pooling of information, have been considered crucial for processing
information on a group level (Fischer, Bruhn, Grésel, & Mandl, 2002; Hinsz et al., 1997).
These collaborative activities allow collaborators to construct a shared mental representation
of the problem and possible solutions, which is necessary for successful collaboration (Meier,
Spada, & Rummel, 2007; Roschelle & Teasley, 1995). The need to negotiate conflicting ideas
between collaborators is particularly important when conflict between collaborators arise
(Hesse et al., 2015). Successful negotiation can prevent groups, for instance, from ignoring
dissenting information or premature closure (Nickerson, 1988; Patel, Kaufman, & Arocha,
2002). Finally, regulation is relevant to coordinate goals and strategies to reach these goals
(Jarveld & Hadwin, 2013).

These activities have received varying degrees of attention in different contexts. In
collaborative contexts in which collaborators have roughly equally distributed knowledge,
engaging in all these collaborative activities seems beneficial for team performance
(Andrews-Todd & Forsyth, 2018). In contexts in which collaborators depend on each other’s
knowledge, research has emphasized the importance of sharing and eliciting information.
Research on the collaborative activities sharing and elicitation started with a paradigm that

became known as hidden profile paradigm (Stasser & Titus, 1985, 1987). In their prototypical
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studies, Stasser and Titus (1985) asked groups of participants to make a decision based on
information that was distributed among participants. The information was distributed among
team members in a way that some information was shared, and some was unique to specific
team members. To make the best decision in these scenarios, pooling of unshared information
was necessary. Their findings showed that information distributed between team members
was significantly less likely to be shared with other team members and was also less likely to
be incorporated into the final decision. Hence, teams often failed to make the best possible
decision. The effect that unshared information is less likely to be shared with team members
also has been replicated in the context of collaborative diagnostic reasoning (Christensen et
al., 2000; Larson et al., 1998; Tschan et al., 2009). Larson et al. (1998), for instance, showed
that even highly trained medical teams engaging in authentic problem solving are less likely
to pool unshared information over shared information. The accuracy of the diagnoses was
higher when more unshared information was pooled. These studies suggest that sharing and
elicitation of information is difficult when group members depend on each other’s knowledge,
and that this difficulty threatens the quality of problem solutions (e.g., the accuracy of a
diagnosis).

An general explanation for how and why collaborators fail to engage in beneficial
sharing and elicitation processes can be found in the script theory of guidance that was
developed in the context of computer-supported collaborative learning (Fischer et al., 2013).
Fischer and colleagues (2013) argue that collaborative practices are dynamically shaped by
internal collaboration scripts. Internal collaboration scripts consist of four hierarchically
ordered types of components (play, scene, scriptlet, and role) that dynamically guide the
collaborative process. The configuration of the internal collaboration script is influenced by
the goals and perceived situational characteristics of the collaboration partners (Fischer et al.,
2013). This implies that the internal collaboration scripts of diagnosticians — or more
generally collaborators — determines how and in which collaborative activities they engage.
Overall, this first strand of research suggests that when collaborating, diagnosticians engage
in the collaborative activities of sharing, elicitation, negotiation, and regulation. In the
medical context, it is particularly sharing and elicitation that have received particular
attention (e.g., Tschan et al., 2009). The collaborative processes of diagnosticians are guided
by so-called internal collaboration scripts.

The second strand of research on collaboration might complement the first by
understanding why the sharing and elicitation of information is difficult. An important theory

for that is transactive memory theory (Wegner, 1987). The transactive memory theory
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assumes a transactive memory system of a team that consists of several individual memory
systems and a collective understanding of how knowledge is distributed across the team.
Hence, team members can be perceived as an external memory resource. The transactive
memory theory emphasizes that if information is distributed among collaborators, it is
important to know how the information is distributed among the team (Peltokorpi, 2008;
Wegner, 1987). This assumption is supported by a study of Stasser, Vaughan, and Stewart
(2000) who found that the hidden profile effect introduced above diminishes when roles are
distributed among collaborators. The authors argued that those roles raise awareness of the
own knowledge and the collaborators knowledge. Similar effects were found in a study by
Engelmann and Hesse (2010). They distributed information among dyads working on a
problem solving task. Some of the dyads were additionally provided with meta-knowledge,
that is information about how knowledge is distributed between the participants. Those who
were made aware of the knowledge distribution tended to discuss unshared information earlier
and were more likely to include such information in the problem solution.

Another theory that has been used to explain team effectiveness with the organization
of knowledge is the shared mental model theory (Cannon-Bowers et al., 1993). The shared
mental model theory assumes that teams whose members share a similar understanding of,
inter alia, the task or the team perform better than teams that do not. In contrast to the
transactive memory theory that focusses on how knowledge is distributed among the team, the
shared mental model theory emphasizes knowledge that is similar for team members.
Although both theories seem quite distinct at first, they are in fact complementary to each
other. In that, the shared mental model theory also assumes that collaborators have a shared
mental model of the team that includes the team members’ knowledge, roles, and
responsibilities (Cannon-Bowers et al., 1993). According to Cannon-Bowers, Tannenbaum,
Salas, and Volpe (1995), such shared team mental models are important since they allow team
members to anticipate the other team members’ activities and to adapt the own activities
accordingly. Empirical evidence for the importance of shared team mental models comes from
a study by Mathieu, Heffner, Goodwin, Salas, and Cannon-Bowers (2000) who investigated
the effect of shared team mental models on collaborative processes and outcomes of dyads
during collaborative problem solving in a flight simulator. They found that similar mental
models of the team enhanced the quality of collaborative processes, which in turn had positive
effects on problem solutions. Thus, the transactive memory theory and the shared mental

model theory emphasize the importance of knowledge about the team members’ knowledge,
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roles, and responsibilities. Henceforth, I call this knowledge meta-knowledge in the style of
group awareness literature (e.g., Engelmann & Hesse, 2011).

Transferring the presented theories to collaborative diagnostic reasoning I assume that
when diagnosing collaboratively, physicians need to engage in collaborative activities such as
sharing, elicitation or negotiation of information and knowledge (Liu et al., 2015). To do so
effectively, physicians need functional corresponding internal collaboration scripts (Fischer et
al., 2013) and, further, understand the knowledge, roles and responsibilities of their
counterparts (Cannon-Bowers et al., 1993; Wegner, 1987). A shared conception of the task
and the team seems particularly beneficial for anticipating the collaboration partners’

activities.
1.2.3 Proposing a model for collaborative diagnostic reasoning

This section synthesizes the theories and empirical evidence presented above by,
firstly, providing a general definition of collaborative diagnostic reasoning and, secondly, by
proposing a model for collaborative diagnostic reasoning (CDR model, for a comprehensive
description see Radkowitsch, Sailer, Fischer, Schmidmaier, & Fischer, accepted). Based on
the literature presented above, collaborative diagnostic reasoning is defined as ‘the
coordinated process of diagnosing a patient’s problem with at least one other diagnostician by
generating and evaluating evidence and hypotheses and by sharing, eliciting, and negotiating
evidence and hypotheses under consideration of the own and the collaboration partners’
knowledge, roles, and responsibilities, with the goal to identify an accurate diagnosis and to
reduce uncertainty to a degree that enables taking appropriate action’ (see Cannon-Bowers et
al., 1993; Charlin et al., 2007; Heitzmann et al., 2019; Hesse et al., 2015; Liu et al., 2015;
Wegner, 1987).

The CDR model was developed and is described in the medical context. However, I! suppose
that it is also valid for collaborative diagnostic reasoning in other domains. The CDR model
describes collaborative diagnostic reasoning processes based on individual diagnostic
activities (Fischer et al., 2014), collaborative diagnostic activities (e.g., Andrews-Todd &
Forsyth, 2018; Liu et al., 2015), and their interaction (Klahr & Dunbar, 1988). The CDR
model as depicted in Figure 1 describes collaborative diagnostic activities of two
diagnosticians. I assume, however, that the same processes apply during collaborative
diagnostic reasoning of more than two diagnosticians. Collaborative diagnostic reasoning is

typically triggered by cues from a system to be diagnosed (STBD). The STBD is an external

! The CDR model was first described by Radkowitsch, Sailer, et al. (accepted). Although henceforth
referring to my model, I acknowledge that the model was developed in a collaborative effort.
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system that contains any information about the patient that could possibly be considered
during the diagnostic process. For instance, the STBD can provide information about the
social environment of the patient or laboratory test results. Thus, the conception of the STBD
is a holistic perspective of the patient within a bio-psycho-social environment. A diagnostician
starts the diagnostic process by perceiving these cues and evaluating and generating them as
evidence. I consider any information about the STBD that could influence the diagnosis of the
system’s status as evidence, including findings (e.g., laboratory value), a symptom (e.g.,
headache), or enabling conditions (e.g., smoking). A diagnostician generates evidence by
interpreting information as relevant or generating new information about the STBD by, for
instance, asking a question. Ideally, evidence gets evaluated with respect to its validity
(Fischer et al., 2014). Based on patterns of evidence, the diagnosticians generate one or more
hypotheses that is a statement about an assumed status of a system (Fischer et al., 2014) in an
effortful, deliberate and/or non-analytical reasoning process (Norman et al., 2007). The
generated hypotheses allow diagnosticians to make predictions about the status of specific

aspects of the STBD (e.g., increased inflammation values) that are tested in the evidence
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Figure 1. Collaborative Diagnostic Reasoning (CDR) Model. Red dashed lines represent
individual diagnostic activities; green dotted lines represent collaborative diagnostic activities.

This figure is adapted from Radkowitsch, Sailer, et al. (accepted).

I suggest that the results of these processes (i.e., evidence and hypothesis) are stored in
two distinct cognitive storages, namely the evidence space and the hypothesis space. The idea
of an evidence space and a hypothesis space is borrowed from the SDDS model (Klahr &
Dunbar, 1988). Although the idea of an evidence and hypothesis space in the CDR model is
inspired by the SDDS model from Klahr and Dunbar (1988), I have quite a different notion of
those spaces. Klahr and Dunbar (1988) understand the experiment and hypothesis space as a

hypothetical space that includes a universe of possible hypotheses and means to test them.



1 General Introduction 14

They understand scientific reasoning as the search through those spaces. In contrast, the
evidence space and hypothesis space in the CDR model are cognitive storages that contain
outcomes of reasoning processes (evidence and hypothesis). Thus, they align more with the
notion of the learners’ hypothesis space introduced by Van Joolingen and De Jong (1997). Yet,
as Klahr and Dunbar (1988) I assume that specifying a hypothesis, deriving predictions from
this hypothesis and testing them, and evaluating the evidence with respect to the hypothesis
are important components of the reasoning process and that, hence, the coordination between
evidence (data) and hypothesis (theory) is essential for successful diagnosing. Based on the
interaction between hypothesis and evidence space, hypotheses are weighted and/or a
conclusion is drawn about the most likely diagnosis.

So far, the presented diagnostic activities describe individual diagnostic reasoning. In
a collaborative diagnostic situation, the diagnosticians additionally engage in collaborative
activities. How diagnosticians engage in collaborative activities is influenced by their internal
collaboration scripts (Fischer et al., 2013). By engaging in collaborative activities (i.e.,
sharing, elicitation, negotiation, coordination), a shared evidence and a shared hypothesis
space develops consisting of any evidence and hypotheses shared among the diagnosticians.
More specifically, diagnosticians share, elicit, negotiate, or coordinate evidence and
hypotheses. Only evidence and hypotheses stored in at least one individual space can become
part of the shared spaces. In contrast to the individual spaces a shared space is not assumed to
be a cognitive storage but an external system. However, I assume that diagnosticians have
mental representations of the information contained in the shared spaces (Roschelle &
Teasley, 1995). When using evidence and hypotheses from the shared space for individual
diagnostic reasoning, evidence and hypotheses are evaluated optimally with respect to their
validity. These evaluation processes can be influenced by knowledge or assumptions on the
collaboration partner. For instance, the perceived credibility of a collaboration partner
influences which information mentioned by the collaboration partner is remembered
(Andrews & Rapp, 2014).

The individual and collaborative diagnostic activities described in the CDR model
present a process perspective on collaborative diagnostic reasoning. However, in both
aforementioned areas (diagnostic reasoning and collaboration), research has emphasized the
importance of knowledge for individual and collaborative diagnostic reasoning. Based on the
literature presented above (Section 1.2), I assume that medical knowledge and its organization
affect when and how diagnosticians engage in individual diagnostic activities (i.e., evidence

and hypotheses generation and evaluation). Further, meta-knowledge particularly affects when
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and how diagnosticians engage in collaborative activities (i.e., negotiation, sharing,
elicitation, coordination). Beyond that, general social (e.g., openness; Stadler, Herborn,
Mustafi¢, & Greiff, 2019) and cognitive factors (e.g., intelligence; Stadler, Becker, Godker,
Leutner, & Greiff, 2015) are assumed to affect collaborative diagnostic reasoning (Hetmanek,
Engelmann, Opitz, & Fischer, 2018; Wimmers, Splinter, Hancock, & Schmidt, 2007).
Overall, the CDR model describes collaborative diagnostic reasoning processes based
on theories and empirical findings from diverse domains. The model is based on general
reasoning models (Fischer et al., 2014; Klahr & Dunbar, 1988), but goes beyond them by
combining individual and collaborative diagnostic processes (e.g., Liu et al., 2015) and
suggesting how these processes are influenced by prior knowledge. By that, the CDR model
provides a first theoretical underpinning for the facilitation of collaborative diagnostic

reasoning.
1.3 Instructional Support for Facilitating Collaborative Diagnostic Reasoning

Collaborative diagnostic reasoning is a complex competence, and the few available
studies show that even for experienced physicians, collaborative diagnosing is difficult.
Particularly the sharing and elicitation skills require facilitation (e.g., Larson et al., 1998;
Tschan et al., 2009). Therefore, identifying conditions under which diagnosticians effectively
learn collaborative diagnostic reasoning seems crucial. The prior sections have shown that for
the learning of diagnostic reasoning, an early confrontation with patient cases is important for
the development of illness scripts (Lubarsky et al., 2015). Yet, confronting inexperienced
medical students with real patients could set the patients’ health at risk and is very cost- and
time-consuming, due to the necessity of close supervision (Ziv et al., 2003). Thus, simulating
patients or diagnostic situations was established for giving medical students the opportunity to
develop illness scripts in a risk-free and economic learning environment (Cook, Erwin, &
Triola, 2010). A simulation is a simplified model of a real-world scenario that allows to
engage in specific activities with the goal to develop skills and competences necessary to
master the respective situation (Bradley, 2006). Since unguided problem solving heavily
demands the learners’ working memory capacity and, thereby, hinders learning (Kirschner et
al., 2006; Mayer, 2004), further instructional support, for instance with scaffolds, is necessary.
The term scaffolding is historically rooted in the interaction between a child and a human
tutor (Wood, Bruner, & Ross, 1976). Nowadays, a scaffold is understood as a (computer-
supported) instructional means that supports learning processes by focusing the learners’
attention on relevant activities, modeling ideal problem solving processes, monitoring,

increasing interest, and balancing affective aspects of learning (Pea, 2004; Tabak & Kyza,
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2018). By that, scaffolds enable learners to master a task or activity the learners would not be
able to solve without assistance, the ultimate goal being that learners internalize the
scaffolded processes and develop self-regulated problem solving capacities (Wood et al.,
1976). Instructional research has investigated the effectiveness of various kinds of scaffolds,
for instance, self-explanation prompts (Heitzmann, Fischer, Kithne-Eversmann, & Fischer,
2015), worked examples (Bichler et al., 2019), or reflection prompts (Mamede & Schmidt,
2017). For supporting collaboration, socio-cognitive scaffolds such as computer-supported
collaboration scripts have been found to be effective (Vogel, Wecker, Kollar, & Fischer,
2017). This makes them particularly suitable for facilitating collaborative diagnostic
reasoning. Thus, in this thesis, I combine two approaches that are established instructional
means in different contexts, namely simulations and computer-supported collaboration scripts.
Whereas simulations are prominent in medical education (Cook et al., 2011), collaboration
scripts have been used in the context of collaborative learning and mostly outside the medical

context (Vogel et al., 2017). Both approaches are now described in more detail.
1.3.1 Agent-based simulations

Since simulations provide a risk free, ethically unobjectionable, and standardized
learning environment, they have become particularly prominent in domains in which failure
would have severe consequences (Ziv et al., 2003). Examples include pilot training (Hays,
Jacobs, Prince, & Salas, 1992), military training (Smith, 2010), or medical training (Siebeck
et al., 2011). Simulations have the advantage of providing opportunities of repeated practice
for situations that occur rarely or come with a high risk (De Coninck, Valcke, Ophalvens, &
Vanderlinde, 2019; Kaufman & Ireland, 2016). Further, it is easy to adapt simulations to the
learners’ needs by, for instance, increasing or reducing complexity of the simulation (Siebeck
et al., 2011) or by providing additional instructional support such as opportunities for
reflection, feedback, or prompts (Heitzmann et al., 2019). One assumption about why
simulations are effective is rooted in the approaches to situated cognition which assume that
knowledge is situated in a cultural context (Brown, Collins, & Duguid, 1989). These
approaches emphasize the importance of providing authentic learning scenarios to enable
learners transfer the learnt skills and knowledge to the professional context of application. For
the development of diagnostic reasoning skills, providing opportunities for the application of
knowledge seems vital for the encapsulation of pathophysiological knowledge and
development of illness scripts (Schmidt & Rikers, 2007). The application of knowledge
enables diagnosticians to process symptoms and findings in a clustered way making

diagnostic reasoning much more efficient and less error prone (see Section 1.2.1, Lubarsky et
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al., 2015; Schmidt & Rikers, 2007). A meta-analysis on the effectiveness of virtual patients
(i.e., simulated patients) for advancing the learning of diagnostic reasoning supports this line
of argumentation by showing that learning with virtual patients has large positive effects on
diagnostic reasoning compared to no instruction (Cook et al., 2010). Although there is a large
body of data providing evidence for the effectiveness of simulations, there is also tremendous
inconsistency between simulations which still warrants explanation (Cook, 2014). One
explanatory factor could be the provision of additional instructional support since, for
instance, prompts or feedback seemed to increase the effectiveness of virtual patients (Cook et
al., 2010). This assumption aligns well with prior findings showing that solving ill-structured
problems may overwhelm learners without further guidance (Belland, Walker, Kim, & Lefler,
2017; Kirschner et al., 2006). In general, while learning with simulations seems to be a
promising approach for the facilitation of collaborative diagnostic reasoning, a more thorough
understanding of the conditions under which learning with simulations is effective is greatly
needed.

Simulations have not only been used to advance individual but also collaborative
competences using, for instance, role-plays (Kaufman & Ireland, 2016). For example,
Gardner and Ahmed (2014) used a virtual patient and role plays to increase performance of a
trauma team consisting of 24 health professionals. Indeed, the intervention had positive
effects on perceived credibility, perceived coordination, and team performance. Yet, such full-
scale team simulations are time consuming and expensive which is why medical students
rarely get the opportunity to participate actively, but rather spend much time observing peers
participating in simulations (Zottmann et al., 2018). A solution that has been proposed in the
context of collaborative problem solving is the use of agent-based simulations (OECD, 2017).
Agents (i.e., computers simulating a person) have been used as pedagogical agent to support
learning (e.g., AutoTutor; Nye, Graesser, & Hu, 2014) but also to substitute a collaboration
partner (OECD, 2017; Rosen, 2015). Although human-to-agent collaboration is often less
authentic due to limited conversations (Graesser, Kuo, & Liao, 2017), agent-based
simulations can provide the necessary standardization for the training of specific subskills.
The significance of standardizing research on collaboration can be illustrated by means of the
CDR model. The CDR model (see Section 1.2.3) assumes that individual diagnostic reasoning
processes are dynamically shaped by the collaborative processes and the diagnostic reasoning
processes of the collaboration partner. For instance, if the collaboration partner shares
evidence, a diagnostician ideally considers the new evidence for the own diagnostic

reasoning. By standardizing the collaboration partner, instructors, thus, have more control



1 General Introduction 18

over the dynamic interaction between collaborators. Therefore, in contrast to human-to-
human collaboration, in human-to-agent collaboration it is easy to evoke situations in that
participants need to show the targeted skill and that would otherwise occur rarely (Rosen,
2015). Moreover, agent-based collaboration allows for a focus on the repeated training of
particularly difficult sub-tasks (Ericsson, 2004) and over longer periods of time. In human-to-
human collaboration, such a focus would probably undermine the motivation of the respective
collaboration partner.

Altogether, simulations seem promising for the learning of collaborative diagnostic
reasoning. Further, the use of agents in simulations could provide a well-standardized,
flexible, and economic environment for advancing collaborative diagnostic reasoning. Yet,
complementing simulations with additional instructional support is necessary to fully exploit

the potential of learning with simulations (Chernikova et al., 2020).
1.3.2 Computer-supported collaboration scripts

Collaboration scripts are instructional scaffolds that support collaboration processes
among collaborators (Fischer et al., 2013). In the context of computer-supported learning,
which includes learning with computer-based simulations (e.g., Roschelle & Teasley, 1995),
collaboration scripts have also been called computer-supported collaboration scripts or CSCL
scripts (Vogel et al., 2017). As I apply collaboration scripts on learning with computer-based
simulations in this thesis, henceforth I use the term collaboration scripts or CSCL scripts to
refer to computer-supported collaboration scripts. The notion of collaboration scripts as used
in this thesis is based on the script theory of guidance that was introduced in Section 1.2.2. In
short, based on the notion of cognitive scripts (Schank, 1999), Fischer and colleagues (2013)
assume that people have cognitive scripts consisting of hierarchically structured knowledge
guiding when and how to engage in collaborative activities. These cognitive scripts, which are
also called internal collaboration scripts, are dynamically configured based on the
collaborator’s goals and the situational characteristics, which is why they allow to flexibly
adjust one’s behavior in collaborative situations (for a recent introduction see Kollar, Wecker,
& Fischer, 2018). As demonstrated above, collaboration requires complex skills and is not
always effective (e.g., Tschan et al., 2009). In other words, people often lack functional
internal collaboration scripts hindering effective collaboration. Collaboration scripts support
dysfunctional internal collaboration scripts by externally providing instruction necessary to
engage in successful collaborative activities (Fischer et al., 2013; Vogel et al., 2017). Thus, in
principle, collaboration scripts seem a suitable instructional scaffold for facilitating the

learning of collaborative diagnostic reasoning.
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At this point I would like to interject that collaboration scripts have mostly been used
in the context of computer-supported collaborative learning (CSCL, e.g., Dillenbourg &
Hong, 2008) and not within collaborative problem solving. From the perspective of cognitive
and instructional psychology, instructors use CSCL because collaborating provokes higher-
order cognitive activities such as negotiation and explaining, which in turn are beneficial for
domain learning (Chi & Wylie, 2014; King, 2007). Thus, whereas in CSCL people collaborate
with the goal of learning, in collaborative problem solving people collaborate with the goal to
find a solution for a respective problem. Albeit CSCL and collaborative problem solving
differ with respect to their goals, I consider the differences between both processes as rather
negligible. Remarkably, collaborative learning often implies problem solving, and successful
problem solving always implies learning (Dillenbourg, Baker, Blaye, & O'Malley, 1996), and
collaboration scripts in both cases aim to advance collaboration. Yet, the focus on domain
learning is reflected in the distribution of studies investigating the effectiveness of
collaboration scripts for domain learning and the learning of collaboration skills (see Vogel et
al., 2017).

The question of whether collaboration scripts are an effective instructional means to
advance collaboration has been addressed empirically by several studies. For instance,
Noroozi, Teasley, Biemans, Weinberger, and Mulder (2013) developed a collaboration script
to support collaborators in developing a transactive memory. In their study, multidisciplinary
dyads were asked to solve a problem together. Half of the dyads received sharing and
elicitation support by prompting learners to make their expertise and knowledge explicit. The
results suggest that supporting participants to share their knowledge helped them to converge
their knowledge and to develop better problem solutions. Yet, a study from Rummel, Spada,
and Hauser (2009) yielded different results. They supported dyads consisting of one medical
student and one psychology student by sequencing their collaboration process and prompting
specific collaborative activities (such as sharing of ideas and negotiation) during diagnosing
ambiguous patient cases. They found that although scripting affected the learners’
collaborative activities (for instance, they descriptively showed better information sharing and
time management skills), scripted students did not outperform unscripted students in a free
recall test about good collaboration and the quality of the final diagnosis. Vogel et al. (2017)
addressed the ambiguity of these results by synthesizing research on the effectiveness of
collaboration scripts in a meta-analysis based on a literature search conducted in 2013. They
identified 12 studies examining the effect of collaboration scripts on collaboration skills that

yielded a combined moderate positive effect. This meta-analysis provides first systematically
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aggregated evidence for the effectiveness of collaboration scripts. Nevertheless, the study
leaves some important questions open, particularly with respect to the suitability of scripting
for facilitating collaborative diagnostic reasoning. For instance, since the literature search on
which the analyses were based was conducted in 2013, the sample was very small and several
more recent studies were not included (e.g., Mende, Proske, Korndle, & Narciss, 2017; L. J.
Schmitt & Weinberger, 2019). It is thus unclear whether the general results hold when more
recent evidence is taken into consideration. Moreover, the effects vary tremendously between
studies indicating that the collaboration scripts were not effective under all conditions. Vogel
et al. (2017) addressed this issue by conducting moderator analyses and found some
descriptive tendencies. For instance, more detailed collaboration scripts (i.e., scriptlet level
collaboration scripts) were descriptively more effective for learning of collaboration skills
compared to play or scene level collaboration scripts. Thus, these findings indicate that using
a collaboration script on scriptlet-level could be more effective for facilitating the learning of
collaborative diagnostic reasoning. Still, this factor leaves a considerable amount of variance
unexplained, which is why examining further variables that could explain such heterogeneity
seems warranted. One such factor that is difficult to address in a meta-analysis could be
goodness of fit of the collaboration scripts for the learners needs (Kollar et al., 2018;
Stegmann, Mu, Gehlen-Baum, & Fischer, 2011). The script theory of guidance argues that
collaboration scripts should complement less functional or lacking internal collaboration
scripts (Fischer et al., 2013). Studies investigating the effectiveness of collaboration scripts
have, however, mostly used rather static approaches without assessing the internal
collaboration script (Kollar et al., 2018). The few approaches that designed adaptive
collaboration scripts typically faded the instruction after a predefined sequence and, thereby,
still could have failed to adjust collaboration scripts to the learners needs (Stegmann et al.,
2011; Wecker & Fischer, 2011). Thus, the existing evidence for the effectiveness of adaptive
support is mixed and has not been investigated in the medical context. Albeit designing
adaptive collaboration scripts that automatically assess the learners’ internal collaboration
scripts seem a promising approach to facilitate the learning of collaborative diagnostic
reasoning, further systematical research in standardized contexts is currently absent.

A final issue that is important when intending to use collaboration scripts relates to the
widely spread criticism of over-scripting (Dillenbourg, 2002; Wise & Schwarz, 2017). The
critics argue that collaboration scripts could undermine the agency of scripted collaborators
when providing support that does not fit the collaborators’ needs and, by that, undermine their

motivation to collaborate (Wise & Schwarz, 2017). This critique relates to the assumption that
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perceived agency is — besides perceived competence and social relatedness — a fundamental
driver of human behavior (self-determination theory, Deci & Ryan, 1985). Large negative
effects of collaboration scripts on perceived autonomy would be a strong counterargument
against the use of collaboration scripts for facilitating collaborative diagnostic reasoning. Yet,
there is little empirical evidence on this question. For instance, Rummel et al. (2009)
investigated the effect of collaboration scripts on intrinsic motivation but did not find
significant differences between scripted and unscripted groups. While descriptively scripted
groups felt less pressure and more joy, no difference was found for the subscale perceived
choice. Albeit these findings could provide first counterevidence against the over-scripting
effect, they are certainly not sufficient, particularly since participants in this study self-
reported their motivation after an unscripted collaboration phase that served as posttest which
could have influenced their ratings (Rummel et al., 2009). Other studies such as those by
Demetriadis, Egerter, Hanisch, and Fischer (2011) or Peterson and Roseth (2016) addressed
motivational issues of collaboration scripts but used a more general conceptualization of
motivation (e.g., motivation on account of the task or academic efficacy and task value).
Hence, they did not directly address the criticism. Nevertheless, Demetriadis et al. (2011)
found no significant effects of scripted collaboration on motivation. Peterson and Roseth
(2016) found no significant effect on motivation for groups that collaborated synchronously
and a small positive effect for groups collaborating asynchronously. Thus, further evidence
concerning a plausible, yet not fully evidence-based criticism is necessary.

In summary, empirical studies suggest that collaboration scripts could be a suitable
instructional scaffold to facilitate the learning of collaborative diagnostic reasoning (Vogel et
al., 2017). Yet, several questions remain to be addressed: firstly, it is not yet clear whether
positive effects of collaboration scripts on the learning of collaboration skills are robust when
analyzing studies that were conducted recently. Secondly, the conditions under which
collaboration scripts are more effective are still not investigated thoroughly (Vogel et al.,
2017). Thirdly, the criticism that positive effects of collaboration scripts on learning come at
the cost of negative effects on motivation and particular basic psychological needs empirical

examination (Wise & Schwarz, 2017).

1.4 Outline of the Studies and the Agent-Based Simulation

The overarching goal of this thesis is twofold: first, it aims to advance the theoretical
understanding of collaborative diagnostic reasoning using medicine as application context.
Secondly, it seeks to identify conditions under which collaborative diagnostic reasoning can

be facilitated effectively by using agent-based simulations and collaboration scripts. To do so,
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it comprises three studies using three different methodological approaches: a validation study
examining the validity of an agent-based simulation (Study 1), a meta-analysis examining the
general effectiveness of collaboration scripts (Study 2), and an intervention study examining
the effectiveness of collaboration scripts in agent-based simulations (Study 3). In Study 1 and
3 of this thesis, I used an agent-based simulation, which is used as training and assessment
instrument. These studies addressed the first goal. In Study 2 and 3, I examined the
facilitation of collaborative diagnostic reasoning using collaboration scripts (see Figure 2). All
three studies are introduced in more detail below. Next, I provide a concise description and

theoretical rationalization of the simulation as used in Study 1 and 3.

Study 1:
Validating an agent-based
simulation
Study 3:
Collaboration scripts in agent-
based simulations
Goal 1: Goal 2:
Advancing the understanding of Identifying effective conditions for facilitating
collaborative diagnostic reasoning collaborative diagnostic reasoning

Figure 2. Overview of presented studies and their relation to the thesis’ goals

The simulation was developed in collaboration with medical educators, physicians,
psychologists, and software engineers. It models a situation in which two physicians with
different professional backgrounds (an internist and a radiologist) collaboratively generate
evidence for a patient case. This situation was chosen based on interviews with seven
radiologists and internists, who suggested that this collaborative situation is highly relevant in
the clinical routine, yet oftentimes is carried out ineffectively due to insufficient information
sharing. These subjective reports find support in empirical findings suggesting that the sharing
of clinical details in radiological requests is often ineffective (Davies et al., 2018).

In the simulation, a medical student acts in the role of an internist working in an
emergency department in a hospital. The medical student consecutively receives health
records of different patients that contain information about the patient’s history, physical
examination, and laboratory results. Afterwards, the medical student is asked to collaborate

with a radiologist to generate evidence in form of a radiologic test. Thus, the learner requests
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a radiologic test from a simulated radiologist by choosing the kind of test (evidence
elicitation) and sharing patient information (evidence sharing). Test requests that are not
adequately justified are rejected from the radiologist. To share patient information effectively
with the radiologist, the medical student needs to understand the radiologist’s role, task, and
responsibilities. Finally, the medical students are asked to document and justify the final
diagnosis (for more information about the simulation see Study 1 and Radkowitsch, Sailer, et
al., accepted).

In order to identify conditions under which facilitating collaborative diagnostic
reasoning is effective, an assessment of the latter is necessary. Traditional approaches for
assessing collaboration include quantifying collaborative activities by coding extensive
amounts of collaborative dialogue (Andrews-Todd & Forsyth, 2018), rating the quality of
specific collaborative aspects such as maintaining a shared understanding or time
management based on video data (Meier et al., 2007),using knowledge tests about specific
collaborative activities such as argumentation (Stegmann, Weinberger, & Fischer, 2007), or
rating the quality of the solution generated during collaboration (Hao, Liu, von Davier, &
Kyllonen, 2015). Since the present agent-based simulation is used for training purposes, an
obvious alternative for assessing collaborative diagnostic reasoning is to use the agent-based
simulation for the assessment as well. This approach also was used successfully by PISA 2015
to assess collaborative problem solving competences in a large-scale study. Their simulation
required students to solve problems in collaboration with one or more agents by means of
choosing among predefined messages (OECD, 2017). In an attempt to validate this approach,
Herborn et al. (2018) compared the OECD’s agent-based simulation to a reduced human-to-
human collaboration. They found only minor differences between human-to-human and
human-to-agent collaboration and in both collaboration modes performance was explained by
the same latent factor. Thus, this study provided first evidence that agent-based collaboration
could be comparable to human-to-human collaboration and, thus, be not only a suitable tool
for advancing, but also for assessing collaborative problem solving. Besides this empirical
finding, several theoretical considerations speak in favor of the use of agent-based simulations
that are similar to those brought forward when discussing agent-based simulation as training
tool: group-level measurements are highly dependent on group composition with respect to,
for instance, knowledge distribution, personality, or motivation (Graesser et al., 2018). Such
dependencies could bias the measurement. Thus, human-to-agent collaboration could provide
the necessary standardization for assessing collaborative diagnostic reasoning. Furthermore,

human-to-human collaboration usually produces a tremendous amount of data (e.g., Andrews-
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Todd & Forsyth, 2018) the analysis of which is tedious. In contrast, human-to-agent
collaboration requires careful considerations on how to design the interaction between
collaborators which later simplifies data analysis considerably (Rosen, 2015), since log files

can easily be matched to the previously defined quality standard.
1.4.1 Study 1

As described above, an agent-based simulation is used to facilitate and assess the
learning of collaborative diagnostic reasoning. However, using a simulation to assess complex
competences warrants thorough collection of validity evidence. This requires one to analyze
whether conclusions drawn, and decisions made based on the outcome of the respective
instrument are valid (Cook & Hatala, 2016). The first study addresses this issue by providing
evidence of validity for the simulation used to assess collaborative diagnostic reasoning. As
suggested by Cook and Hatala (2016), I do so by drawing upon a validity framework
introduced by Kane (2006). This framework has the advantage that the respective
measurement instrument is validated in the context of its intended use. In Kane’s (2006)
framework, he assumes that when making decisions based on the results of an assessment
instrument, four different inferences (namely scoring, generalization, extrapolation,
implications) are drawn based on underlying implicit assumptions. The validation process
consists of the explication of these assumptions as well as the collections of respective
warrants. Study 1 comprises a presentation of the processes and outcomes of collecting
validity evidence for the agent-based simulation. The validation process is based on the
development of the agent-based simulation and on a quasi-experimental study comparing the
quality of process and outcome measures of medical students between the 5% and 7" semester,
from the 9" semester and higher as well as internists with at least three years of working
experience. All participants consecutively solved five patient cases that required the
collaboration with a simulated radiologist. After the 2" and 5% patient case, I further
measured the learners’ intrinsic cognitive load and their perceived authenticity of the
simulation and the collaborative process. The following research questions were pertained in
this study:

1) To what extent are the measures of collaborative diagnostic reasoning objective

and consistent?

2) To what extent do medical practitioners perceive the simulation as authentic?

3) To what extent do groups with different levels of prior knowledge differ with

respect to a) their collaborative diagnostic reasoning b) their diagnostic outcome

and c) their reported intrinsic cognitive load?
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1.4.2 Study 2

The second study addresses the general effectiveness of collaboration scripts for
learning by means of a meta-analysis. As mentioned above, a prior meta-analysis was
conducted based on a literature search from 2013 (Vogel et al., 2017). Since then, a number of
new studies have been published. This raises the question of whether prior findings hold when
using an updated sample. Additionally, CSCL scripts have recently been criticized for
undermining learners’ agency and thereby reducing learners’ motivation. Little is known,
however, whether these arguments are consistent with empirical data. Moreover, there is little
evidence on the mechanisms that make collaboration scripts effective. The study addresses
these questions, by investigating whether collaboration scripts that prompt different
collaborative activities or a combination of them differ in their effectiveness. It is based on
two literature searches, one in April 2017 and one in January 2020 to identify further studies
examining the effectiveness of collaboration scripts. Based on 56 studies involving more than
5,600 participants, using a random effects meta-analysis, the following research questions
were addressed in this study:

1) To what extent do collaboration scripts affect domain learning?, collaboration

skills, as well as motivation?

2) To what extent do collaboration scripts differ in their effectiveness depending on

which collaborative activities (i.e., information sharing, negotiation, coordination

or a combination) they prompt?
1.4.3 Study 3

The third study builds upon the two prior studies and is meant to answer the question
under which conditions collaborative diagnostic reasoning can be effectively facilitated by
learning with agent-based simulations. More specifically, the study uses an experiment to
examine whether adjusting collaboration scripts to the internal collaboration scripts of the
collaborator increases their effectiveness (Kollar et al., 2018). Moreover, it was also
investigated how these collaboration scripts affect basic psychological need satisfaction. This
directly addresses the criticism that collaboration scripts were prone to over-scripting
(Dillenbourg, 2002). The study comprises of a one factorial pre-post experimental study in
which 160 medical students solved several patient cases within the agent-based simulation.

First, participants solved one patient case to assess the participants’ prior competence of

2 Although domain learning is not a variable of major interest in this thesis, domain learning was
included as dependent variable in the meta-analysis as it is the main variable of interested in the CSCL
community. However, in this thesis, I will not touch upon this variable further.
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collaborative diagnostic reasoning. Afterwards, learners solved four further patient cases
during which two thirds of the participants were supported with either a static or adaptive
collaboration script. Both collaboration scripts were developed based on the literature
presented in Section 1.2.2. That means that collaboration scripts included meta-knowledge
about the radiologists’ task, responsibility, and roles to enable learners to share patient
information effectively. Further, based on findings of Vogel et al. (2017), the collaboration
scripts were designed on scriptlet level. The third group of participants received no additional
support. Afterwards all participants rated their basic psychological need satisfaction and
solved another patient case to assess their learning gain. The concrete research questions
addressed by the third study were the following:
1) To what extent do static and adaptive collaboration scripts affect collaborative
diagnostic reasoning in a medical agent-based simulation?
2) To what extent do static and adaptive collaboration scripts affect basic
psychological need satisfaction when learning to diagnose collaboratively with a

medical agent-based simulation?
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Abstract

Objectives: Physicians with different professional backgrounds often
diagnose a patients’ problem collaboratively. In this article, we first in-
troduce a process model for collaborative diagnosing (CDR model), de-
scribe the development of a simulation used to empirically examine the
facilitation of collaborative diagnostic reasoning. Based on a contem-
porary validity framework [1], we further suggest indicators for validity
and collect initial evidence with respect to the scoring, generalization,
extrapolation, and implication inferences to assess the validity of the
simulation when used to assess effects of learning interventions.
Method: In a quasi-experimental study, we assessed objectivity and
reliability of the simulation and compared medical students with low
and advanced prior knowledge to practitioners with high prior knowledge
with respect to their diagnostic accuracy, diagnostic efficiency, inform-
ation sharing skills, and their intrinsic cognitive load. Additionally, we
obtained authenticity ratings from practitioners with high prior know-
ledge.

Results: The results yielded satisfying initial evidence for the validity of
the scoring and the extrapolation inferences as ratings are objective,
and the simulation and the collaborative process is perceived as rather
authentic. Additionally, participants on different levels of prior knowledge
differ with respect to their diagnostic accuracy, diagnostic efficiency,
information sharing skills, and their reported intrinsic cognitive load.
With one exception (information sharing skills), the generalization infer-
ence seems to be valid as well.

Conclusions: We conclude that collecting validity evidence for the sim-
ulation was an important step towards a better interpretation of the
simulation. We found that the simulation is an authentic and valid rep-
resentation of the chosen collaborative situation and that the collected
validity evidence offers sufficient evidence for an initial validation of
the simulation. Nevertheless, the validation process highlighted some
important gaps that need further consideration. We further conclude
that applying a validation model to the context of empirical research is
promising and encourage other researchers to follow the example.

Keywords: collaboration, simulation, collaborative diagnostic reasoning,
validation
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1. Introduction

In their daily practice, physicians with different profession-
al backgrounds often diagnose patients’ problems collab-
oratively. For example, an internist diagnosing a patient
suffering from fever and shortness of breath might consult
a radiologist to conduct a CT scan the results of which
will be discussed afterwards. In those situations, physi-
cians need to be able to diagnose individually, that means
being able to gather and integrate case-specific informa-
tion with the goal to reduce uncertainty to make a medical
decision [2]. But they also need collaborative compet-
ences such as sharing of relevant information, negoti-
ation, and coordination skills [3]. A recent review shows

that collaborative diagnostic reasoning has been scarcely
investigated empirically yet [4]. The available empirical
literature demonstrates that physicians often have diffi-
culties to diagnose collaboratively. For example, the
quality of the distribution and exchange of information
among team members [5] and the experience of team
members [6] seem to be key predictors for the quality of
collaborative diagnostic reasoning. Such difficulties in
information sharing also could affect the quality of sub-
sequent negotiation processes. For instance, if an intern-
ist fails to share differential diagnoses and the respective
symptoms, the radiologist will have a much harder time
to interpret and to discuss the radiologic findings. Offering
instructional support to foster collaborative diagnostic
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reasoning and in particular information sharing, therefore,
seems vital. Simulation-based learning is an established
method to foster complex competences and its effective-
ness has been meta-analytically examined for health
professions [7] as well as across domains [8] although
it seems that scaffolding beyond mere problem-solving
is beneficial for learning [9]. We developed, therefore, a
simulation with the goal to identify instructional conditions
under which simulations effectively advance collaborative
diagnostic reasoning. Importantly, training and assess-
ment of competences presupposes evidence of its validity.
We follow Kane’s [1] validity framework for the validation
of instruments as suggested by Cook and Hatala [10].
In this paper, we want to collect initial evidence for
validity of the simulation by constructing a validity argu-
ment for a simulation used to conduct experiments on
the facilitation of collaborative diagnostic reasoning. For
that, we first elaborate on a model of collaborative dia-
gnostic reasoning and describe how simulations can be
used to assess and facilitate complex competences. We
further explain our validation approach based on Kane’s
[1] framework as well as validity indicators that are based
on theory. Afterwards, we shortly describe the develop-
ment of our simulation which included several evaluation
and revision cycles (cf. [11]). Finally, we present a valida-
tion study that was conducted to analyze the validity in-
dicators and discuss the extent to which the results add
to our validity argument.

2. Collaborative diagnostic
reasoning

Collaborative diagnostic reasoning means to accurately
and efficiently diagnose a patient’s problem by generating
and evaluating evidences and hypotheses that can be
shared with, elicited from, or negotiated among collabor-
ators [12]. In the medical and psychological literature,
however, diagnosing has been largely conceptualized as
individual competence and by using varying terms such
as clinical or diagnostic reasoning, clinical decision-
making, or clinical problem-solving (e.g., [13], [14]). When
diagnosing individually, physicians generate and evaluate
evidence based on patient information, weigh the evid-
ence with respect to differential hypotheses and draw
conclusions (i.e., make a medical decision) based on the
diagnostic process [14], [15]. The quality of individual
diagnostic activities is influenced by professional medical
strategic and conceptual knowledge [16]. However, more
than one diagnostician is often involved in diagnosing a
patient or making treatment decisions. For example, in
medical consultations a responsible physician calls in
the expertise of another health-care professional. Another
example are discussion rounds such as tumor boards in
which physicians with different professional backgrounds
exchange and discuss patient information. In both ex-
amples, diagnosticians have the joint goal to make the
best clinical decision. When diagnosing collaboratively,
the professional medical knowledge, the knowledge about

the patient, and outcomes of diagnostic reasoning pro-
cesses might differ between the diagnosticians. Therefore,
collaborative activities are necessary in addition to the
individual diagnostic activities to coordinate the individu-
als’ diagnostic processes. Based on the collaborative
problem-solving framework by Liu and colleagues [3] and
the scientific discovery as dual search (SDDS) model [17],
Radkowitsch and colleagues [12] proposed a model for
collaborative diagnostic reasoning (CRD model, see figure
1) describing collaborative diagnostic processes with in-
dividual and collaborative diagnostic activities. These
collaborative activities are sharing, elicitation, negotiation,
and coordination. According to the CDR model, evidences
and hypotheses generated and evaluated during diagnost-
ic processes are kept in individual diagnostic spaces
(dashed lines and boxes). All evidences and hypotheses
that are available to all collaborators are represented in
shared diagnostic spaces (dotted boxes). For evidences
and hypotheses to become part of a shared diagnostic
space, the diagnosticians need to conduct the proposed
collaborative activities (dotted lines). For example, an in-
ternist diagnosing a patient suffering from fever and
shortness of breath might generate the hypothesis of
pneumonia. In order to reduce the uncertainty of this hy-
potheses, the internist consults a radiologist to perform
a radiologic test. The quality and relevance of the inform-
ation that the internist shares with the radiologist may
influence the hypotheses generated and the conclusions
drawn by the radiologist and further affect, which inform-
ation is shared, negotiated or elicited by the radiologist.
In turn, the evidences and hypotheses shared, elicited,
or negotiated by the radiologist may influence the intern-
ist’s individual diagnostic process. Hence, the proposed
collaborative activities are considered important for the
quality of medical decisions. Based on models and find-
ings on team cognition, we assume that the quality of
collaborative activities is influenced by the team mem-
bers’ meta-knowledge [18], [19]. By meta-knowledge we
mean the knowledge a team member holds about the
other team members’ roles, their knowledge, and their
task. Meta-knowledge has been shown to particularly in-
fluence collaborative activities of collaborators (e.g., [20]).
Among collaborative activities, information sharing has
received particular attention. Sharing or rather the lack
of sharing can affect the accuracy of the diagnoses, but
at the same time diagnosticians often fail to share relev-
ant information with others [5], [21].

3. Conducting research on
advancing collaborative diagnostic
reasoning with simulations

Simulations are an established method to foster compet-
ences in medical education as well as in other educational
contexts such as teacher trainings [22], pilot trainings
[23], or military trainings [24]. In all these contexts, the
application of knowledge is a crucial part of professional
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Figure 1: Model for collaborative diagnostic reasoning (CDR) adapted from Radkowitsch et al. [12]

practice [e.g., [25]. Simulations allow to practice the ap-
plication of knowledge in a risk-free environment [26].
More importantly, however, simulations allow for the de-
liberate practice [27] of particularly difficult or complex
subtasks. That means that within simulations, learners
can repeatedly solve (sub-)tasks that they are yet not able
to complete. Research on the deliberate practice has
shown that this type of practice is particularly crucial
during the development of professional expertise [27].
Besides, the application of knowledge in complex domains
such as medicine can be overwhelming for learners. To
facilitate learning, the complexity of these situation can
be reduced in simulations and thereby offer a tradeoff
between an approximation-of-practice and authentic
representations of real-world situations [28]. Research
on the effectiveness of simulations shows positive effects
on cognitive, behavioral, and affective learning outcomes
in medicine as well as in other domains [7], [8], [29].
However, a recent review shows that to advance diagnost-
ic competences, the provision of additional instructional
support beyond the opportunity to solve problems is be-
neficial [9]. We propose a research agenda to investigate
conditions under which diagnostic competences are ef-
fectively advanced when learning with simulations [2].
For empirical laboratory research on complex compet-
ences it is necessary to focus on empirically measurable
aspects. Hence, we focus on information sharing as
subskill of collaborative diagnostic reasoning.

When conducting research on the effectiveness of differ-
ent instructional means, educational research typically
uses controlled experiments. That means that two or
more groups of learners receive different types of support
in an intervention phase. By using unsupported pre- and
post-tests, the learning gain of the different groups of
learners is assessed [e.g., [30]. The average performance
of groups is then compared to identify the effects of the
intervention. To realize the proposed research agenda
[2], we developed a simulation that will be used in exper-
iments to facilitate but also to assess collaborative dia-
gnostic reasoning, in particular the sharing of information
during diagnosing. During the intervention, learners will
receive different versions of the simulation. During the
pre- and posttest, the simulation will be used to assess
the competence levels of groups of learners. Hence, it is

an important prerequisite that the simulation differenti-
ates between different competence levels, as well as that
the simulation is suitable for the competence level of the
targeted group. Using simulations for the assessment of
competences is a common approach in medical education
[31]. For example, simulations are used to assess proced-
ural skills such as conducting rectal examinations [32],
medical communication skills [33], or diagnostic reason-
ing [34]. When using simulations to assess competences,
itis highly relevant that the simulation consists of authen-
tic representations of real-world situations in which the
respective competences is typically used [31], [35]. For
assessing diagnostic reasoning skills, simulations usually
present patient cases for which learners need to come
up with the most likely diagnosis [31]. A systematic review
on simulations shows that the evaluation of simulations
with respect to their validity as assessment tool lacks
thoroughness [36]. Therefore, in the present paper we
seek to examine whether the simulation developed to
realize our research agenda is a valid instrument for the
assessment of between group differences of competence
levels.

4. Validating a simulation of
collaborative diagnostic reasoning:
constructing a validity argument

In his validity framework, Kane [1] describes validation
as the process to collect and to evaluate validity evidence
to judge the appropriateness of interpretations of the
results of the assessment. Four typical inferences are
drawn when concluding from a test score to a real score
which need critical examination with respect to their
validity: scoring, generalization, extrapolation, and implic-
ations. Each of these inferences are typically based on
implicit assumptions that need to be considered during
a validation process [10], [37]. In this paper, we explicate
these assumptions for the simulation-based assessment
of collaborative diagnostic reasoning that has the goal to
identify conditions under which collaborative diagnostic
reasoning can be effectively facilitated. All considered
assumptions as well as their warrants are listed in table
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Table 1: Inferences, assumptions, and warrants for the development of the argument of validity

Inferences and assumptions

Warrants

Inference 1
score

Assumption 1.1
reliably and objectively scored

Inference 2
to an overall score

Assumption 2.1
with an overall score

Inference 3
to the expected target
competence/skill

Assumption 3.1 The simulation is an authentic

representation of a real scenario.

The simulation is sensitive to
competence differences

Assumption 3.2

Assumption 3.3
processes.

Assumption 3.4 Differences between group of

learners are due to the intervention.

Inference 4
results

Assumption 4.1
assess the effectiveness of
simulations.

Scoring: from an observation to a

The observed performances are

Generalization: from a single score

The simulation affects cognitive

Implications: Interpretations of test

The acquired data can be used to

The assessment conditions are standardized for
all participants (computer-based assessment;
identical laboratory conditions)

All answers were recorded electronically based
on logfiles.

All scorings are based on sample solutions or
automatic coding developed by experts.

The raters show high inter-rater reliability.

Scores on a single performance align  All case material was carefully developed by

experts based on a blueprint and is structurally
identical.

Al participants complete several structurally
identical tasks.

All but one measures show a sufficient internal
consistency (Cronbach’s alpha)

Extrapolation: from an overall score

The scenario was carefully chosen based on
interviews with practitioners.

The case material was developed and evaluated
by experts

Practitioners rated the simulation as well as the
collaboration as authentic representation of the
real-world practice

The simulation as well as the case material was
carefully developed and evaluated by experts
Participants with different prior knowledge levels
differ in their rated performance accordingly.

The higher participants prior knowledge, the
lower is their indicated intrinsic cognitive load.

The simulation will be used in controlled
experiments.

Most of the assumptions were positively tested.

1. The first inference, scoring, refers to matching an ob-
servation to a single score [38]. For example, in our sim-
ulation a medical student proposes a diagnosis for a pa-
tient case which is then scored by the experimenter. A
valid scoring procedure requires the observations to be
correctly transformed into a consistent score and that
raters of the accuracy of the final diagnoses show reliable
ratings as indicated by high inter-rater agreements (as-
sumption 1.1). The second inference, generalization,
refers to generalizing the single score to a test score [38].
In our simulation, we generalize from the information
sharing skills shown in one simulated patient case to the
information sharing skills shown in several other simu-
lated patient cases. A valid generalization inference is
shown, if scores on a single performance (e.g., a final
diagnosis of one patient) aligns with an overall score (e.g.,
all final diagnoses given during the test setting). Hence,
high internal consistency of the measures are indicators
for plausible extrapolation inferences (assumption 2.1).
Extrapolation refers to generalizing from the test score
to the real performance [38]. In our simulation, we would
hope that medical students who are better in collaborative
diagnostic reasoning in our simulation would also be

better in collaborative diagnostic reasoning when working
with real patients and colleagues. Hence, validity evidence
should ideally show that the collaborative diagnostic
reasoning of groups of learners shown within our simula-
tions is representative for their collaborative diagnostic
reasoning outside the simulation. To ensure that, we
propose several validity indicators: First of all, it would
be strong evidence for a valid extrapolation inference if
experienced practitioners from the field rated the simula-
tion as authentic (assumption 3.1) [35]. We consider ex-
perienced practitioners able to judge whether the simu-
lated setting represents real life practices. Secondly, a
valid assessment requires that medical practitioners and
medical students with high prior knowledge show better
test performance (i.e., more accurate and more efficient
diagnostic performance) compared to medical students
with low prior knowledge (assumption 3.2). The assump-
tion is that on average those showing higher performance
in real life settings on average also show higher perform-
ance within the simulation. A third validity indicator for
the extrapolation inference are differences between per-
sons with different levels of prior knowledge with respect
to cognitive load. The cognitive load theory assumes that
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learning imposes different kinds of cognitive load on
learners. Particularly, the intrinsic cognitive load which
is caused by the complexity of the learning material
should be lower for people with high prior knowledge
compared to less knowledgeable medical students [39].
With higher prior knowledge, the learning material be-
comes less complex as the material is better cognitively
organized and, therefore, imposes less intrinsic load
(assumption 3.3). Importantly, to assess the effectiveness
of different kinds of simulations, we compare groups of
learners rather than individuals. That means that all de-
cisions will be based on group means rather than individu-
al test results. Therefore, a further assumption is that
differences between groups of learners result from the
intervention and not from random or systematic prior
differences between groups (assumption 3.4). Therefore,
itis important to use an experimental approach. The final
inference, implications, refers to the conclusions drawn,
and decisions made based on the test results [1], [10],
[38]. Hence, the final assumption is that the resulting
data can be used to draw inferences on the effectiveness
of different kinds of simulations (assumption 4.1). If the
prior assumptions were met, then the implications drawn
from the results would be valid.

Considering the intended use of the instrument to be
validated is important for the construction of a validity
argument as this helps to prioritize the evidence [10].
The intended use of the simulation described in this paper
is to assess collaborative diagnostic reasoning of groups
of learners in experimental studies. Although every de-
scribed validity evidence is considered important for the
construction of the validity argument, some of the evid-
ences are considered crucial. For our intended use, we
argue that particularly the identification of different levels
of competence among participants with different levels
of prior knowledge would offer the most important validity
evidence as this evidence is closest to the final use of
the simulation. Although due to content specificity of
diagnostic skKills, it seems hard to achieve reliable meas-
ures in medicine [13], [31], it is particularly important to
have coherent measures that allow generalizing from one
item to another as this would offer evidence that the
same skill is assessed in different items.

5. Research questions of the
validation study

Based on the validity framework and the validity indicators
described above, we conducted a validation study to an-
swer the following research questions:

1. Scoring: To what extent are the measures of collabor-
ative diagnostic reasoning objective?
2. Generalization: To what extent are the measures of
collaborative diagnostic reasoning consistent?
3. Extrapolation:
1. To what extent do medical practitioners perceive
the simulation as authentic?

2. To what extent do groups with different levels of
prior knowledge differ with respect to a) their col-
laborative diagnostic reasoning (information
sharing skills, diagnostic efficiency, and diagnostic
accuracy) within the simulation and b) to the re-
ported intrinsic cognitive load?

6. Method

6.1. Development of the simulation to assess
collaborative diagnostic reasoning

Our goal is to develop a tool for the assessment of the
specific subskills of collaborative diagnostic reasoning
as defined above. We chose a simulation-based approach
to assess collaborative diagnostic reasoning [7], [8]. As
described above, the construct of collaborative diagnostic
reasoning is rather broad and can be assessed in a broad
range of contexts. For example, different physicians such
as internists, surgeons, or gynecologists could collaborate
with nurses or other health-related professionals. We
assume that the context of collaboration (such as the
meta-knowledge about the collaborators’ profession) in-
fluences collaborative diagnostic processes. We, there-
fore, decided to narrow down the simulated context to a
situation that is relevant in real-world practices and par-
ticularly difficult for learners. Hence, we defined the sim-
ulated context as a collaborative situation between intern-
ists and radiologists based on practitioners’ experiences.
Interviews with seven practitioners from both disciplines
were conducted to identify a specific situation that is
considered as being problematic frequently. The inter-
views yielded that the main problem is unspecific test
requests, that is unprecise justifications for the test (e.g.,
missing relevant patient information) and a lack of clus-
tering of patient information. As a consequence, we de-
cided to focus on information sharing during the request
of a radiologic examination as an important and specific
aspect of collaborative diagnostic reasoning. Next, we
decided to use a computer-based simulation and chose
the case-based learning platform CASUS (https://www.in-
struct.eu/). Computer-based simulations have several
advantages compared to other types of simulations such
as standardized patients (e.g., [33]). First, the use of the
simulation is extremely economical once the material is
developed as several participants can interact with the
simulation at the same time and, for example, no actors
are needed. Secondly, web-based simulations are easily
accessible for participants and, hence, time and place
restrictions are low. Thirdly, all case material as well as
instructions are standardized and, therefore, do not
confound the assessment. To develop the simulation,
paper prototypes of the scenario and patient cases were
constructed and evaluated by an expert committee from
medicine, software development, and psychology.
Whereas internists, radiologists, and a general practition-
er developed the case material for ten patient cases, a
software developer programed the simulation. The case
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Figure 2: Schematic representation of the simulation

material was then evaluated and revised in a one-day
expert-workshop, with focus on the case structure, the
most plausible solution, as well as the sample solution.
Finally, the simulation was implemented on the CASUS
learning platform (see figure 2).

In a pilot study, the simulation with one patient case was
presented to eight medical students (M, =24.5,
SD,,=3.9; Mg, 0= 7-6, SDy, ... =1.2) to evaluate the user
experience of the simulation (UEQ; [40]). Results indicated
high values on the subscales attractiveness, perspicuity,
stimulation, and novelty, but rather low values on the
subscale dependability. To increase the perceived control
for participants, a fiction contract containing information
about the simulated scenario and the role learners are
expected to take up as well as a technical familiarization
giving detailed instructions on how to handle the simula-
tion were developed. After having read the fiction contract
and the familiarization, participants start the first simu-
lated patient case. Participants first receive a patient file
that they scan for symptoms and findings in the role of
an internist. The patient file consists of a short patient
presentation, medical history, a description of the physical
examination, as well as the most important laboratory
values. Afterwards, learners request a radiologic test from
a simulated radiologist. For that, they are asked to fill in
a request form by choosing among 42 different combina-
tions of methods and body parts and by sharing patient
information or differential diagnoses that are considered
relevant for the radiologist. Only learners who appropri-
ately justified their request (i.e., show high information
sharing skills) receive a description of the radiologic
findings, and, if provided by the learner, an evaluation of
a specific differential diagnose from the simulated radi-
ologist. We decided beforehand with radiologists which
information is needed to justify a specific radiologic test.
After having read the radiologic result, medical students
can ask questions about the radiologic findings, share
further information, or request further examinations. To
solve the patient case, participants suggest a diagnosis
and back it up with justifying findings and suggest further
differential diagnoses and treatment or diagnostic
measures. For a more detailed description of the simula-

tion and the process of development, see [12]. In sum,
in our simulation medical students are supposed to
gather and integrate information from a patient file, and
to collaboratively generate radiologic evidence by sharing
relevant patient information with the radiologist. By that
the medical student elicits relevant information from the
radiologist, which they then integrate into prior informa-
tion to arrive at a final diagnosis. Bearing in mind our
definition of collaborative diagnostic reasoning, the sim-
ulation allows us to separately assess and facilitate both,
collaborative diagnostic reasoning (i.e., information
sharing) as well as individual diagnostic reasoning (i.e.,
the final diagnosis).

6.2. Sample and design

A quasi-experimental study with a one-factorial design
consisting of three levels (low vs advanced vs high prior
knowledge level) was conducted. We defined medical
students between the 5" and 8" semester (N=45,
N,...=31) of a total of 12 semesters as low prior know-
ledge (PK) (M,,=6.4 semesters, SD,,=0.7) as they had
only few courses on internal medicine and radiology ac-
cording to their study plan. Medical students from the 9h
semester and above (N=28, N, .. =19) were categorized
as advanced prior knowledge (M, =11.5 semesters,
SD,=1.9) as they already participated in courses for in-
ternal medicine and radiology according to their study
plan. Internists and residents for Internal Medicine after
completion of the 3 years of common trunk (N=25,
N,...=11) were categorized as high prior knowledge
(M, =13.6 years, SD,,=10.5) as they are expected to have
practical experience.

6.3. Procedure

The study was conducted as a laboratory study with a
maximum of eight participants at a time. All participants
consecutively worked individually on five computer-based
patient cases as described above for as long as they
wanted. The participants were asked to work efficiently.
After the second and the fifth case, participants com-
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Table 2: Internal consistencies for all instruments

Instrument

Cronbach’s alpha

Diagnostic accuracy

Diagnostic efficiency

Information sharing skills
Perceived authenticity simulation
Perceived authenticity collaboration

Intrinsic cognitive load

.66
.53
.33
.85 and .90
.94 and .95

pleted a test measuring perceived authenticity as well as
intrinsic cognitive load. Afterwards, participants were
debriefed and thanked for their participation with 25€.

6.4. Measures

Within the simulation, we obtained three measures to
assess the collaborative diagnostic reasoning: diagnostic
accuracy, diagnostic efficiency, and information sharing
skills. We used Likert-scaled items to assess the per-
ceived authenticity of the simulation as well as the per-
ceived intrinsic cognitive load (see table 2).

Diagnostic accuracy

The solution of the patient case (i.e., the suggested final
diagnosis), differential diagnoses, and further necessary
diagnostic or treatment steps were used to score the
diagnostic accuracy. Depending on how specific the given
diagnosis was, participants received 0, 0.5 or 1 point for
each diagnosis and up to one additional point each for
the quality of the differential diagnoses and the quality
of the indicated further steps. Points were given based
on the sample solution that was developed in the expert
workshop. The mean diagnostic accuracy across the five
patient cases (ranging from O to 3) was calculated for
each participant.

Diagnostic efficiency

The diagnostic accuracy weighted by the time needed to
solve a single patient case indicated the diagnostic effi-
ciency. The mean diagnostic efficiency across the five
patient cases was calculated for each participant.

Information sharing skills

The information sharing skills were operationalized as
the inverted proportion of requests rejected by the simu-
lated radiologist due to insufficient justification per case.
Whether a justification is perceived as sufficient or insuf-
ficient by the simulated radiologist was defined before-
hand in collaboration with expert radiologists based on
how relevant information is for a radiologist to conduct
a radiologic test. For this measure, values were obtained
directly via the logfiles. The mean score of all five patient
cases (ranging from O to 1) was calculated for each par-

ticipant. A mean score of 1 means that all requests in all
patient cases were accepted by the radiologist.

Perceived authenticity

The perceived authenticity was assessed with three items
each with respect to the overall simulation and with re-
spect to the collaborative process [41] on a 5-point Likert
scale ranging from 1 (does not apply) to 5 (does apply).
The perceived authenticity of the simulation as well as
the authenticity of the collaborative process was assessed
twice. An example item for authenticity is “I perceive the
[simulation] / [the collaboration with the radiologist] as
authentic”.

Intrinsic cognitive load

Intrinsic cognitive load was assessed with one item on a
5-point Likert scale ranging from 1 (very easy) to 5 (very
difficult) [42]. The item text was “How easy or difficult do
you find the collaboration with a radiologist at the mo-
ment?”.

6.5. Statistical analyses

To answer research question 1, we obtained the intraclass
correlation (ICC) based on a two-way random effects
model with absolute agreement for the main diagnoses,
the differential diagnoses, and the indicated further steps.
For that, two raters independently coded 20% of the
cases.

To address research question 2, we calculated the intern-
al consistency measure Cronbach’s alpha with respect
to the diagnostic efficiency, to the information sharing
skills, and to the diagnostic accuracy.

To answer research question 3.1., we calculated the
mean of both measurement times and contrasted it to a
threshold of 3.0 using a one-sample t-test. The means
above the threshold indicate that participants with high
levels of prior knowledge on average rate the overall
simulation and the collaborative process as rather authen-
tic or authentic.

To address research question 3.2., we conducted ANOVAs
and Bonferroni post-hoc tests with the independent vari-
able prior knowledge and the dependent variables dia-
gnostic accuracy, diagnostic efficiency, information
sharing skill, as well as intrinsic cognitive load. If precon-
ditions for calculating an ANOVA were not met, we con-
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Table 3: Means and standard deviations per variable and group.

Low PK Advanced PK High PK
M (SD) M (SD) M (SD)
Accuracy 1.03 (0.28) 1.32 (0.31) 1.37 (0.42)
Efficiency 3.70 (1.06) 5.40 (1.64) 6.69 (2.55)
Information sharing 0.65 (0.18) 0.79 (0.11) 0.78 (0.19)
Intrinsic cognitive load 3.54 (0.71) 2.62 (0.70) 2.3(0.76)
Notes. PK = Prior knowledge
a) 3 b) 12
p <.001
- p=.068
52 p<.001 e o
s p>.99 K p<.001
3 - o
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Figure 3: Differences of prior knowledge groups with respect to a) diagnostic accuracy, b) diagnostic efficiency, c) information
sharing skill, and d) intrinsic cognitive load. Error bars indicate 95% Confidence Intervals.

ducted the non-parametric Kruskal-Wallis-Test and Wil-
coxon post-hoc tests instead. Confidence intervals are
calculated with bootstrapping.

7. Results of the validation study

Scoring

With respect to the first research question, we obtained
high values for all three variables: The interrater agree-
ment for the quality of the final diagnoses and for the
further indicated steps was ICC=1. For the differential
diagnoses, the interrater agreement was ICC=0.94. This
indicates that raters objectively scored the observations
during the simulation.

Generalization

With respect to research question 2, analyses yielded a
Cronbach’s alpha of .66 for the diagnostic accuracy, a
Cronbach’s alpha of .53 for the diagnostic efficiency, and
a Cronbach’s alpha of .33 for the information sharing
skills. This indicates that the evidence for the generaliza-
tion inference being valid is acceptable for the diagnostic

accuracy and the diagnostic efficiency but limited for the
information sharing skills.

Extrapolation

With respect to research question 3.1., participants with
high prior knowledge rated the perceived authenticity of
the overall simulation as M=3.89 (SD=0.91) and the au-
thenticity of the simulated collaborative process as
M=3.57 (§D=0.91). Both authenticity ratings are signific-
antly above the threshold of 3 (t(24)=4.9, p<.01 and
t(24)=3.14, p<.01). This indicates that, on average,
practitioners with high levels of prior knowledge perceive
the simulation as rather authentic or authentic. Concern-
ing research question 3.2., see table 3 for the descriptive
statistics and figure 3, a-d for between-group comparis-
ons. The results show that the prior knowledge groups
differ significantly with respect to the diagnostic accuracy
(F(2,95)=11.62, p<.001, n*=0.20). The high and ad-
vanced prior knowledge group show significantly higher
accuracy than the low prior knowledge group but are not
significantly different from each other. However, we found
solution rates of up to 0.94 (i.e., the correctness of the
final diagnosis) for three of the five patient cases indicat-
ing ceiling effects for the final diagnoses. The prior
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knowledge groups also differ significantly with respect to
the diagnostic efficiency (x’(2)=34.29, p<.001, n°=0.34)
and with respect to the information sharing skills
(¥’(2)=12.48, p<.002, n°=0.11). For both outcomes, the
high and advanced prior knowledge groups again outper-
form the low prior knowledge group but do not differ sig-
nificantly from each other. The prior knowledge groups
further differ with respect to the reported intrinsic cognit-
ive load (x’(2)=38.25, p<.001, n°=0.38). The high prior
knowledge group reported the lowest intrinsic cognitive
load, followed by the advanced, and the low prior know-
ledge groups. All comparisons are statistically significant.

8. Discussion

The objective of this study was to collect initial validity
evidence for the simulation we developed to conduct
further experimental research on facilitating collaborative
diagnostic reasoning in medical education. The validation
of the simulation was based on a theoretical model de-
scribing collaborative diagnostic processes (CDR model;
[12]). The simulation focusses on one of the proposed
collaborative activities, namely information sharing. The
CDR model suggests that which information is shared by
one diagnostician influences the diagnostic processes of
another diagnostician. In case of the simulation, which
information is shared by a learner in the role of an intern-
istinfluences whether a radiologist conducts a radiologic
test and how it is interpreted. An argument for initial
validity was constructed by applying Kane’s [1] validity
framework to the context of experimental research based
on a simulation. The underlying assumptions were made
explicit and supported by warrants (see table 1). However,
the strength of these warrants varies between inferences.
We were able to show quite clearly that the single obser-
vations within the simulation can be assessed objectively
as all materials were developed and evaluated by expert
committees from different disciplines, and some of the
variable scores are generated automatically (scoring).
This reduces human errors during the transformation of
the observation to a single score. For the variables where
coding was necessary, inter-rater reliability was high. We
conclude that no further evidence for the validity of the
scoring procedure is necessary. Further, we found satis-
fying validity evidence for the question whether the results
of the simulation can be transferred to real-world scenari-
0s by comparing participants with different prior know-
ledge with respect to their performance and their indic-
ated cognitive load in the simulation (extrapolation). We
find that medical students and practitioners with high
levels of prior knowledge indeed show higher information
sharing skills than medical students with low levels of
prior knowledge. This indicates that the simulation en-
ables differentiating between levels of competence of
different groups which is the intended use of the simula-
tion. However, there is one exception. We found rather
high solution rates for the patient cases, even with stu-
dents on low levels of prior knowledge, indicating ceiling

effects for the case solution included in the measures
diagnostic accuracy and diagnostic efficiency. Higher case
difficulty would allow to better distinguish between differ-
ent levels of the competences under consideration which
is why case difficulty was increased by adding further
distracting information. Nevertheless, it is a recurrent
finding in medical education that intermediates and ex-
perts do not differ in the accuracy of the diagnoses, but
rather in the efficiency with which they come up with the
correct solution [31]. An explanation for this effect is that
the knowledge of experts is better organized (i.e., encap-
sulation of knowledge) compared to the knowledge of
intermediates. This superior organization of knowledge
enables experts to more efficiently come to a correct
diagnosis [43]. This pattern of effects is illustrated in our
data as the difference between intermediates and experts
is descriptively larger for diagnostic efficiency than for
diagnostic accuracy. Furthermore, the simulation was
rated as rather authentic by practitioners from the field.
Ultimately, when conducting experiments with the simu-
lation to compare learning gains of groups of learners, it
is of prime importance to additionally rule out prior differ-
ences between groups as confounding factors. This could
be achieved by randomly distributing learners to experi-
mental groups and by controlling for prior knowledge.
Assuming that the simulation is used in randomized ex-
periments, the validation study yielded satisfying evidence
for the extrapolation inference. The weakest evidence
was found for the assumption that scores from a single
observation can be reliably summarized to an overall
score (generalization). For two of the three variables of
interest (diagnostic efficiency and diagnostic accuracy),
the validity evidence is acceptable. For the information
sharing skills, we obtained only low internal consistency
indicating that across patient cases, learners show varying
levels of information sharing quality. One explanation for
the generally rather low value might be the small number
of observations as the likelihood of higher reliability values
increases with the number of observations. Generally,
low consistency across different patients is a well-known
problem in medical education and is also known as con-
tent specificity [13]. That means that the diagnostic ac-
curacy between patient cases correlates poorly (0.1-0.3)
[13]. That the consistency across patient cases is partic-
ularly low for collaborative diagnostic activities such as
information sharing might be explained by the CDR
model: Whereas individual diagnostic processes are influ-
enced by medical knowledge, collaborative diagnostic
reasoning is further influenced by the professional collab-
oration knowledge (e.g. meta-knowledge). For example,
a student might know which information to share for a
patient suffering pneumonia, but not for a patient suffer-
ing lung cancer. Hence, the measure for information
sharing skill might be affected by both, professional
medical content knowledge and professional meta-
knowledge about the collaboration partners’ discipline.
Hence, the presented evidence for the generalization in-
ference, particularly for information sharing skills, of our
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simulation gives rather limited support for the validity
which is why further evidence is necessary.

8.1. Limitations

Of course, the present study is not without limitations
that must be considered when interpreting its findings.
First of all, the simulation is meant to represent collabor-
ative diagnostic reasoning, however, we focus on a very
specific subskill which is the sharing of information in
diagnostic situations. This is a narrow focus and the res-
ults will not easily generalize to other subskills such as
negotiation of differential diagnoses. However, we con-
sider the subskill sharing as a particularly important part
of collaborative diagnostic reasoning as prior literature
has shown how important and how error-prone the shar-
ing of relevant information is for the field of medicine
(e.g., [5], [21]). Similar findings have also been reported
in other fields (e.g., [20], [44]). The simulation will be
used to scaffold the learning of sharing processes and
we are convinced that our findings will be of use in other
diagnostic situations in which sharing among diagnosti-
cians is necessary as well.

Additionally, our validity argument is based to a large ex-
tent on a comparison between experts and novices. Such
comparisons have been criticized as novices and experts
differ in several variables which are oftentimes unrelated
to the construct under investigation such as the probab-
ility of having grey hair ("grey hair index", [45], p. 830).
However, we do not intend to argue that the expert-novice
comparison shows that we’re actually measuring the
construct of interest. Instead, we argue that the expert-
novice comparison shows that we are able to measure
competence differences between groups using the simu-
lation. Also, the intended use of the simulation is not to
make judgements about individual competences of
learners but rather to compare learning gains of groups
to make judgements about the simulation’s effectiveness
under different instructional conditions. Therefore, we
consider the results of comparisons between different
levels of prior knowledge as a meaningful contribution to
our validation argument.

9. Conclusion

In this article, we presented the collection of initial validity
evidences for the simulation which we developed to in-
vestigate the facilitation of collaborative diagnostic reas-
oning - and more particularly information sharing - with
simulations. Our validation process allows concluding
that the simulation that was developed based on theory
is indeed authentic enough with respect to both diagnost-
ic process and collaboration. Importantly, more advanced
students and practitioners are more efficient than stu-
dents in earlier phases of their studies and experience
less intrinsic cognitive load. More knowledgeable learners
are also better able to interact successfully with the
simulated radiologist. Thus, we were able to find initial

validity evidence that the simulation can be used to as-
sess whether interventions differ in their impact on the
learning of collaborative diagnostic reasoning. With re-
spect to the assessment of the information sharing skills
as subcomponent of the collaborative diagnostic reason-
ing there is, however, a need for improvement concerning
the reliability. As the reliability of assessments is con-
sidered one of the most important evidence components,
this is still an important gap in the validity argument. Re-
fining the measurement and increasing the number of
observations might help to close this gap.

Collecting validity evidence about simulations for diagnost-
ic reasoning still seems uncommon [36]. Yet, the construc-
tion of a validity argument helped us to understand the
strength and weaknesses of the simulation for its inten-
ded use. This is an important step and will help us to in-
terpret the results of planned experiments. Besides some
gaps in the validity argument that will be addressed fur-
ther, the simulation is a solid instrument to empirically
examine the advancement of collaborative diagnostic
reasoning of medical students.
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Abstract

Scripting computer-supported collaborative learning has been shown to greatly enhance
learning, but is often criticized for hindering learners’ agency and thus undermining
learners’ motivation. Beyond that, what makes some CSCL scripts particularly effective
for learning is still a conundrum. This meta-analysis synthesizes the results of 53 primary
studies that experimentally compared the effect of learning with a CSCL script to
unguided collaborative learning on at least one of the variables motivation, domain
learning, and collaboration skills. Overall, 5616 learners enrolled in K-12, higher educa-
tion, or professional development participated in the included studies. The results of a
random-effects meta-analysis show that learning with CSCL scripts leads to a non-
significant positive effect on motivation (Hedges’ g=0.13), a small positive effect
(Hedges’ g=0.24) on domain learning and a medium positive effect (Hedges’ g=0.72)
on collaboration skills. Additionally, the meta-analysis shows how scaffolding single
particular collaborative activities and scaffolding a combination of collaborative activities
affects the effectiveness of CSCL scripts and that synergistic or differentiated scaffolding
is hard to achieve. This meta-analysis offers the first counterevidence against the wide-
spread criticism that CSCL scripts have negative motivational effects. Furthermore, the
findings can be taken as evidence for the robustness of the positive effects on domain
learning and collaboration skills.
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Introduction

During collaborative learning, learners engage in collaborative activities that are expected to
facilitate deep elaboration of the learning material, such as explaining, argumentation, or
identifying and negotiating socio-cognitive conflicts (King 2007). Engaging in such activities
should enhance learners’ acquisition of knowledge and skills (Chi 2009). However, without
guidance, learners often have difficulties engaging in the expected collaborative activities, and
thus fail to take advantage of collaborative learning opportunities. For instance, learners do not
engage in higher-level argumentation (Bell 2004) or do not take unshared information into
account (Stasser and Titus 1985). As an explanation of why collaborative learning falls short of
expectations, King (2007) argues that learners might have a limited conception of how to
interact with each other. In particular, interacting with others in learning environments based
on educational technology, such as MOOCS or computer-mediated interactions among remote
learners, creates difficulties for learners unfamiliar with these new learning settings (Fischer
et al. 2013).

However, while educational technology requires learners to engage in unfamiliar collabo-
rative learning settings, it also makes it possible to shape and scaffold collaborative learning
(Dillenbourg et al. 2009). For example, scripts for computer-supported collaborative learning
(CSCL scripts) have been designed to provide just-in-time scaffolds to structure and sequence
collaborative learning activities. CSCL scripts repeatedly engage learners in beneficial collab-
orative practices, eventually supporting the development of collaboration skills and domain
learning (Fischer et al. 2013). However, studies on the effectiveness of CSCL scripts show
heterogeneous results for domain learning and collaboration skills. In the light of the relevance
of guidance for collaborative learning in computer-supported learning environments such as
MOOCs and blended learning environments, and the diversity and complexity of previous
findings, summarizing efforts seem warranted.

In a qualitative approach to summarizing CSCL research, Wise and Schwarz (2017)
collected widespread views of CSCL among experts in the field and developed them into
thought-provoking positions. One result of this effort holds that CSCL scripts are prone to
overscripting by including prescriptions for users’ interactions that are too specific. This leads
to a high risk of undermining learners’ self-determination and agency and thus reduces intrinsic
forms of motivation to fully engage in collaborative learning activities (Deci and Ryan 1985).
They further argue that positive effects, if they exist at all, are restricted to the enhancement of
collaboration skills. In a recently conducted quantitative approach, a meta-analysis of the
effects of CSCL scripts found a significant small effect of CSCL scripts on domain learning
and a significant large effect on collaboration skills (Vogel et al. 2017). These results partially
support the argument that CSCL scripts mainly affect the learning of collaboration skills;
however, they also show that despite possible overscripting effects, CSCL scripts can be
effective for domain learning as well. Yet it is still an open question whether the effectiveness
of CSCL scripts is decreased by the hypothesized negative influence on motivation
(Dillenbourg 2002).

Apart from this, however, the recent meta-analysis on the effects of CSCL scripts did not
sufficiently clarify how and under which circumstances CSCL scripts are effective for
learning, particularly for domain learning. Although some moderators were tested, a signifi-
cant amount of variance remained, leaving the question of what makes CSCL scripts partic-
ularly effective mostly unanswered. Moreover, several new studies on CSCL scripts have been
published since this meta-analysis was conducted in 2013. Thus, a quantitative analysis of the
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effects of CSCL scripts beyond their influence on domain learning and collaboration skills
seems necessary at this stage. Thus, the present meta-analysis contributes to answering the
question of whether CSCL scripts negatively influence learners’ motivation, whether the
effects of CSCL scripts on domain learning and collaboration skills remain robust when
integrating more recent CSCL script studies, and to what extent specific features of CSCL
scripts explain their effectiveness.

Scaffolding collaboration using CSCL scripts

In their script theory of guidance, Fischer et al. (2013) argue that collaborative learners’ failure
to engage in high-level collaborative processes is an indicator of a lack of internal collabora-
tion scripts. Internal collaboration scripts are flexible cognitive structures consisting of knowl-
edge about specific collaborative practices. In line with dynamic memory theory (Schank
1999), internal collaboration scripts consist of knowledge components about situations that are
flexibly stored in a person’s memory and activated in a more or less likely sequence depending
on a person’s goals and situational characteristics. This general knowledge structure can be
dynamically changed, allowing for spontaneous reactions to situational changes (Schank
1999). If learners do not have well-functioning internal collaboration scripts for a specific
learning situation, they will engage in processes that are less beneficial for learning, and hence
not take full advantage of the given learning environment. To support learners in overcoming
dysfunctional internal collaboration scripts, the information needed to engage in beneficial
collaborative learning processes can be provided externally. For this purpose, CSCL scripts
scaffold learners towards collaboration in a specific context by affording specific activities
(e.g., argumentation) in a likely sequence (e.g., first reading a text, then formulating arguments
based on the text), and implicitly or explicitly distributing roles among learners (e.g., pro and
con positions). That means that CSCL scripts can be understood as scaffolding for the social
interactions necessary for collaborative learning (Kollar et al. 2006).

Like other types of scaffolds, CSCL scripts support learners in solving tasks they would not
be able to solve without the scaffold (Wood et al. 1976). Therefore, CSCL scripts are expected
to be most effective when they fit the learners’ prior knowledge and skills (i.e., the internal
script they have available, Fischer et al. 2013). What distinguishes CSCL scripts from other
types of scaffolds is the particular knowledge and skills targeted by the different scaffolds.
Other scaffolds such as self-explanation prompts provide help on a content-related level to
support the development of individual problem-solving processes in a specific domain (e.g.,
Heitzmann et al. 2015). Such scaffolds address conceptual, metacognitive, strategic, or
motivational aspects of individual problem-solving (Belland et al. 2017). They particularly
target the development of individual problem-solving skills to enable learners to solve similar
problems in the specified domain on their own. In contrast, CSCL scripts are scaffolds that
support collaborative learning and collaborative problem-solving processes such as coordina-
tion, sharing of information and ideas, or negotiation (Liu et al. 2015). Instead of directly
addressing the content specific to the learning domain, CSCL scripts mainly target the
development of skills necessary to interact in a social learning setting or to solve problems
collaboratively. By that, CSCL scripts indirectly facilitate domain learning by engaging
learners in beneficial activities (King 2007). Hence, CSCL scripts facilitate both collaboration
skills and domain specific knowledge and skills.

To explain the organization of CSCL scripts, Fischer et al. (2013) identify four hierarchical
script components: play, scene, scriptlet, and role, with the play component representing the
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highest level. The play component encompasses knowledge about the general task (e.g.,
argumentation), including knowledge about each individual’s role and the sequence of scenes.
The scene component consists of knowledge about situations making up a given scene (e.g.,
formulating a counterargument to an argument that has been stated). The scriptlet component
consists of knowledge about activities and their sequence within a specific scene (e.g., when
formulating an argument, first develop a claim, then support the claim with data and warrants).
Finally, the role component consists of knowledge about participants’ specific roles during a
scene (e.g., participants in an argumentation with different positions). External CSCL scripts
can provide scaffolding at all four script component levels. With their optimal external
scripting level principle, Fischer et al. (2013) address the overscripting effect by identifying
a mechanism to counteract overscripting. The principle suggests that learners benefit most
from external CSCL scripts that address the hierarchical level whose subordinate components
are already available to the learners. For example, if a learner already knows how to formulate
a sound argument including data and warrants, but doesn’t know how to respond to a
collaboration partner’s argument with a counterargument, the CSCL script should prompt
the learner how to produce counterarguments. Taking the optimal external scripting level into
account, a CSCL script could lead to overscripting if it addresses internal script components on
a level the learners are already able to activate. For instance, if the learners already know that
raising an argument involves formulating a claim, reasons and warrants, then a detailed prompt
to formulate these components of an argument would not be optimal. In this case, the CSCL
script might reduce learners’ autonomy, decreasing their motivation and distracting them from
using the functional internal script components they already have available (Dillenbourg 2002;
Fischer et al. 2013).

In sum, collaborative learning requires complex skills, which are cognitively represented in
internal scripts learners partially share socially. Often, it seems that learners do not have a
functional internal script for a specific situation available. This leads to the use of less
functional collaborative activities in collaborative learning situations. Hence, learners fail to
engage in high-quality collaboration and thus do not take full advantage of the collaborative
learning situation. External CSCL scripts are an instructional means that may compensate for
erroneously activated internal script components or a lack of internal collaboration scripts and
thus help learners engage in social interactions that lead to the enhancement of both domain
learning and collaboration skills. CSCL scripts are specified by the target of social processes
and can be distinguished from other scaffolds that target content-related processes in the
learning domain.

Effects of CSCL scripts on motivation

External CSCL scripts have been criticized for constraining learners during collaboration and
thereby undermining learners’ motivation (Dillenbourg 2002). Motivation comprises all fac-
tors that are important for the selection, initiation, and maintenance of actions (e.g.,
Heckhausen 1974) and is hence highly important for individual learning (Urhahne 2008).
The critique mentioned above is related to phenomena best explained by self-determination
theory (SDT). In SDT, Deci and Ryan (1985) describe the experience of basic psychological
needs as a key determinant of human behavior and emphasize the importance of the social
environment for individual motivation (Ryan and Deci 2008b). The basic psychological needs
are autonomy, competence, and relatedness. Autonomy refers to whether a specific behavior
exhibited by an individual is perceived as congruent and volitional. Competence concerns the
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perceived efficacy of one’s behavior. Relatedness refers to one’s personal feeling of connection
with a specific community and the significance thereof (Ryan and Deci 2008a). These three
basic psychological needs are seen “as a nutrient essential for psychological growth, integrity,
and wellness” (Ryan and Deci 2008a, p. 657). These needs are considered universal, and
humans naturally seek to fulfill them by exhibiting or avoiding certain behaviors. This theory
has received particular attention in educational contexts (e.g., Krapp et al. 2014). It is assumed
that learners are autonomously motivated and thus engage in learning activities in learning
environments that promote autonomy, perceptions of competence, and social relatedness. In
contrast, learners experience controlled motivation or even amotivation and thus only super-
ficially engage in learning activities if their basic psychological needs are not appropriately
addressed (Ryan and Deci 2008a).

With respect to external CSCL scripts, this leads to two conceivable scenarios: On the one
hand, the highly coercive nature of external CSCL scripts might diminish learners’ perceived
autonomy during the collaboration process and thus reduce motivation to learn collaboratively
(Dillenbourg 2002). On the other hand, external CSCL scripts might enhance learners’
perceived competence by enabling them to experience success early on. This might increase
learners’ motivation to stay engaged in the collaborative learning situation, reduce negative
effects of unequal participation (i.e., social loafing and sucker effects; Latané et al. 1979;
Schnake 1991) and thus further enhance motivation to learn collaboratively (Weinberger et al.
2009). While the most prominent articles criticizing CSCL scripts for undermining learners’
motivation are conceptual (Dillenbourg 2002; Wise and Schwarz 2017), only a few studies
have examined the effect of CSCL scripts on motivation empirically. For example, Peterson
and Roseth (2016) found a non-significant negative effect on motivation when comparing
learners in a synchronous CSCL environment learning with a CSCL script to those learning
without a CSCL script. However, in the same study, a positive effect of a CSCL script on
motivation was found for students in an asynchronous learning environment. In a similar vein,
Demetriadis et al. (2011) found that learners supported by an external peer-review script
experienced higher motivation from the tasks and the collaboration itself and were less
motivated by grading than learners who were not supported by an external CSCL script.

To summarize, SDT suggests that in order for learners to be autonomously motivated, the
learning environment should support their perceptions of autonomy, competence, and related-
ness. Although external CSCL scripts have been criticized for hampering learners’ motivation
(e.g., Wise and Schwarz 2017), research examining how external CSCL scripts influence basic
psychological needs and, thus also, motivation is still inconclusive. The present meta-analysis
addresses this ambiguity by quantitatively synthesizing existing findings on the effect of CSCL
scripts on motivational outcomes for the first time.

Effects of CSCL scripts on domain learning and collaboration skills

Several studies examining the effects of CSCL scripts on learning have been published in the
last two decades (e.g., Choi et al. 2005; Tsovaltzi et al. 2015). Past research syntheses on
CSCL scripts have shown that they have significantly higher effects on learners’ collaboration
skills than on domain learning (Vogel et al. 2017). A reason for this difference in effect sizes
might be related to the cognitive resources available for the internalization of collaborative
activities and the elaboration of content-related knowledge and skills based on these activities.
During beneficial social interactions, learners co-construct knowledge that is internalized and
integrated by each individual learner (Teasley 1997; Weinberger et al. 2007). The most
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beneficial interactions typically include higher cognitive processes (Chi and Wylie 2014).
Collaboration skills are internalized by the repeated practice and engagement in collaborative
activities scaffolded by CSCL scripts, while domain learning is enhanced by the cognitive
elaboration induced by the collaborative activities a CSCL script requires the learners to
engage in. Thus, learners’ limited cognitive resources must be divided among both the
internalization of collaboration skills and the elaboration of domain knowledge based on these
activities. Learners with less elaborate internal collaboration scripts who are scaffolded with
external CSCL scripts might still need to put a higher amount of cognitive effort into the
collaborative task, leaving fewer cognitive resources available for the elaboration of domain
knowledge (Kirschner et al. 2018). This might lead to higher effects of CSCL scripts on
collaboration skills than on domain learning. Overall, CSCL scripts seem to positively affect
domain learning and the learning of collaboration skills. It seems plausible to assume that the
effect of CSCL scripts on domain learning depends on how functional a learner’s internal
collaboration scripts are.

Effectiveness of different collaborative activities scaffolded by CSCL scripts

Although the meta-analysis from Vogel et al. (2017) yielded important insights to the
extent to which CSCL scripts affect learning, it only allows for limited conclusions on
the question of 7ow CSCL scripts affect learning. On a general level, it seems plausible
to assume that CSCL scripts foster domain learning and collaboration skills by engaging
learners in functional collaborative activities. Learners internalize the knowledge and
skills needed to perform such collaborative activities by developing or modifying their
internal collaboration scripts (Fischer et al. 2013). These collaborative activities (e.g.,
negotiation) are typically associated with higher-order cognitive processes that are
beneficial for domain learning (Chi and Wylie 2014; King 2007). Vogel et al.’s (2017)
meta-analysis approached the question of how CSCL scripts affect learning by analyzing
whether scripts asking learners to engage in transactive activities are more effective than
scripts asking learners to engage only in activities that are not transactive. During
transactive activities, two or more learners elaborate on each other’s ideas. In the best
case, transactive activities result in new outcomes that neither learner would have come
up with alone (Teasley 1997). Based on the ICAP framework (Chi and Wylie 2014) the
collaborative activities expected to be most beneficial for learning are those in which
learners mutually build on each other’s contributions while cognitively processing the
given learning material(Teasley et al. 2008). Such transactive activities should lead to a
deeper elaboration of the learning material and hence higher domain learning gains
(Teasley 1997). Vogel et al.’s (2017) meta-analysis compared CSCL scripts that did
and did not scaffold transactive activities during collaboration. Their descriptive results
indicated significant positive effects only for CSCL scripts scaffolding transactive activ-
ities on domain learning, but detrimental effects on collaboration skills. The differences
between the effects of CSCL scripts scaffolding and not scaffolding transactive activities
were not significant and left a substantial amount of unexplained variance. Since
transactivity encompasses a large number of more specific collaborative activities (e.g.,
answering questions, expressing critiques, synthesizing different arguments, completing
others’ ideas), it seems to be reasonable to analyze more thoroughly how scaffolding
more specific collaborative activities might explain the effectiveness of CSCL scripts. In
doing so, we apply the collaborative problem-solving framework of Liu et al. (2015),
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which describes three different social activities that are needed for successful collabora-
tive problem solving. CSCL scripts can support learners in engaging in these social
activities, thus enhancing both domain learning and the learning of collaboration skills.

For collaborative learning to be successful, learners must demonstrate, alongside cognitive
competences such as task-specific and domain-specific problem-solving skills, the skills to
engage in social activities (e.g., Tschan et al. 2009; Zhuang et al. 2008). In their collaborative
problem solving framework, Liu et al. (2015) propose three different social activities that are
beneficial for learning: sharing ideas or information, negotiating, and regulating or coordinat-
ing problem solving. Sharing ideas or information refers to the skill needed for exchanging
unshared information or ideas in a way that is appropriate for the collaboration partners.
Information sharing is assumed to be beneficial for constructing and maintaining a shared
representation and understanding of the problem (Roschelle and Teasley 1995) as well as for
better decision making and problem solving (Lu et al. 2012). Negotiating refers to the learner’s
ability to criticize, elaborate on, and question their learning partners’ contributions (Liu et al.
2015). This type of collaborative activity has been shown to particularly enhance individual
understanding and learning (Chi and Wylie 2014; Noroozi et al. 2013c; Teasley 1997).
Coordinating problem solving includes meta-cognitive activities such as goal setting, evaluat-
ing strategies, or regulating motivation and emotions (Liu et al. 2015). According to Jéarveld
and Hadwin (2013), coordination of collaborative activities is essential for efficient, effective,
and enjoyable learning. It is worth mentioning that this framework refers to collaborative
problem solving in general without explicitly mentioning computer-supported collaboration.
However, collaborative problem-solving approaches are increasingly used in CSCL research
as they are more general and, thus suitable for systematic reviews. Furthermore, it is assumed
that the same skills apply to learning in CSCL environments. However, learners must
additionally be able to handle and coordinate the technological component of learning in
CSCL. In some CSCL environments, learners communicate using communication technology
such as audio or video conferences or an asynchronous chat program (e.g., a forum). If the
discourse is limited due to missing eye contact or lack of opportunities to interpret facial
expressions and gestures, more explicit communication strategies such as turn-taking must be
used to maintain successful collaboration (Rummel et al. 2009).

In short, the collaborative activities described here seem essential for collaborative learning,
and successful collaborative learners ought to have corresponding “functional configuration of
internal script components” (Fischer et al. 2013, p. 61). Providing learners with external CSCL
scripts allows them to overcome less functional configurations of internal collaboration scripts
(Fischer et al. 2013). Consequently, the stimulation of specific collaborative activities using
CSCL scripts can be considered a crucial mechanism for the effectiveness of CSCL scripts in
facilitating learning. Therefore, we seek to systematically examine to what extent stimulating
these collaborative activities explains effects of CSCL scripts on domain learning and the
enhancement of collaboration skills.

Effectiveness of combining scaffolds for different types of collaborative activities

The application of all of the aforementioned collaborative activities are perceived to be
beneficial for domain learning. Learners who engage in all of these collaborative activities
during a collaborative problem-solving task exhibit a higher task performance compared to
learners who engage in only some or none of them (Andrews-Todd and Forsyth 2018).
Assuming that learners lack corresponding functional internal scripts, it seems to be reasonable
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to design CSCL scripts with specific scaffolding for each of these collaborative activities.
Hence, the development of the corresponding collaboration skills as well as domain learning
are needs that are addressed by CSCL scripts.

Tabak (2004) suggests a framework for the distribution of different scaffolds for one need
or for different needs. She describes the combination of different scaffolds targeting different
needs as differentiated scaffolding, while different scaffolds targeting the same need can also
be combined deploying their maximal strengths in the form of synergistic scaffolding.
Applying Tabak’s (2004) arguments to scaffolding different collaborative activities with CSCL
scripts, differentiated and synergistic scaffolding could be relevant. For differentiated scaf-
folding, the proximate needs that are scaffolded using Liu et al.’s (2015) framework are the
specific corresponding collaboration skills. Here, a scaffold targeting one collaborative activity
exclusively meets the need to enhance the corresponding collaboration skill and not others.
Thus, the effects of a CSCL script combining scaffolds for different collaborative activities
should be as high as when the scaffolds were individually applied. Also, these scaffolds should
not negatively interfere with each other (Tabak 2004).

However, scaffolding the different collaborative activities also addresses one joint need,
namely domain learning. For domain learning, combining different scaffolds would ideally
lead to synergistic scaffolding, as the scaffolds mutually increase each other’s effectiveness
(Tabak 2004). In the case of synergistic scaffolding, the effect of combined scaffolds on
domain learning would thus exceed the effects of CSCL scripts scaffolding each collaborative
activity individually. However, existing experimental studies with CSCL scripts combining
different scaffolds indicate that synergistic scaffolding is hard to achieve and the combination
of scaffolds can even decrease their effectiveness (Kollar et al. 2014; Noroozi et al. 2013b ). A
potential reason for the loss in effectiveness may be that combinations of different scaffolds
can be overwhelming, particularly for weak learners (Schwaighofer et al. 2017). However,
these studies focused on combining different CSCL scripts or combining CSCL scripts with
other types of scaffolds. It is unclear whether these results are transferable to different types of
activity prompts within a single CSCL script. Thus, it remains an open question whether
CSCL scripts should scaffold different collaborative activities in a combined way within the
same learning situation or scaffold one activity at a time in order to achieve the greatest
benefits for domain learning. We assume that collaboration skills are acquired by repeatedly
engaging in collaborative activities for practice, as described above (Fischer et al. 2013). In
light of this, both the individual as well as the combined scaffolding of collaborative activities
could be beneficial for learning. On the one hand, learners might benefit from combined
scripting for different collaborative activities, as several skills necessary for successful collab-
oration are addressed simultaneously (Tabak 2004). On the other hand, learners might need to
deliberately practice a single collaborative activity, particularly when the intervention period is
short. Therefore, the meta-analysis at hand seeks to clarify to what extent scaffolding collab-
orative activities separately or in combination lead to better effects of CSCL scripts on domain
learning and collaboration skills.

Goals and research questions

The first goal of this meta-analysis is to meta-analytically address the hypothesis that CSCL
scripts are prone to overscripting and hence to reducing learners’ motivation. The second goal
is to assess whether the positive effects of learning with CSCL scripts on domain learning and

collaboration skills found by Vogel et al. (2017) hold when examining an updated and
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extended sample of primary studies on learning with CSCL scripts. In addition, we seek to
distinguish between the effects of CSCL scripts on different outcomes related to domain
learning and collaboration skills. The third goal is to test the proposed mechanisms for how
CSCL scripts facilitate domain learning by stimulating collaborative activities to support the
internalization of functional internal script components. Particularly, we are interested in how
stimulating specific types of collaboration skills exclusively and in combination might differ-
entially affect the effectiveness of CSCL scripts on domain learning. Based on the literature
presented above, we propose the following research questions.

RQ 1: What is the overall effect of collaborative learning with CSCL scripts compared to
unstructured collaborative learning on motivation?

RQ 2: What is the overall effect of collaborative learning with CSCL scripts compared to
unstructured collaborative learning on domain learning and collaboration skills?

RQ 3: To what extent do the effects of CSCL scripts differ if they prompt one, two, or three
different types of collaborative activities?

RQ 4: To what extent do the effects of CSCL scripts on domain learning and collaboration
skills differ between CSCL scripts prompting a) negotiation, b) information sharing, and c)
coordination individually, and in combination with each other?

Method
Criteria for inclusion

To be included in the present meta-analysis on the effects of CSCL scripts on motivation,
domain learning, and collaboration skills, primary studies had to meet the following criteria:

Independent variable (1): Only (quasi-)experimental studies with scaffolding collabo-
rative learning by means of a CSCL script as an independent variable (i.e., comparing
groups of learners scaffolded with a CSCL script to groups of learners learning without a
CSCL script) were included in the meta-analysis. More specifically, CSCL scripts as an
instructional means were defined as follows. The scaffolding of a CSCL script must target
the collaborative process of at least two learners. Additionally, at least one activity
scaffolded by the CSCL script should ask learners to address their learning partner(s).
Typically, a CSCL script supports the collaborative processes by structuring the collabo-
rative task into sub-tasks, for example, by prompting specific activities in a specific order.
In these sub-tasks, learners address their learning partners by, for instance, explaining,
discussing, or asking questions. Some CSCL scripts also assign roles to the participants.
However, scaffolds that only implicitly assigned roles to learners (for example, by
distributing learning materials among students to induce knowledge interdependence)
and did not include any further scaffolds targeting the collaborative process, were not
defined as CSCL scripts (e.g., Molinari et al. 2009). Comparisons of two different CSCL
scripts (e.g., Rummel et al. 2009), comparisons of CSCL scripts with other instructional
means such as example-based learning (e.g., Rummel and Spada 2005), with individual
learning (e.g., Peterson and Roseth 2016), or with waiting conditions were not considered
in this meta-analysis. Hence, the only difference between the experimental group and the
control group is the provision of the CSCL script in the experimental group.

Dependent variable (2): The present meta-analysis seeks to identify the effect of CSCL
scripts on motivation and learning outcomes, specifically domain learning and collaboration
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skills. Therefore, only studies reporting at least one of these dependent variables were included
in the analysis. We are primarily interested in the effect of CSCL scripts on motivation. Self-
report questionnaires that assessed motivational factors (e.g., motivation to participate) based
on self-determination theory or expectancy-value models were categorized as motivation. If
several subscales for motivation were reported, all subscales were included but treated as
statistically dependent. Negatively framed subscales (e.g., tension and pressure subscale in the
Intrinsic Motivation Inventory) were inverted before being included in the analyses. We
defined domain learning as knowledge and skills in the subject domain students learned about
during the intervention. For example, if learners analyzed student cases based on attribution
theory during the intervention, tests assessing knowledge and application of attribution theory
were categorized as domain learning (e.g., Stegmann et al. 2007). We defined collaboration
skills as knowledge and skills that are needed to engage in collaborative activities. For
example, argumentation or knowledge about argumentation, as well as knowledge about the
general procedure of collaboration were categorized as collaboration skills. All dependent
variables were required to be assessed after and independently of the treatment and could be
assessed either on the individual or on the small group level. Hence, performance measures
assessed during the intervention were not included in the analyses.

Context of the study (3): Only studies using computer-supported learning settings with
groups of at least two learners were included in the meta-analysis. Within this, technological
means could be used to facilitate learners’ communication, the learners’ documentation of
learning process and/or learning outcome, as well as the CSCL script could be provided by
technological means.

Study design (4): Only studies that reported data from an experimental or a quasi-
experimental design were included in the meta-analysis, i.e., studies needed to compare a
treatment condition supported by CSCL scripts with a control condition not supported by
CSCL scripts.

Availability of data (5): Only studies that reported enough data to calculate an effect size
were included in this meta-analysis. To calculate Hedges’ g, information on the mean, standard
deviation, and number of participants in the experimental group and the control group are
needed. Alternatively, F, ¢, r, or x2 statistics can be used to estimate Hedges’ g, if the size of
both groups is known. However, before excluding studies reporting insufficient data, the
authors were contacted in order to obtain missing data.

Article quality (6): Only articles that were published in English and in peer-reviewed
journals were included in the meta-analysis. Publication in peer-reviewed articles is seen as
an indication of quality. Additionally, published articles are accessible to a broad scientific
community, which enables fellow researchers to replicate meta-analytic findings. Furthermore,
articles published in conference proceedings were excluded as they often are a first version of
articles later published in peer-reviewed journals. To avoid the inclusion of unidentifiable
duplicates, these articles were not considered in the meta-analysis.

Literature search

Two comprehensive literature searches were conducted in April 2017 (first literature search)
and in January 2020 (second literature search). For each literature search, we searched the
databases ERIC and ISI Web of Science using the search terms “(scaffold* OR script*) AND
(learn* OR know*) AND (collaborat* OR cooperat*) AND (computer* OR CSCL OR
techno*)” and used a snowball system.
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During the first literature search, the coding for inclusion was conducted in two steps
for both the database search and the snowball system. The first step was based on the
title and abstract of the article, while the second step was based on the full text. The
database search resulted in 624 articles, excluding duplicates. As the search and inclusion
criteria are based on the work of Vogel et al. (2017), all studies that were excluded
during the literature search of Vogel et al. (2017), were also excluded from the present
meta-analysis. This step left a total of 418 new studies. Then, based on a coding scheme,
the titles and abstracts of all articles were coded for eligibility based on the aforemen-
tioned inclusion criteria 1, 3, and 4. The articles were coded as relevant or irrelevant by
two independent coders, with double coding for a 10 % sample (Cohen’s Kappa =.86).
In the second step, the full texts of the 71 articles coded as relevant in the first step were
obtained and assessed for eligibility based on inclusion criteria 1 to 6. Two of the authors
double-coded the full texts independently and discussed any disagreements, ultimately
resulting in 32 eligible articles. For the snowball system, the reference lists of eligible
articles published in 2015 or later were scanned for the search terms to identify
additional articles that were not found by the database search. This procedure resulted
in 34 articles, which were then obtained as full texts and coded for inclusion by both
coders independently. Nine additional articles were found to be eligible by both coders
(Cohen’s Kappa of the full text coding was 0.60). In total, the literature search in 2017
resulted in 41 articles.

For the second literature search in January 2020, the same key words and databases
were used to identify articles that were published in 2017 and later. The second
literature search yielded 202 articles (including 7 systematic reviews), for which the
titles and abstracts were coded based on inclusion criteria 1, 3, and 4. Additionally, we
screened the full texts and reference lists of the seven newly identified systematic
reviews for additional relevant studies that had not been detected by the literature
search. The database search and the snowball system resulted in a total of 76 articles
(44 from the databases and 32 from the snowball system) that were included in the full
text coding and coded for eligibility based on inclusion criteria 1 to 6. Of these, 12
articles were found to be eligible for the meta-analysis (9 from the databases and 3
from the snowball system). In the second literature search, all coding was independent-
ly conducted by two coders. All disagreements were discussed until agreement was
reached.

Description of sample

In total, the literature search resulted in 52 articles reporting 56 relevant studies. Three studies
were excluded after data extraction, as they reported duplicate data from studies that were also
included in the sample (Bollen et al. 2015; Mikitalo et al. 2005; Noroozi et al. 2013a). The
total sample includes 49 articles reporting 53 relevant studies involving 5616 participants (M =
102.3, SD=118.5). The articles were published between 2000 and 2020. The participants’ age
ranged from 6 to 64. Most studies (k=36) analyzed participants enrolled in higher education,
16 studies analyzed participants enrolled in primary or secondary school, and one study
analyzed participants enrolled in professional training. In most studies, participants learned
content related to the natural sciences (k= 17) followed by the social sciences (k= 16). Other
subjects were the humanities (k=4), medical science (k=3), computer science (k=7), and
other topics (k=06).
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Coding of studies

A coding scheme describing the outcome variables and their specific components, as
well as the type of collaborative activity (i.e., scripting for negotiation, information
sharing, and coordination) was developed. The coding scheme contained definitions of
the relevant variables, detailed descriptions of the coding rules and the coding procedure,
and examples for each variable and its categories. The CSCL script for each study was
categorized for each type of collaborative activity according to whether or not it included
prompts for that specific collaborative activity. Two of the authors double coded 30% of
the articles resulting from the first literature search. The same two persons coded half of
the remaining studies each. For all variables, the coding was cross-checked by the
respective second coder and differences were discussed in order to reach consensus.
Following the second literature search, all studies found to be eligible for inclusion were
double coded, and disagreements were discussed until consensus was reached. During
the coding of the articles resulting from the second literature search, we refined the
descriptions of the collaborative activities in the coding scheme. Hence, all codes from
the first literature search were screened again by two coders in order to incorporate the
refinements. The individual effects and categorization of each study regarding the
moderator levels and dependent variables are reported in Table A4. For a summary of
the co-occurrence of different moderator levels and dependent variables within studies,
see Table AS.

Dependent variable: For the outcome variable domain learning, we distinguished
between knowledge assessed in recall tests and application tests. Recall tests typically
ask learners to reproduce knowledge that was learned beforehand without making
inferences themselves. This knowledge typically consists of facts, definitions, or theo-
ries. Examples of recall tests are multiple choice tests and recognitions tests. In contrast,
application tests ask learners to apply domain knowledge to a given problem. Examples
of application tests are problem solving tasks such as the application of a theory to a case
scenario. For example, learners are asked to apply their knowledge about force and
motion to calculate a car’s braking distance. Instruments that consisted of both types of
measures and did not report separate results were categorized as mixed tests. For the
outcome variable collaboration skills, we distinguished between the assessment of
negotiation skills, information sharing skills, coordination skills, and mixed skills based
on the collaborative problem solving framework by Liu et al. (2015). We categorized
instruments that assessed the quality of skills related to negotiation and argumentation,
such as the quality of discussion or argumentation sequences, as negotiation skills.
Measures that assessed the quality of information sharing, such as the formulation of
individual arguments, were defined as information sharing skills. Measures that assessed
the quality of meta-cognitive activities, such as planning and monitoring collaborative
strategies, were classified as coordination skills. Finally, measures that assessed compo-
nents of more than one skill were categorized as mixed skills.

Negotiation scripting: We coded whether the CSCL script prompted or facilitated negoti-
ation among participants. We coded CSCL script activities as negotiation scripting if they were
related to argumentation and negotiation, such as resolving conflict, reaching a consensus,
compromising, formulating critiques, discussing content-related aspects, and engaging in
argumentation sequences. However, prompts about how to construct an individual argument
were not classified as negotiation but rather as information sharing prompts.
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Information sharing scripting: We assessed whether the CSCL scripts prompted
information sharing among collaborators. Information sharing prompts are defined as
prompts and hints related to the interchange of information, knowledge, ideas or problem
solutions. Examples of scripting information sharing are recognizing differences in the
knowledge base of oneself and one’s learning partner, initiating and requesting informa-
tion sharing processes, and constructing individual arguments without engaging in a
discourse.

Coordination scripting: We defined activities prompted by the CSCL script as coordination
scripting if they related to the management of group processes or taking on responsibility. For
example, learners might be explicitly prompted to coordinate among themselves by discussing
learning goals or strategies, or the CSCL scripts replaces such activities by distributing roles or
sequencing the learning process into different phases.

Combinations of collaborative activities: Based on the coding for each specific
collaborative activity, we further coded a) the number of different collaborative activities
prompted by the CSCL script (i.e., one, two, or three different collaborative activities),
and b) the specific combinations of collaborative activities or single collaborative activity
prompted by the CSCL script. The different types of combinations were negotiation and
information sharing, negotiation and coordination, information sharing and coordination,
a combination of all three collaborative activities, or only one of the three collaborative
activities.

Statistical analyses

Hedges’ g (Hedges 1981) was chosen as a statistical index for all effect sizes reported in
this meta-analysis. Furthermore, a random-effects meta-analysis was conducted in which
studies were weighted according to their precision defined by the inverse of their
variance (Borenstein et al. 2009), as we assume that the true effect size varies between
studies, as the treatment (i.e., the CSCL scripts), experimenters, task, sample composi-
tion, and other partially unknown covariates all vary between studies. Some effect sizes
were statistically dependent because studies reported multiple outcomes for the same
sample, or several experimental groups were compared to one control group. We
addressed such dependencies by calculating a synthetic effect size for statistically
dependent effects (Borenstein et al. 2009). To identify heterogeneity within the data,
the ratio of the observed variance between studies to the within study error (Q) was
calculated. The ratio of estimated true variance to total observed variance was reported
using the [? statistic. Based on suggestions by Higgins et al. (2003), the amount of
heterogeneity is considered low if 25-49% of the observed variance is due to estimated
true variance, moderate if 50—74% is estimated true variance, and high if at least 75% of
the observed variance is estimated true variance. The moderator analysis was conducted
as proposed by Borenstein et al. (2009): A meta-regression with categorical moderator
variables was conducted first. This tests the potential moderators by indicating whether
Hedges’ gs for each level of a moderator differ significantly from each other. In a second
step, Hedges’ g, its confidence interval, and the amount of heterogeneity within the level
were calculated for each moderator level.

This meta-analysis was based on published articles. To detect and correct for a possible
publication bias, trim’n’fill (Duval and Tweedie 2000) and the three-parameter selection model
(3PSM, McShane et al. 2016) were used.
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All analyses were conducted in R for Windows 3.6.2 (R Core Team 2019). The metafor
(Viechtbauer 2010) package was used to aggregate the comparisons and to calculate the effect
sizes. According to Cohen (1988), effect size values ranging between 0.20 and 0.49 are
interpreted as small effects, effect size values between 0.50 and 0.79 are interpreted as medium
effects, and effect size values of 0.80 or larger are interpreted as large effects.

Results
Summary effect of CSCL scripts on motivation

In total, the included studies reported 33 effects of CSCL scripts on motivation, of which 9
effects were independent. The analyses yielded a non-significant positive effect with a Hedges’
g of 0.13 (see Table 1).

The 3PSM resulted in an adjusted Hedges’ g of 0.14 (SE=0.10, 95% CI [-0.06; 0.35],
p=.17), which is not significantly different from the unadjusted Hedges’ g (X2(1)=0.03,
p =.86). The trim’n’fill method resulted in 2 missing studies on the right side and suggested an
adjusted significant Hedges’ g of 0.16 (SE=0.07, 95% CI [0.01; 0.31], p =.03; see Fig. 1a).
These results indicate that CSCL scripts do not negatively affect motivation and that the results
might be underestimated due to publication bias.

Summary effect of CSCL scripts on domain learning

In total, we examined 124 effects of CSCL scripts on domain learning, of which 54 were
independent. Overall, the meta-analysis resulted in a small significant positive summary effect,
with Hedges’ g of 0.24. When distinguishing the particular types of domain learning, CSCL
scripts showed small significant positive effects on both recall tests (Hedges’ g=0.27) and
application tests (Hedges” g=0.21). Studies reporting mixed tests for domain learning yielded
a positive but non-significant summary effect of Hedges’ g=0.09 (see Table 2).

Concerning the publication bias analyses for the summary effect of CSCL scripts on
domain learning, the 3PSM resulted in an adjusted Hedges” g of 0.21 (SE=0.06, 95% CI
[0.08; 0.33], p <.01). The Likelihood Ratio Test yielded no significant difference between the
adjusted and the unadjusted model (X*(1)=0.37, p=.54). Trim’n’fill suggested 2 missing
studies on the left side of the distribution (see Fig. 1b), with a corrected Hedges’ g of 0.22
(SE=0.04, 95% CI[0.14; 0.31], p <.01). These results indicate that CSCL scripts positively
affect the recall and application of domain learning, although the results could have been
slightly influenced by publication bias.

Table 1 Summary Effect Size and Mean Effect Sizes for Moderator Levels for the Effect of CSCL Scripts on
Motivation

95% CI Test for heterogeneity
k  Hedges’g SE LBD UBD (O d p Tau? P
Summary Effect 9 0.13 0.07 —-0.01 0.27 14.37 8 .073 0.018 42.77%

* p<.05; % p< 01
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Fig. 1. a-c. Funnel plots for the effect of CSCL scripts on a) motivation, b) domain learning, and c) collaboration
skills.

Summary effect of CSCL scripts on collaboration skills

We examined 41 effects of CSCL scripts on collaboration skills. Of these, 23 were
independent. The meta-analysis resulted in a significant medium-sized positive summary
effect of Hedges’ g=0.72. The effect sizes for two studies (Stegmann et al. 2012;
Weinberger et al. 2010) were noticeable larger than the average effect size. Therefore,
all analyses were conducted again excluding these studies. The resulting significant
positive summary effect without these studies was also of medium size (Hedges’ g=
0.59). When distinguishing between the different types of collaboration skills measures,
the results again revealed significant positive effects of CSCL scripts on each of the three
measures. For the effect of CSCL scripts on negotiation skills, the analyses resulted in a
medium-sized Hedges’ g of 0.59. For information sharing skills, the analyses resulted in
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Table 2 Summary Effect Size and Mean Effect Sizes for Moderator Levels for the Effect of CSCL Scripts on
Domain Learning

95% CI Test for heterogeneity

k Hedges’g SE LBD UPB QOp df p Taw?> P

Summary Effect 54 0.24%* 0.04 0.16 033 101.77 53 <.001 0.040 46.23%
Recall test 32 0.27%* 0.07 0.14 040 76.10 31 <001 0.069 57.92%
Application test 30 0.21%* 0.07 0.08 034 62.59 29 <001 0.063 5532%
Mixed test 3 0.09 0.12 -0.14 033 059 2 746 0 0%

Number of collaboration prompts 58
One: recall test 11 0.25% 0.11 0.02 046 3211 10 <001 0.073 64.04%
One: application test 10 0.44%* 0.15 0.15 0.73 2507 9 .003 0.129 67.75%
Two: recall test 5 025 025 —0.24 0.74 1393 4 .008 0222 73.33%
Two: application test 7 0.17*% 0.08 0.004 033 696 6 .325 0.005 10.69%
Three: recall test 13 0.16* 0.08 0.01 031 1448 12 271 0.018 26.54%
Three: application test 12 0.25%* 0.10 0.06 044 2196 11 .025 0.053 48.97%

Combinations of collaborative 61

activities

Negotiation 8 022 0.13 —0.02 047 1872 7 .009 0.072 67.26%

Information sharing 11 0.34* 0.14 0.07 0.61 24.11 10 .007 0.117 58.60%

Coordination 3 046%* 0.12 022 070 327 2 .195 0.016 3543%

Negotiation & information 4 043%* 0.16 0.11 075 210 3 552 .007 6.26%
sharing

Negotiation & coordination 28 — - - - - - - - -

Information sharing & 8 0.15 0.08 —0.01 030 12.04 7 .099 0.010 19.40%
coordination

Three-way combination 25 0.20%* 0.06 0.08 031 36.63 24 .048 0.026 34.26%

* p<.05; ** p<.01, @ Not estimated due to a small number of studies

a medium sized Hedges’ g of 0.60 (outliers excluded). For mixed measures of collabo-
ration skills, the analyses resulted in a medium-sized Hedges’ g of 0.52 (see Table 3).

Table 3 Summary Effect Size and Mean Effect Sizes for Moderator Levels for the Effect of CSCL Scripts on

Collaboration Skills
95% C1 Test for heterogeneity
k  Hedges’g SE LBD UBD Qg df p Taw? P
Summary Effect 23 0.72%* 0.14 044 101 10226 22 <001 0378 8221%
Summary Effect? 21 0.59%* 0.11 036 081 6834 20 <001 0.188 71.13%
Negotiation skills 10 0.59%* 0.17 026 091 30.15 9 <001 0.187 69.55%

Information sharing skills 12 0.92%%* 028 038 147 7106 11 <001 0.890 88.67%
Information sharing skills® 10 0.60%* 020 021 1.00 3853 9 <001 0.29 76.92%

Coordination skills 0 - - - - - - - - -
Mixed skills 5 0.52% 021 0.11 093 1077 4 .029 0369 63.36%

Number of 27

collaboration prompts

Number of 25

collaboration prompts®
One 10 1.09%* 030 0.51 1.67 5345 9 <001 0.722 86.44%
OneP 8  0.71%* 020 032 110 2359 7 .00l 0205 67.81%
Two 7 0.67%* 022 023 1.11 1758 6 .007 0.235 69.07%
Three 10 0.52%* 0.18 0.18 087 3750 9 <001 0239 7681%

* p<.05; ** p<.01,2 Not estimated due to a small number of studies, ® Estimated excluding outlier
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The 3PSM for the overall effect of CSCL scripts on collaboration skills (including outliers)
resulted in a medium-sized adjusted Hedges’ g of 0.76 (SE=0.22, 95% CI [0.33; 1.18],
p<.01) which is not significantly different from the unadjusted Hedges’ g (X*(1)=0.05,
p=.83). In line with this result, the trim’n’fill suggested no missing studies (see Fig. 1c).
The 3PSM for the overall effect of CSCL scripts on collaboration skills (excluding outliers)
resulted in a medium-sized adjusted Hedges’ g of 0.62 (SE=0.18, 95% CI [0.27; 0.97],
p <.05), which is not significantly different from the unadjusted Hedges’ g (X*(1)=0.05,
p =.82). Trim’n’fill suggested no missing studies, indicating no publication bias. These results
indicate that CSCL scripts positively affect collaboration skills, with no evidence of publica-
tion bias.

Moderator effects of number of different collaborative activities scripted

To answer the question of whether scaffolding a combination of different types of collaborative
activities influences the effectiveness of CSCL scripts for recall and application tests, we
compared CSCL scripts prompting one, two, or three different types of collaborative activities
(RQ 3). For this analysis, only the number of different types of collaborative activities was
relevant; we did not distinguish between the specific types of collaborative activities scaffolded
by the CSCL script.

For domain learning, the effectiveness of CSCL scripts did not significantly depend on the
number of different collaboration prompts (Q(5)=3.19, p=.67). The amount of residual
heterogeneity was significant (Q(52) = 114.51, p <.01). Descriptively, the highest effects were
found for CSCL scripts prompting solely one type of collaborative activity (either information
sharing, negotiation, or coordination), with higher effects for application tests compared to
recall tests. The positive effect of CSCL scripts prompting two different types of collaborative
activities was only significant for application tests, not for recall tests. CSCL scripts that
prompted all three types of collaborative activities had a small significant positive effect on
both recall tests and application tests (see Table 2).

The effect of CSCL scripts on collaboration skills did not depend significantly on the
number of collaborative activities prompted (Q(2) =2.87, p=.24). The amount of resid-
ual heterogeneity was significant (Q(24) =108.54, p=< .01). When excluding the out-
liers, the effect of CSCL scripts on collaboration skills also did not depend significantly
on the number of distinct collaborative activities prompted (Q(2)=0.55, p=.76). The
amount of residual heterogeneity was significant (Q(22) = 78.67, p =<.001). Descriptive-
ly, the results show that CSCL scripts prompting only one type of collaborative activity
were most effective, followed by CSCL scripts prompting two and three types of
collaborative activities (see Table 3).

Moderator effects of specific combinations of collaborative activities

To answer the question of whether scripting certain specific collaborative activities and
combinations thereof affect the effectiveness of CSCL scripts, we compared CSCL scripts
that scripted only negotiation, information sharing, or coordination to CSCL scripts that
scripted the respective two-way or three-way combinations (RQ 4). For the effect of CSCL
scripts on collaboration skills, the number of studies did not allow for conducting a moderator
analysis with such a large number of moderator levels. Therefore, we conducted this analysis
only for domain learning outcomes.
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For domain learning, the effect of CSCL scripts did not depend significantly on the specific
combination of collaborative activities (Q(6) =5.84, p=.44). The amount of residual hetero-
geneity was significant (Q(54)=100.75, p=< .01). Descriptively, the results show that for
studies scaffolding only one type of activity, scaffolding coordination is most effective for
enhancing domain learning, followed by scaffolding information sharing, while scaffolding
only negotiation resulted in a non-significant effect size. When scaffolding a combination of
two different collaborative activities, CSCL scripts scaffolding both negotiation and informa-
tion sharing led to the second highest positive effect size, while the combination of information
sharing and coordination is least effective, with a null effect on domain learning. CSCL scripts
with a combination of all three types of collaboration skills resulted in the second smallest, yet
still significant small effect on domain learning (see Table 2).

Discussion

The present meta-analysis of studies comparing collaborative learning supported by a CSCL
script with unstructured collaborative learning did not yield evidence for a strong negative
effect of learning with CSCL scripts on motivation. This finding contradicts the repeatedly
formulated hypothesis that learning with CSCL scripts might be too coercive, reducing
learners’ autonomy and thus leading to a loss of motivation compared to externally less
structured collaborative learning (e.g., Dillenbourg 2002; Wise and Schwarz 2017). Moreover,
the meta-analysis shows that CSCL scripts have a small positive effect on domain learning and
a medium to large positive effect on learning collaboration skills. Here, the inclusion of more
recent primary studies confirms the results of a previous meta-analysis on CSCL script studies
(Vogel et al. 2017). Within domain learning, CSCL scripts have a stronger effect on recall tests
than on knowledge application tests. These findings are in line with theoretical assumptions
and empirical findings on learning and transfer in CSCL contexts (Jeong et al. 2019). Within
collaboration skills, the differences between negotiation and information sharing skills were
rather small. Remarkably, no studies investigated the effect of CSCL scripts on coordination
skills.

To analyze the mechanisms that are assumed to be responsible for the effectiveness of
CSCL scripts, we compared CSCL scripts that prompted one, two, or three different collab-
orative activities as well as specific combinations of these activities based on a collaborative
problem solving framework (Liu et al. 2015). Most studies prompted either one or all three
collaborative activities. Generally, the results show that prompting only one specific activity
tends to result in higher effect sizes compared to prompting a combination of two or three
collaborative activities. However, this was more strictly the case for collaboration skills than
for domain learning. For domain learning, combining two collaborative activities yielded even
smaller effects than combining all three collaborative activities. When conducting more
differentiated analyses comparing different combinations of particular collaborative activities,
we found that particularly the combination of information sharing and coordination led to a
small effect size. Among CSCL scripts that prompted only one collaborative activity, coordi-
nation scripting yielded the largest effect on domain learning. Among CSCL scripts prompting
two collaborative activities, CSCL scripts combining negotiation and information sharing
scripting were most effective. For collaboration skills, detailed analyses on the effect of
scripting different combinations of collaborative activities were not possible due to the small
number of studies. The results show, however, that scripting a greater number of different
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collaborative activities reduces the effectiveness of CSCL scripts for learning collaboration
skills. However, the moderator analyses did not lead to a substantial reduction in heterogeneity
between the CSCL script studies. Therefore, it is still necessary to identify other mechanisms
that are relevant for the effectiveness of learning with CSCL scripts beyond the mechanisms
proposed and analyzed in the present meta-analysis.

Overall effect of learning with CSCL scripts on motivation (RQ 1)

The first research question addressed the effect of collaborative learning with CSCL scripts
compared to unstructured collaborative learning on motivation. In the light of the frequent
critique that CSCL scripts might be too coercive and thus reduce learners’ autonomy and
motivation, it could be hypothesized that learning with CSCL scripts should have a negative
effect on motivation (Dillenbourg 2002; Wise and Schwarz 2017). In contrast, the results
showed a small positive but non-significant effect of learning with CSCL scripts on motivation
with all studies either reporting non-significant or significant positive effects. Taking a closer
look at the primary studies reporting effects of CSCL scripts on motivation enabled us to
identify some patterns within the data. Interestingly, most studies considering effects on
motivation used CSCL scripts that distributed roles among participants. There were, however,
striking differences between the studies yielding positive and null effects. Most studies
reporting non-significant effects used CSCL scripts that distributed roles among participants
such as tutor and tutee or note-taker roles (G.-Y. Lin 2020; Peterson and Roseth 2016;
Weinberger et al. 2005). In these cases, the participants were all undergraduate students.
However, some CSCL scripts could even positively affect learners” motivation. For instance,
a CSCL script that did not affect motivation in synchronous learning settings, had positive
effects on motivation in in asynchronous learning settings (Peterson and Roseth 2016). Other
motivating CSCL scripts applied a “natural” role distribution resulting from true knowledge
interdependency (e.g. collaboration between psychologists and physicians, Rummel et al.
2009), or distributed roles with different responsibilities among school pupils (Taylor and
Back 2019). In the latter case, the pupils were more motivated when the roles rotated between
learning sessions than when fixed roles were used. It seems plausible that undergraduate
students have higher prior knowledge regarding collaboration than school students and
therefore perceive such artificial roles as more constraining and disruptive of their natural
collaboration than fourth and fifth grade students (Fischer et al. 2013). Nevertheless, the CSCL
scripts included in this meta-analysis did not have negative effects on motivation, but rather
were comparable to unstructured collaboration. Hence, these CSCL scripts were not detrimen-
tal, as suggested by critics, but seemed not to exploit their full potential for increasing
motivation.

The duration of the intervention could be an alternative factor explaining differences
in the effects of CSCL scripts on motivation. It seems plausible that during an interven-
tion with CSCL script collaboration skills develop. Hence, learners could perceive a
CSCL script as more coercive after having received support for some time. Therefore,
due to the small number of effects we qualitatively compared studies with respect to their
intervention duration. The intervention of two studies lasted for several weeks (Peterson
and Roseth 2016; Taylor and Baek 2019). Two other studies used interventions that
lasted for 60 to 80 min (Rummel et al. 2009; Weinberger et al. 2005). One study did not
provide any information on intervention duration (G.-Y. Lin 2020). Although one would
expect learners to become less motivated the longer they learn with a CSCL script, the
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included studies do not support such pattern. Studies using CSCL scripts in long term
interventions yielded significant positive effects (Taylor and Baek 2019) on motivation
as well as null effects (Peterson and Roseth 2016). Studies that used CSCL scripts in
short term interventions resulted in null effects (Rummel et al. 2009; Weinberger et al.
2005). Therefore, the existing data does not allow for conclusions on how motivation is
affected by CSCL scripts over time. Other factors in the design of CSCL scripts might
affect learners’ motivation such as fading or adapting the CSCL scripts to individual
needs. However, to our knowledge no study on CSCL scripts addresses these aspects
together with the intervention duration. Thus, it is necessary to address systematically the
question of how different CSCL scripts affect motivation, how this effect changes over
time, and how technology can help to exploit the full potential of CSCL scripts.

Another explanation for the non-significant effect on motivation might be that learn-
ing with CSCL scripts has ambivalent effects on different factors influencing learners’
motivation. CSCL scripts might help learners easily achieve strong feelings of compe-
tence and relatedness because they provide a structure for collaborative learning pro-
cesses and learners’ involvement in a social context. Such feelings of relatedness and
competence are connected to higher levels of motivation (Rienties et al. 2012; Ryan and
Deci 2000). On the other hand, the coercive nature of CSCL scripts, which strictly define
the activities learners are expected to engage in, could lead to a lower degree of
autonomy, which in turn reduces motivation (Wise and Schwarz 2017). This combination
of positive and negative effects of learning with CSCL scripts on motivation might
balance out, leading to a non-significant effect size close to zero. Unfortunately, the
small number of studies empirically examining the effect of CSCL scripts on motivation
precludes more nuanced quantitative analyses. Thus, more primary studies addressing
hypotheses that take a more differentiated view on motivational factors, for example with
respect to the basic psychological needs, are needed. Critique of CSCL scripts rarely
address the different aspects of motivation. If we regard motivation as a holistic con-
struct, there is no meta-analytical evidence for an overscripting effect. Thus, this criti-
cism remains a postulate without corresponding empirical evidence.

Overall effects of learning with CSCL scripts on domain learning and learning
collaboration skills (RQ 2)

Based on the theoretical assumptions of the script theory of guidance, we further
hypothesized that learning with CSCL scripts should have a positive effect on domain
learning and learning collaboration skills (Fischer et al. 2013). The results support this
hypothesis. Thus, we can conclude that CSCL scripts do indeed support the learning of
beneficial collaboration processes that eventually lead to better elaboration of the learn-
ing content and ultimately to better collaboration skills and domain learning outcomes
(King 2007).

As already detected in the previous meta-analysis by Vogel et al. (2017), the effect of
learning with CSCL scripts on collaboration skills was substantially higher than the
effect on domain learning. In the script theory of guidance, it is assumed that the
guidance provided by an external script helps learners to participate in a specific CSCL
practice, building and reconfiguring internal scripts they can then recall in other situa-
tions (Fischer et al. 2013). In doing so, the CSCL script helps learners engage in
collaborative activities that are beneficial for domain learning. Therefore, substantially
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higher effects on collaboration skills might be due to a more direct link between CSCL
scripts and the development of collaboration skills, while domain learning is more
indirectly supported by accomplishing what the script suggests learners to do. The wide
range in magnitude of the effects of CSCL scripts on collaboration skills, however, raises
questions about how effective such scaffolding can be. Although the average effect size
of CSCL scripts on collaboration skills is comparable to the effect sizes other scaffolds
such as example-based learning have on learning (J. Chen et al. 2018; Jeong et al. 2019;
Wittwer and Renkl 2010), some studies report effect sizes far beyond the usual effects of
scaffolding (Noroozi et al. 2013c). These studies reveal a need for closer examination
and challenge future CSCL script designs to increase the effectiveness for domain
learning to a similar size. One reason for the extraordinary effectiveness of these CSCL
scripts might be that they do not only provide support during collaborative phases but
also ask learners to individually prepare for the joint learning phases. Prior studies have
found the combination of individual and collaborative phases during collaborative
learning to be more beneficial than individual learning or collaborative learning alone
(Olsen et al. 2017). Individual phases allow learners to prepare for collaboration and give
them time to think about and prepare their contributions before being engaging in
communication with the learning partner, when answers are expected to be formulated
immediately and little time for individual thinking is available. Another reason might be
that these studies measure the internal collaboration script that was addressed by the
CSCL script particularly well, whereas other studies with lower effects use broader
measures.

Explaining the effectiveness of CSCL scripts prompting different combinations
of collaborative activities (RQ 3 and 4)

For domain learning, we assumed that combining prompts for different types of collab-
orative activities would increase domain learning through synergistic scaffolding. Prior
research has shown that learners who engage in all types of collaborative activities have
the highest domain learning outcomes (Andrews-Todd and Forsyth 2018). Hence, suc-
cessful synergistic scaffolding should lead to effects on learning outcomes when the
CSCL script combines prompts for different collaborative activities above and beyond
the effects achieved through separate prompts for each collaborative activity (Tabak
2004). To investigate this issue, we compared CSCL scripts that prompted one, two, or
three different collaborative activities. In contrast to our expectations, CSCL scripts were
descriptively most effective when prompting only one collaborative activity and least
effective when prompting a combination of two collaborative activities. Notably, on all
levels CSCL scripts were more effective in fostering domain learning as measured by
application tests compared to recall tests. This is particularly surprising given that lower
overall effect sizes were found for application measures compared to recall measures.
This may indicate that exclusively prompting one collaborative activity is most effective
for enhancing application-oriented knowledge and skills. One reason for the larger effect
might be that performing these collaborative activities evokes higher-order cognitive
processes that allow learners to connect the new information with prior knowledge and
apply new information to a problem (Chi 2009). Why this is only valid for CSCL scripts
that prompted only one or three collaborative activities remains a subject for further
research.
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The finding that CSCL scripts prompting one collaborative activity outperform CSCL
scripts prompting all three types of collaborative activities indicates that CSCL scripts
did not successfully induce synergistic scaffolding. One plausible reason for this lack of
synergistic scaffolding might be connected to the fact that CSCL scripts that prompt
different types of collaborative activities are increasingly demanding. It is possible that
these pose an additional load on the learner; in particular, scripts for several collaborative
activities pose an even higher cognitive load on learners (e.g., F. Kirschner et al. 2009).
Possible solutions to take some load off learners when working with highly complex
CSCL scripts might be to offer the scaffolds for the different types of collaborative
activities independently of each other or in a specific sequence (Schwaighofer et al.
2017). However, this explanation would be in conflict with the finding that scripting
three collaborative activities is more effective than scripting two collaborative activities.
Primary research on how to combine prompts for different types of collaborative
activities in one CSCL script can lead to synergistic scaffolding (Tabak 2004) is still at
a nascent stage, and more research is needed to find the most beneficial design for such
scaffolding.

To explore the effectiveness of specific combinations of collaborative activities, we
compared the different combinations of collaborative activities prompted by the CSCL
script in more detail. CSCL scripts addressing solely coordination or a combination of
negotiation and information sharing were most effective, followed by scripting informa-
tion sharing only and the three-way combination. Notably, the effect of CSCL scripts that
only prompted negotiation was very variable and non-significant. Upon closer examina-
tion, the variability of this effect is reflected in the variability of the CSCL scripts used in
this sample. The CSCL scripts range from very elaborate, highly structured discussion
scripts (Noroozi et al. 2013c¢) to argumentation scripts sequencing the order of arguments
and counter-arguments (Stegmann et al. 2007) and CSCL scripts that solely prompt to
discuss a specific topic (Rau et al. 2017). Comparing these studies, it seems that CSCL
scripts offering a higher degree of structure have larger effects on domain learning.
Comparing the different combinations of collaborative activities also provided more
detailed insights into the question of how synergistic scaffolding might be achieved
(Tabak 2004). Specifically, combining the negotiation and information sharing prompts
yielded a higher effect size than offering scaffolding for one of the two types of
collaborative activities alone. Analogously to the interpretation of the positive effect of
combining of individual and collaborative activities (Olsen et al. 2017), this could be
seen as a successful combination of two activities that can lead to synergistic effects.
CSCL scripts that only prompted negotiation yielded a non-significant effect, which was
dramatically improved by combining negotiation with information sharing. Conversely,
scripting information sharing alone already had a significant positive effect, yet the effect
was even higher when combined with negotiation. Examining the CSCL scripts used in
these studies in detail, it stands out that scripting negotiation only means that students are
specifically prompted to engage in discussion; however, an information exchange phase
is missing (e.g., Puhl et al. 2015; Wu et al. 2019). This phase might help students better
engage in beneficial negotiation activities by encouraging prior listening and thinking
about the information their learning partners share with them. This effect seems to be in
line with the importance of individual phases in which students can first think about and
establish their viewpoint before engaging in collaboration (Olsen et al. 2017). Converse-
ly, the effectiveness of information sharing prompts when learning with CSCL scripts
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does not seem to be comparably dependent on negotiation prompts, since CSCL scripts
scaffolding information sharing only already achieved a substantial effect. It seems that
the information exchange is one of the most beneficial activities for learning with CSCL
scripts. However, its effectiveness can be diminished by additionally scaffolding coor-
dination but further boosted by including negotiation prompts.

When combining all three types of collaborative activities, any benefits resulting from
two-way combinations of scaffolding in CSCL scripts seem to vanish. This could be a
consequence of over-loading students with too many different activities to focus on (F.
Kirschner et al. 2009). Nevertheless, since each type of collaborative activity investigat-
ed seemed to work successfully at least when offered separately or in combination with
one other activity, it remains an important avenue for further research to determine how
the scaffolding of different collaborative activities should best be combined to increase
domain learning. Particularly, it would be interesting to gain more insight into how
scaffolding coordination can remain beneficial when combined with other activities.
Here, the results of the meta-analysis showed that although CSCL scripts scaffolding
coordination alone were quite effective, combining coordination activities with other
prompts led to far smaller or even non-significant effects. Overall, the results indicate
that it is more important to focus on which specific combination of collaborative
activities is prompted by the CSCL script than the number of different collaborative
activities prompted by the script. Unfortunately, the low number of studies preclude more
detailed analyses of whether the three collaborative activities differ in their potential to
advance application-oriented and recall-oriented domain learning. In particular, there is
still a lack of primary research on the combination of two different collaborative
activities.

For the learning of collaboration skills, the three-way combination also led to the
smallest effect size. This means that the CSCL scripts included in this meta-analysis
failed to induce differentiated scaffolding of collaboration skills in a beneficial way
(Tabak 2004). Ideally, prompting all of the different types of collaborative activities
would lead to strong effects of the specific prompts on the corresponding collaboration
skills. Thus, the differentiated scaffolding of different collaborative activities within a
single CSCL script should not reduce their effectiveness. Consequently, the results of this
meta-analysis could be interpreted either as suggesting that differentiated scaffolding is
not possible in the way proposed by Tabak (2004), or that it is necessary to further study
how to induce differentiated scaffolding when developing CSCL scripts combining
scaffolds for different types of collaborative activities in order to support collaboration
skills. In addition, the intervention period of most primary studies included in this meta-
analysis was rather short. Therefore, it is possible that scripting several different collab-
orative activities over a short period of time overwhelms the learners by inducing a high
cognitive load (e.g., F. Kirschner et al. 2009). It seems plausible that repeated practice of
a single collaborative activity falls short if combined with other activity prompts. This
might also be a question of measurement. Although CSCL scripts often address more
than one collaborative activity, only a few studies measured a mixture of collaboration
skills. Therefore, it seems plausible that those scripting only one or two collaborative
activities were better able to measure the learning of collaboration skills as their
measures better aligned with the specific skill scaffolded by prompting the respective
collaborative activity. Also, the prompting of specific types of collaborative activities
might not have addressed the optimal scripting level (Fischer et al. 2013). Designing
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CSCL scripts with a combination of prompts for different types of collaborative activities
might often result in prompting only higher scripting levels to avoid scripting that is too
extensive and overwhelming scripting. For example, learners might be prompted to
discuss the most plausible solution (Rummel et al. 2009) or exchange information (Ertl
et al. 2006). Here, particularly inexperienced learners could require more detailed
scripting (i.e., on a lower scripting level) for these activities.

Overall, the results of the meta-analysis show that CSCL scripts are beneficial for
domain learning and for enhancing collaboration skills. However, the proposed mecha-
nisms, that generally prompting a combination of negotiation, information sharing, or
coordination might explain the effectiveness of learning with CSCL scripts, were not
supported by the results of this meta-analysis. In particular, combining prompts for two
or more types of collaborative activities led to lower effect sizes than only prompting one
of these activities. Thus, neither differentiated nor synergistic scaffolding could be
successfully achieved by generally combining prompts for different types of collabora-
tive activities in one CSCL script. Thus, for the effectiveness of CSCL scripts, the
studies included in this meta-analysis indicate that in some cases less is more when it
comes to scaffolding different collaborative activities. This might be due to the additional
cognitive load posed by CSCL scripts incorporating scripting for different types of
collaborative activities. Thus, how to achieve differentiated and synergistic scaffolding
(Tabak 2004) when combining different scaffolds in one CSCL script remains an open
question. Sequencing and fading scaffolds throughout the application of a CSCL script
might be a promising approach, and thus should be examined in future experimental
studies on learning with CSCL scripts.

Implications for the critique that CSCL scripts decrease motivation by “overscripting”

Although motivation is vividly discussed as a factor responsible for the small or negative
effects of learning with CSCL scripts (Dillenbourg 2002; Wise and Schwarz 2017), the
number of CSCL script studies measuring motivation is rather small. Nevertheless, the
non-significant overall effect of CSCL scripts on motivation reported in this meta-analysis
does not support the repeatedly asserted critique that the strict structuring of collaborative
learning through CSCL scripts leads to a reduction of autonomy, which in turn negatively
influences motivation and ultimately impedes learning (Dillenbourg 2002). If such an effect
exists at all, it might be reduced by an opposing effect of CSCL scripts enhancing learners’
feelings of competence and social relatedness, which should lead to higher motivation
(Jarveld etal. 2010). The empirical studies included in this meta-analysis suggest that CSCL
scripts are not detrimental for motivation, but rather can have positive effects. This strongly
indicates that the overscripting effect, which is originally based on a conceptual article
(Dillenbourg 2002), has been overblown by the research community without being based
on empirical evidence. Nevertheless, theories about supporting collaborative learning sce-
narios could be further developed by reflecting in more detail on the effect of structuring
CSCL on motivation and integrating different factors that might have positive or negative
effects on motivation, such as those proposed by self-determination theory (Deci and Ryan
1985). Future research on learning with CSCL scripts should measure aspects of motivation
by default in order to achieve a more robust sample of effect sizes for motivation. Moreover,
given the hypothesized detrimental effect of learning with CSCL scripts on motivation, future
CSCL script designs should try to increase the positive effect of CSCL scripts on feelings of
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competence or social relatedness. Increasing the freedom afforded by CSCL scripts, for
example by fading them out (e.g., Wecker and Fischer 2011) or adapting them to learners’
needs (Rauetal. 2017), could presumably decrease a possible negative effect of CSCL scripts
on learners’ autonomy.

Implications for the script theory of guidance

The positive effects of CSCL scripts on both domain learning and learning collaboration
skills are in line with the theoretical assumptions that learning with CSCL scripts induces
beneficial collaborative processes, ultimately leading to better learning compared to
unstructured collaborative learning (King 2007). These findings justify the principles
formulated in the script theory of guidance that providing external scripts enables
learners to engage in collaborative practice in a way that leads to learning of knowledge
and skills (Fischer et al. 2013). Although CSCL scripts are mainly considered useful for
learning to collaborate (Wise and Schwarz 2017), there are far more studies investigating
their effect on domain learning. The small positive effect on domain learning is clearly
stable, whereas the large positive effect on collaboration skills is deeply heterogeneous.
Additionally, the relatively small number of studies analyzing effects on collaboration
skills precludes more comprehensive moderator analyses that could help identify factors
explaining the heterogeneity in effect sizes. Thus, in future research, fewer studies on the
general effects of CSCL scripts on domain learning are needed, but more studies
explicitly analyzing differential effects of CSCL scripts using different designs, CSCL
scripts inducing different types of activities, or CSCL scripts implemented in various
contexts. In contrast, more studies examining the general effect of CSCL scripts on
collaboration skills are still needed. There is a particular lack of studies concerning the
effect of CSCL scripts on coordination, despite the fact that studies facilitating coordi-
nation were most effective for domain learning. Moreover, given the various measures
used to assess collaboration skills, the field would be strengthened by developing
instruments for assessing particular collaboration skills such as information sharing or
negotiating and widely applying them in studies on computer-supported collaborative
learning.

Implications for the design of CSCL scripts aiming at differentiated and synergistic
scaffolding

This meta-analysis has shown that combining prompts for different types of collaborative
activities led to a reduction in the effectiveness of learning with CSCL scripts, particu-
larly for learning collaboration skills. Consequently, the general functioning of differen-
tiated scaffolding and synergistic scaffolding is doubtful (Kollar et al. 2014; Noroozi et
al. 2013c; Tabak 2004). However, more detailed analyses of specific combinations of the
three collaborative activities showed that combined scaffolding does not always lead to
smaller effects. Thus, some types of combinations might be needed to take full advantage
of learning with collaboration scripts. At the very least, a major future goal of scaffolding
and scripting research should be to examine how and when CSCL scripts lead to
successful differentiated and synergistic scaffolding. Two possible ways to increase the
effectiveness of CSCL scripts with combined scaffolds would be to introduce sequencing
and adapt the different scaffolds. In an experimental study concerning CSCL scripts for
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mathematical argumentation, Schwaighofer et al. (2017) showed that presenting different
scaffolds in a specific sequence and fading out the scaffold presented first can increase
the effectiveness of CSCL scripts, particularly for learners with weaker cognitive
prerequisites. In another study, Wecker and Fischer (2011) showed that peer-monitored
fading increases the effectiveness of CSCL scripts. It seems plausible to assume that
these results are transferrable to scaffolding different collaborative activities within one
CSCL script.

Limitations

Of course, this meta-analysis is not without limitations that must be considered when
interpreting the results and drawing conclusions and implications. Although there is a
large body of research and strong theoretical foundation concerning the effectiveness of
CSCL scripts on learning, the design and context of CSCL scripts in empirical research
varies greatly. The targeted collaboration skills range from the construction of individual
arguments in short one-hour trainings to engaging in argumentative discourse, exchang-
ing peer feedback and preparing mutual individual introductions, and even adhering to
assigned roles for several weeks of collaborative learning activities. This leads to
difficulties in finding comparable CSCL script studies and summarizing them in a
reasonable way. In addition, there is wide variety in what constitutes a CSCL script.
However, by applying a consistent definition of CSCL scripts and searching for studies
on CSCL scripts without solely using the term script, but rather focusing on the
mechanisms of CSCL scripts, we tried to identify an appropriate sample of primary
studies representing what has been discovered empirically about learning with CSCL
scripts. It was, however, necessary to constrain the literature search to specific search
terms. Although we also used other terms than the term “script” itself, it is possible that
we systematically missed studies from research areas using a different nomenclature. One
such area might be the research on dynamic support such as conversational agents. We
included two studies using conversational agents for the present meta-analysis (Adamson
et al. 2014; Ulicsak 2004). Our decision to not use the rather broad search term “support”
has led to missing out studies from this field of research (e.g., Wang et al. 2011).
However, the respective analyses did not indicate any substantial publication bias. This
leads us to conclude that we found a comprehensive sample of primary studies for the
phenomenon under investigation. Nevertheless, it is possible that specific research areas
are underrepresented.

Regarding the coding of the primary studies, a major problem is that most studies do not
provide direct indicators for the factors that are theoretically and empirically assumed to
positively affect the effectiveness of learning with CSCL scripts. The assumption is that the
more learners engage in specific activities in the learning process (e.g., negotiation), the more
they should benefit from collaborative learning (Chi and Wylie 2014; Liu et al. 2015). To
analyze the effectiveness of learning with CSCL scripts based on this assumption, the most
direct indicator primary studies could provide would be measures of the activities learners
actually engage in throughout the collaborative learning process. However, most studies do not
report such measures; thus, the most proximal information provided by the primary studies is
the description of activities prompted by the CSCL script. What actually happened during the
collaboration process in the different studies can only be estimated using this information,
resulting in several sources of uncertainty. First, the accuracy of this information varies across

@ Springer



3 A Meta-Analysis on the Effects of CSCL Scripts (Study 2)

67

International Journal of Computer-Supported Collaborative Learning 31

studies. While some studies report the activities required in the CSCL script in detail (e.g.,
Rummel et al. 2009; Ulicsak 2004), others are less detailed, which might have led to inaccurate
estimations of the learning activities that were actually used in the studies’ learning processes
(e.g., Hsu et al. 2015; Tsovaltzi et al. 2015). A second source of uncertainty is that, even when
the activities required by the CSCL scripts are described in detail, we do not know to what
extent the learners adhered to what they were asked to do during the learning process.
Sometimes learners only complete the required activities on a very superficial level. Never-
theless, the description of activities required by the CSCL scripts is the most proximal
estimation for the collaboration process available. Moreover, we assume that the presumed
inaccuracy of this measure is well distributed across studies and thus should not substantially
bias the results of the comparisons between different types of CSCL scripts.

Another limitation of this meta-analysis is that, although motivation features prominently in
criticisms of learning with CSCL scripts, there were only a few studies measuring motivation
(e.g., Peterson and Roseth 2016). Moreover, motivation is conceptualized in CSCL research in
highly diverse ways, such as approaches building on expectancy value conceptualizations,
distinguishing between extrinsic and intrinsic motivation or conceptualizations such as self-
determination theory integrating the needs for competence, autonomy, and social relatedness
(Deci and Ryan 1985). The broad variety of conceptualizations and the rather small number of
independent effect sizes weaken our ability to interpret them coherently and do not allow for
examinations of further moderating effects.

More generally, the number of CSCL script studies included in this meta-analysis is
relatively low, which reduces the possibility of comparing between different studies on a more
fine-grained level. The number of studies at each level of the examined factors was sometimes
too low or too unevenly distributed to conduct a comparison and interpret the results in a
reasonable manner. This was particularly true for studies analyzing the effects of CSCL scripts
on collaboration skills and on motivation. Additionally, even within a moderator level the
reported effect sizes are often very heterogeneous. This indicates that studies within moderator
levels vary systematically due to unknown covariates. Therefore, such results should be
interpreted carefully. Unfortunately, we cannot solve this issue until more primary studies
are conducted that would allow more fine-grained analyses.

The final limitation that must be considered when interpreting the results of the meta-
analysis at hand is that comparisons of different levels of the moderators are only comparisons
between studies. Almost none of the studies compared the moderator levels as a within-study
effect (e.g., Peterson and Roseth 2016). Thus, the differences between different moderator
levels cannot be interpreted causally. They only suggest a direction for the empirical relation-
ship, which might have been confounded by the specific study designs.

Conclusion

This meta-analysis investigated the effect of CSCL scripts on motivation, domain
learning, and collaboration skills and proposed moderators to explain their effectiveness.
Most importantly, this meta-analysis shows that the widely proposed hypothesis
(Dillenbourg 2002; Wise and Schwarz 2017) that CSCL scripts reduce learners’ motiva-
tion is not supported by the available data. Although a negative effect of CSCL scripts on
motivation seems very unlikely given the present data, the existing empirical evidence
might still not be enough to refute this criticism completely. Only a few studies
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empirically investigated the effect on motivation at all, and more differentiated analyses
comparing different CSCL scripts’ effects on motivation are lacking. It seems plausible
that CSCL scripts foster some aspects of motivation, such as a feeling of competence,
and at the same time diminish other aspects of motivation, such as fulfillment of the need
for autonomy. Therefore, we call for a systematic empirical investigation of how differ-
ent CSCL scripts affect the various aspects of motivation and how a possible influence
interacts with the learning setting (e.g., duration of the intervention, synchronous versus
asynchronous learning, learners’ age, learners’ prior knowledge). We suggest self-
determination theory (Deci and Ryan 1985) as a potential theoretical foundation for
obtaining a differentiated picture on motivational aspects that are important for students’
learning.

Furthermore, the results are in line with prior studies’ findings showing that CSCL
scripts indeed have positive effects on domain learning and learning of collaboration
skills. Hence, CSCL scripts engage learners in beneficial activities that enhance learning
(Fischer et al. 2013). However, the results of this meta-analysis suggest that future
research should focus on developing detailed measures of collaboration skills instead
of simply replicating the well-established effect of CSCL scripts on domain learning.
Although the effect of CSCL scripts on collaboration skills is larger compared to their
effect on domain learning, it is also particularly heterogeneous, indicating that the effect
differs widely between different types of CSCL scripts. Hence, future research may focus
on identifying moderators that explain this heterogeneity. A further promising area of
research would be to investigate how effects of CSCL scripts can be increased by
designing dynamic CSCL scripts.

One aspect that seems to influence the effectiveness of CSCL scripts at least descrip-
tively is the number of different collaborative activities prompted. For collaboration
skills, this meta-analysis revealed that when it comes to designing CSCL scripts, less
is more. Scaffolding fewer different types of collaborative activities generally led to
higher effects of CSCL scripts on collaboration skills. For domain learning, these effects
were less clear. The hypothesized effectiveness of combining different scaffolds and thus
leading to differentiated and synergistic scaffolding (Tabak 2004) did not pan out for
some combinations of collaborative activities. Hence, future research is needed that
investigates how and which collaborative activities could be combined to enhance the
effectiveness of CSCL scripts. Additionally, sequencing and fading different prompts
within a single CSCL script might better exploit the potential of combining scaffolds that
have been shown to be beneficial when being applied alone. However, the present meta-
analyses failed to identify clear moderators explaining this variance.

Overall, the positive effect of CSCL scripts on domain learning and collaboration skills
highlight the potential of CSCL scripts to facilitate learning. The finding that motivation is not
significantly affected by learning with CSCL scripts stands in contrast to the wide-spread
belief that CSCL scripts undermine learners’ agency. Altogether, CSCL scripts seem to enable
learners to make use of the different benefits of collaborative learning rather than hinder their
learning processes.
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Medical education

We investigated how medical students’ collaborative diagnostic reasoning, particularly evidence elicitation and
sharing, can be facilitated effectively using agent-based simulations. Providing adaptive collaboration scripts has
been suggested to increase effectiveness, but existing evidence is diverse and could be affected by unsystematic
group constellations. Collaboration scripts have been criticized for undermining learners’ agency. We investigate
the effect of adaptive and static scripts on collaborative diagnostic reasoning and basic psychological needs. We
randomly allocated 160 medical students to one of three groups: adaptive, static, or no collaboration script. We
found that learning with adaptive collaboration scripts enhanced evidence sharing performance and transfer
performance. Scripting did not affect learners’ perceived autonomy and social relatedness. Yet, compared to
static scripts, adaptive scripts had positive effects on perceived competence. We conclude that for complex skills
complementing agent-based simulations with adaptive scripts seems beneficial to help learners internalize
collaboration scripts without negatively affecting basic psychological needs.

Diagnosing collaboratively is part of many physicians’ daily routines. scaffolds that structure collaboration (Fischer, Kollar, Stegmann, &

For instance, physicians discuss their patients’ symptoms with other
physicians from different medical subspecialities. Although collabora-
tive diagnostic reasoning is a crucial competence in routine medical
care, empirical research is largely lacking (Kiesewetter, Fischer, &
Fischer, 2017). The few available studies suggest that collaborative
diagnosing is difficult, and physicians often fail to pool their knowledge
appropriately, which can lead to wrong diagnoses (Tschan et al., 2009).
Hence, understanding and facilitating collaborative diagnostic
reasoning, and particularly sharing and elicitation of information, seems
necessary. Simulations have been found to be effective for enhancing the
learning of complex skills (Gegenfurtner, Quesada-Pallares, & Knogler,
2014). Simulations are models of real-world scenarios in which learners
can act as if they were in that situation, thereby practicing complex skills
(Gegenfurtner et al., 2014). However, particularly during early stages of
the development of complex skills, it seems beneficial to provide
learners with additional scaffolding beyond providing realistic problem
solving opportunities (Chernikova et al., 2020). Collaboration scripts are

Wecker, 2013) and were found to be effective for facilitating collabo-
rative learning (Radkowitsch, Vogel, & Fischer, 2020). Yet, collabora-
tion scripts have been criticized for being too coercive, by that reducing
learners’ self-determination and thus reducing motivation and impair-
ing learning (Dillenbourg, 2002). A promising solution for the respective
criticism seems to provide adaptive support that adjusts to the learners’
needs. However, the evidence for the effectiveness of adaptive scaf-
folding to increase motivation and learning is ambiguous (Stegmann,
Mu, Gehlen-Baum, & Fischer, 2011). Hence, the present study addresses
the questions to what extent adaptive collaboration scripts (1) enhance
the learning of complex skills such as collaborative diagnostic reasoning
in medicine and (2) ensure self-determination when learning with
simulations.
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1. Background
1.1. Collaborative diagnostic reasoning

As in other collaborative problem-solving contexts (e.g., OECD,
2017), physicians need to be able to diagnose individually and to engage
in collaborative activities when diagnosing collaboratively. For a proper
understanding of collaborative diagnostic reasoning, examining both,
individual and collaborative cognitive processes as well as their inter-
action is thus necessary. Individual diagnostic reasoning is an epistemic
process (Heitzmann et al., 2019) with the goal to identify an accurate
diagnosis (Simmons, 2010) and to reduce uncertainty to the degree that
enables taking appropriate action (Charlin et al., 2012). Generally,
epistemic reasoning processes have been described as coordination be-
tween hypotheses and evidence by generating hypotheses and deriving
predictions from and testing of hypotheses in the light of evidence (Klahr
& Dunbar, 1988). In the context of medical diagnostic reasoning, phy-
sicians suggest differential diagnoses (i.e., hypotheses) based on findings
and symptoms (i.e., evidence) which in turn allow deriving predictions
about further findings and symptoms. To test these predictions, the
generation of further evidence is often crucial. For example, physicians
perform specific physical examinations or conduct laboratory tests to get
more information about the patient’s health status based on prior hy-
potheses (Charlin et al., 2012). These diagnostic reasoning processes are
based on different types of knowledge such as conceptual biomedical or
strategic knowledge. These types of knowledge and their efficient or-
ganization are essential for efficient diagnostic reasoning processes
(Feltovich & Barrows, 1984; Klein, Otto, Fischer, & Stark, 2019; Stark,
Kopp, & Fischer, 2011). According to the illness script theory, medical
knowledge is stored in so-called illness scripts which organize medical
knowledge based on disease entities, their underlying pathophysiolog-
ical processes, the resulting signs and symptoms, and enabling condi-
tions. An efficient organization develops with increasing medical
experience which allows to relate a patient’s signs, symptoms, and
enabling conditions to the respective disease. Thus, illness-scripts allow
physicians to diagnose accurately and fast based on pattern recognition
(Charlin et al., 2007; Feltovich & Barrows, 1984).

Yet, complex cases often require that different medical experts
combine their efforts to diagnose the patient collaboratively. For
example, attending physicians do not generate additional evidence
themselves but consult more specialized diagnosing physicians such as
radiologists or pathologists to generate and evaluate evidence. In such
situations, collaboration has the function to pool knowledge and skills
distributed among collaborators in order to reach the solution of a
problem (OECD, 2017). Collaborators do so by engaging in collaborative
activities of which sharing, elicitation, negotiation, and regulation were
particularly in the focus of recent models of collaboration (e.g., Hesse,
Care, Buder, Sassenberg, & Griffin, 2015; Liu, Hao, von Davier, Kyllo-
nen, & Zapata-Rivera, 2015; OECD, 2017; Sun et al., 2020). By sharing
and eliciting information, collaborators contribute to both the process-
ing of information on a group level (Hinsz, Tindale, & Vollrath, 1997), as
well as the formation of a shared mental representation of the problem
and its possible solutions (Meier, Spada, & Rummel, 2007; Roschelle &
Teasley, 1995) and requires collaborators to take the audience’s back-
ground into account. Negotiating is particularly important in case of
conflicts and can prevent groups from premature closure or from
ignoring dissenting evidence (Nickerson, 1988; Patel, Kaufman, &
Arocha, 2002). Regulation refers to coordinating goals and strategies to
reach these goals and requires collaborators to reflect on their own
collaborative activities (Jarvela & Hadwin, 2013). In short, when
diagnosing collaboratively, physicians share, negotiate, or elicit infor-
mation and the results of the individual diagnostic activities (e.g., evi-
dence or hypotheses) and coordinate their collaborative diagnostic
reasoning. By that physicians pool their knowledge and effort in order to
reach the common goal which is, for instance, to identify the patients’
disease or a suitable treatment.

Learning and Instruction 75 (2021) 101487

In which collaborative activities physicians engage in depends on the
situational needs. However, the pooling of information (i.e., sharing and
elicitation) has received much attention in psychological and medical
research as it has been found to be difficult but, at the same time, highly
relevant for the success of collaboration. A number of studies in the
medical context showed that physicians often fail to share or elicit
crucial patient information among each other which negatively affected
individual diagnostic reasoning processes such as the generation of hy-
potheses (Larson, Christensen, Franz, & Abbot, 1998; Tschan et al.,
2009), or the generation and evaluation of evidence (Davies et al.,
2018). Brady, Laoide, McCarthy, & McDermott (2012) showed that in
radiology diagnostic errors often occur due to missing medical infor-
mation. For instance, radiologists are not informed about prior surgeries
or secondary diagnoses which may lead to misinterpretations of radio-
logic evidence and, thus, mislead their diagnostic reasoning process.
Therefore, although general collaborative problem-solving processes
often also require negotiating and regulation, in this paper we focus on
the sharing and elicitation of evidence when collaboratively generating
evidence since these collaborative diagnostic processes seem crucial but
often deficiently functioning.

Under which conditions are collaborators successful? Different
strands of research (e.g., transactive memory theory, shared mental
models) highlight the relevance of meta-knowledge, that is knowledge
about the other team members’ roles, their responsibilities and their
tasks (Cannon-Bowers, Salas, & Converse, 1993; Engelmann & Hesse,
2011; Wegner, 1987). Meta-knowledge indicates how knowledge is
distributed among the team and allows team members to anticipate the
team members’ activities and to adapt the own activities accordingly.
Thus, meta-knowledge is likely to affect which information is shared
with or elicited from collaboration partners (Fiore et al., 2010).

In sum, collaborative diagnostic reasoning requires combining indi-
vidual diagnostic skills such as the generation of evidence and collab-
orative skills such as sharing and elicitation of diagnostically relevant
information. To successfully diagnose collaboratively, physicians need
to apply medical knowledge as well as knowledge about the team
members’ roles and responsibilities to a patient case.

1.2. Facilitating collaborative diagnostic reasoning with agent-based
simulations

Offering learners opportunities to apply their knowledge to realistic
cases is considered crucial for the development of complex skills
(Kolodner, 1992) such as collaborative diagnostic reasoning. By
applying their knowledge to cases, physicians reorganize and encapsu-
late their knowledge to build efficient illness scripts (Feltovich & Bar-
rows, 1984). Simulations provide learners with the opportunity to apply
knowledge to specific cases in standardized settings (e.g., rare diseases,
situations with high stakes) while simultaneously allowing to reduce the
complexity of a real practice situation (Siebeck et al., 2011). Typically,
these simulations focus on a smaller range of sub-skills, and allow for
repetition, error, time-outs, and systematic debriefing. Several system-
atic reviews have been conducted, concluding that learning with simu-
lations is beneficial for the development of complex skills in a broad
range of conditions (Cook, 2014; Gegenfurtner et al., 2014). Thus,
simulations offer beneficial learning opportunities by engaging learners
with important aspects of a task, enabling them to apply knowledge and
practice certain skills. However, prior research has repeatedly shown
that unsupported problem solving is likely to overwhelm learners,
particularly during early phases of skill development (Belland, Walker,
Kim, & Lefler, 2017; Kirschner, Sweller, & Clark, 2006). Designing
simulation-based learning environments with additional instructional
support such as scaffolding has been found to be a promising way to
enhance further the effectiveness of simulations (Chernikova et al.,
2020).

When simulating collaborative tasks, a recent approach is the
collaboration with simulated computer agents (Graesser et al., 2018). In
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agent-based collaboration, one or more learners collaborate with one or
more computer agents which are computer programs designed to act
similar to humans to solve a problem or task (Rosen, 2015). Such agents
can fulfill different roles, for example as pedagogical agent (e.g., Auto-
Tutor, Nye, Graesser, & Hu, 2014), or as substitute for a collaboration
partner (e.g., Stadler, Herborn, Mustafi¢, & Greiff, 2019). Simulating
collaboration partners during collaborative tasks allows controlling the
effect of possibly influencing variables such as motivation or expertise of
the collaborators, thus offering highly standardized research settings
(Graesser et al., 2018). The targeted aspects of collaboration are often
selected based on empirical analyses showing a particular need for
advancing these skills.

1.3. Scaffolding collaborative diagnostic reasoning with collaboration
scripts

To learn complex skills, instructional support beyond providing a
problem scenario seems beneficial (Wood, Bruner, & Ross, 1976).
External collaboration scripts are a scaffold used for facilitating inter-
action during collaborative learning by prompting specific collaborative
activities (Fischer et al., 2013). For example, learners receive prompts to
share particular information (Noroozi, Biemans, Weinberger, Mulder, &
Chizari, 2013). The idea of external collaboration scripts is based on the
script theory of guidance (Fischer et al., 2013), which assumes that in-
ternal collaboration scripts guide any behavior and cognition concern-
ing collaboration. Such internal collaboration scripts are assumed to
structure knowledge about specific collaborative practices. During
collaborative practices, this knowledge is flexibly activated depending
on the situational characteristics and the collaborators’ goals. External
collaboration scripts complement less functional cognitive script com-
ponents. By engaging learners in beneficial collaborative activities,
external collaboration scripts can facilitate the internalization of func-
tional script components (Fischer et al., 2013). Beyond these theoretical
considerations, there is empirical evidence for the effectiveness of
collaboration scripts for advancing the development of collaboration
skills. For example, Rummel and Spada (2005) found that dyads of
medical students and psychological students who were supported with a
collaboration script showed less deviations from an exemplary collab-
orative process compared to dyads not supported by an external
collaboration script. In a meta-analysis, Radkowitsch et al. (2020) found
that collaboration scripts effectively facilitate the learning of collabo-
ration skills in the context of computer-supported collaborative
learning. Yet, most of the prior studies targeted advancing domain
learning, and none of the studies employed simulations systematically to
advance collaboration skills. Thus, it is not clear whether collaboration
scripts are effective when implemented in simulations and used to
advance profession-specific skills such as sharing or elicitation of
evidence.

1.3.1. Adaptive collaboration scripts

As described above, external collaboration scripts aim to comple-
ment less functional internal collaboration scripts. That means that to be
effective, collaboration scripts should be adapted to the learners’ actual
proficiency level (Fischer et al., 2013). When providing too detailed
guidance — for which collaboration scripts have been criticized (Dil-
lenbourg, 2002) — the learning of more advanced learners is hindered
because it restricts the learners’ natural collaboration processes (i.e.,
their internal collaboration scripts). This phenomenon became known as
over-scripting (Dillenbourg, 2002). Yet, most studies that aim to avoid
over-scripting and to take learners’ zone of proximal development
(Vygotsky, 1978) into account, use static techniques such as fading. For
example, Stegmann et al. (2011) compared static and fading collabo-
ration scripts supporting argumentation to unstructured collaborative
learning. They found that learning with static and fading collaboration
scripts enhanced the quality of argumentation with descriptively larger
effects for learning with the static collaboration script. By fading after a
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predefined sequence, learners’ internal collaboration script could have
been misaddressed, posing unnecessary extraneous cognitive load on
learners. Consequently, learners could have failed to internalize the
collaboration scripts (Wecker & Fischer, 2011).

Thus, to exploit the full potential of adaptive support modeling
learners’ collaborative activities and compare them to an ideal collab-
orative process seems beneficial. In the case of previously defined de-
viations, learners receive just-in-time support in the form of so-called
adaptive collaboration scripts (Karakostas & Demetriadis, 2011;
Tchounikine, Rummel, & McLaren, 2010). There are different ways to
implement such adaptive support with varying degrees of complexity.
For example, in a small-scale study on conducting chemical experi-
ments, Tsovaltzi et al. (2010) used a wizard of Oz approach in which a
human adept intervened in the collaborative process in predefined sit-
uations. Other studies used the amount of contribution of each collab-
orator (Constantino-Gonzalez, Suthers, & de los Santos, 2003), or
learners’ automatically assessed problem-solving strategies (Diziol,
Walker, Rummel, & Koedinger, 2010) as indices for quality of collabo-
ration. Yet, studies on adaptive collaboration scripts are scarce and
provide no clear picture of their effectiveness for advancing collabora-
tion. A reason for this could be that research on collaboration often takes
place in rather unstandardized human-to-human collaborative settings.
That means that the composition of learners affects collaboration pro-
cesses (Kirschner, Sweller, Kirschner, & Zambrano, 2018) and conse-
quently could also influence the effects of collaboration scripts. Thus,
the reported effects of collaboration scripts could be affected by their
particular implementation and by the high noise due to several real
collaboration partners. Therefore, an agent-based realization of collab-
oration provides a standardized setting for investigating the effect of
adaptive collaboration scripts.

1.3.2. Collaboration scripts and psychological need satisfaction

Collaboration scripts were criticized for restricting learners and
thereby negatively affecting learners’ self-determination and, thus,
intrinsic motivation (Dillenbourg, 2002). This criticism relates to the
self-determination theory (Deci & Ryan, 1985) that describes that the
feelings of autonomy, competence, and social relatedness are basic
psychological needs and thus crucial determinants of intrinsic motiva-
tion and, consequently, human behavior. The feeling of autonomy refers
to whether the learners perceive their actions as congruent and voli-
tional. The feeling of competence relates to the feeling of efficacy of own
actions. The perception of social relatedness refers to a feeling of being
connected with a specific community (Deci & Ryan, 1985). Whereas
critics argue that collaboration scripts reduce the perceived autonomy
(Wise & Schwarz, 2017), collaboration scripts might also enhance the
feeling of competence and social relatedness by enabling them to
experience successful collaboration (Radkowitsch et al., 2020). Yet, the
empirical evidence for a negative effect of collaboration scripts on
self-determination or intrinsic motivation is scarce. In their
meta-analysis, Radkowitsch et al. (2020) identified only six studies
investigating the effect of collaboration scripts on motivation, which
yielded a combined null effect on motivation.

If collaboration scripts negatively affected self-determination due to
their limitation of choices, then collaboration scripts that are less
structured should have a less negative impact on learners’ self-
determination. Stegmann et al. (2011) found initial evidence for that
as learners supported either with a high or low structured collaboration
script were descriptively less intrinsically motivated compared to
learners who collaborated freely. However, this effect was not signifi-
cant, and the study does not allow for differentiated conclusions on how
learners’ basic psychological needs were affected by learning with
collaboration scripts. Besides, participants of the study could be novices
and they could have required a higher degree of structure for successful
collaboration. Then, the collaboration script should not automatically
interfere with the learners’ motivation. As the learning environment —
and hence also the collaboration script — is considered crucial for
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fostering psychological need satisfaction (Deci & Vansteenkiste, 2004),
we argue that collaboration scripts could have a negative impact on
learners’ perceived autonomy if the provided structure interferes with
the learners’ needs for support. Thus, adaptive collaboration scripts
should affect learners’ perceived autonomy less than collaboration
scripts that are not adapted to the learners’ specific needs for support.
Concerning the feeling of competence, we assume that adaptive
collaboration scripts are better tailored to the learners’ needs, which
could enable learners to adapt their collaborative activities better.
Concerning the feeling of social relatedness, we assume that collabora-
tion scripts could have positive effects. As learning with collaboration
scripts could lead to equal participation and increase team functioning,
we assume that both adaptive and static collaboration scripts increase
the perception of social relatedness with higher effects of an adaptive
collaboration script.

1.4. The present study

We seek to identify conditions under which facilitating collaborative
diagnostic reasoning of medical students using agent-based simulation
and information sharing scripts (ISS) is effective. In this study, ISS are
collaboration scripts that focus on facilitating the sharing and elicitation
of diagnostic information during collaboration. More particularly, we
aim at facilitating the elicitation and sharing of evidence, which are
considered essential subskills of collaborative diagnostic reasoning. The
goals of the present study are twofold: We examine the effects of
adaptive and static ISS on (1) collaborative diagnostic reasoning, and (2)
the satisfaction of basic psychological needs. We pose the following
research questions:

(1) What are the effects of an adaptive and a static ISS on collabo-
rative diagnostic reasoning and more specifically on a) evidence
elicitation and b) evidence sharing in an agent-based simulation?
We hypothesize that both static and adaptive collaboration
scripts have positive effects on a) evidence elicitation and b)
evidence sharing compared to an unsupported control group,
with adaptive ISS resulting in larger effects than static ISS.

(2) What are the effects of an adaptive and a static collaboration
script on the basic psychological need satisfaction in the context
of diagnosing collaboratively in an agent-based simulation? We
hypothesize that both ISS have negative effects on the perceived
autonomy but positive effects on the perceived competence and
perceived social relatedness compared to an unsupported control
group. Learning with adaptive ISS should result in higher
perceived autonomy, higher perceived competence, and higher
perceived social relatedness than static ISS.

2. Method
2.1. Sample and design

We conducted an experiment with a one-factorial design with the
three levels adaptive ISS, static ISS, and no further instructional support
(control group). Before recruiting participants, we conducted a power
analysis based on medium effect sizes reported in prior studies (Rad-
kowitsch et al., 2020). To detect a medium effect size of f = 0.25 in an
ANCOVA design, a minimum sample of 159 participants (53 per group)
was needed (presuming o = .05, 1 - f = 0.80). Medical students in their
3rd clinical year and higher were recruited to participate in the study
voluntarily. These medical students have usually already completed
medical clerkships in which collaboration with other physicians is
necessary. However, systematic training of professional collaboration is
not a formal part of medical education and their prior experience in
medical collaboration can, thus, be described as low. Further, they had
no experience with the agent-based simulations that we used in the
experiment. All participants were randomly distributed to one of three
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groups. The final sample consisted of 160 participants (Nfemale = 110) of
whom 54 were in the adaptive ISS condition and 53 in the static ISS and
control condition each. Participants were, on average, 25 years old (SD
= 3.1) and in their 5.24 years of medical school (SD = 1.07) of a 6-year
program.

2.2. The agent-based medical simulation

To foster and measure collaborative diagnostic reasoning, we
developed a simulation as well as cases of suitable fictitious patients
suffering from fever of unknown origin. We chose the collaborative
generation of evidence between internists and radiologists as simulated
scenario since this is a situation that is common in emergency de-
partments but often deficiently functioning (e.g., Brady et al. (2012))
and which offers a high potential for future standardization. In these
situations, internists consult radiologists to generate evidence in order to
reduce the uncertainty with respect to a specific diagnosis. Radiologists
are better able to reliably contribute to the diagnostic process if in-
ternists precisely specify and justify the kind of evidence needed to
reduce uncertainty (i.e., elicitation of evidence) and if internists report
any relevant signs, symptoms, and prior conditions of the patient that
could influence the radiologists’ diagnostic process (i.e., sharing of ev-
idence). As such, this situation does not represent a mere distribution of
tasks since the quality of the activity of one person depends on the
quality of collaborative activities of another person. For the internist to
optimally collaborate with the radiologist, meta-knowledge of radiolo-
gists’ tasks, role, and responsibilities is beneficial (e.g., Brady et al.,
2012).

The simulation was developed in collaboration with software de-
velopers, medical educators, physicians, and psychologists and vali-
dated in expert workshops, a pilot study, as well as a comprehensive
validation study comparing cognitive processes of medical students and
experienced internists when working in the simulation (see Radko-
witsch, Fischer, Schmidmaier, & Fischer, 2020). We implemented the
simulation in the learning platform CASUS (http://www.casus.net) with
which most participants already had prior experience in their
curriculum.

Participants acted in the role of an internist working in an emergency
department and were required to collaborate with a simulated radiolo-
gist to generate further evidence in each patient case. Overall, the
interaction between the participant and the simulated radiologist in
each case consists of filling in the request form and receiving e-mail-like
text messages from the simulated radiologist containing a short intro-
duction, the decline or acceptance of the request, and the report of
radiological findings. The participants first received the electronic pa-
tient file containing information about the patient’s admission, medical
history, physical examination, and laboratory tests. In the next step, the
participants requested a radiological test to generate further evidence
about the cause of the presented symptoms in order to reduce uncer-
tainty respective a potential diagnosis. For that, participants first con-
tacted the radiologist by pressing the button “request radiological test”.
A simulated radiologist then sent an e-mail-like prompt shortly intro-
ducing herself as the radiologist on duty and asking to fill in a request
form. Participants then requested the radiologic test by choosing a
specific radiologic method (e.g., computer tomography) and a body part
(e.g., abdomen) using the form. The request form further required par-
ticipants to share patient information and suspected diagnoses that
justified the test and helped the radiologist to interpret the radiologic
findings. For that learners could tick off patient information from a
thematically clustered list containing all information from the electronic
patient file and type in diagnoses in a free text field. The test chosen by
the participant specified the required information. For example, tests
based on x-rays required, inter alia, information about a potential
pregnancy. The minimum amount of information necessary to justify the
request was determined in advance by medical experts. Only when
participants shared sufficient patient information, the simulated
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radiologist actually conducted the respective test and interpreted the
findings. Participants then received a detailed report on the generated
evidence in form of a text message. Otherwise, the simulated radiologist
rejected the request stating that the shared information was not suffi-
cient to justify the specific radiologic test and asked the participant to
revise and resubmit the request. Finally, the medical students concluded
the patient case by suggesting and justifying a final diagnosis.

2.3. Treatment

We supported participants in the treatment groups either with an
adaptive or a static ISS that were both provided in text messages by the
simulated radiologist during the learning phase. Both ISS consisted of
three types of prompts containing meta-knowledge (i.e., information
about the radiologists’ role, task, and responsibilities). Firstly, the ISS
included general, case-independent details on the radiologists’ task and
information that is helpful for them to complete the task (first type of ISS
prompt). For instance, the radiologist explains that the request should,
inter alia, provide information on the patient’s main symptoms and their
course as this helps the radiologist to judge what and where to look for.
This first type of ISS prompt addressed the learners’ evidence sharing
skill since it should help learners to precisely identify information
relevant for the collaborating radiologist to complete their task. Sec-
ondly, the ISS contained case-specific meta-knowledge about how ra-
diologists generate evidence for specific suspected diagnoses (second
type of ISS prompt). This information was included for 45 differential
diagnoses that were most relevant for the patient cases. For instance, the
radiologist explains that if the patient is suspected to suffer from a
pneumonia, the radiologist typically tries to differentiate air-filled parts
in the lung from liquid-filled parenchyma, and that x-rays often are not
sufficient for a differentiated evaluation due to overlays. This type of ISS
prompt should help learners to specify and justify the type of evidence
needed from the collaborator, the radiologist, and thus addresses the
learners’ evidence elicitation skill. Thirdly, the ISS provided meta-
knowledge about specific radiologic examinations and about how such
imaging procedures could potentially harm patients (third type of ISS
prompt). Here, the radiologist explained which information helps radi-
ologists to judge the risk of a specific radiologic test. For example, the
radiologist explains that radiocontrast can have negative effects on the
patients’ kidneys which is why radiologists require the kidney status in
order to weighing up the benefits and risks of using radiocontrast. This
ISS prompt particularly addressed evidence sharing since learners are
supported in their decision about whether a specific information is
relevant for the collaborator (i.e., the radiologist) or not. As the simu-
lation, the collaboration script prompts were developed in collaboration
with experts from medical education, medicine (internists and radiolo-
gists), and psychology. The ISS prompts suggested to engage in specific
collaborative processes and provided information about why these
collaborative processes were meaningful. But the ISS prompts them-
selves did not force the participants to engage in a specific step at a
specific point in time and, thus, can be described as low coercive.

In the adaptive ISS condition, participants received the first type of
1SS prompt at the beginning of the interaction with the simulated radi-
ologist during the introduction of the radiologist. The second and third
prompts were provided by the simulated radiologist whenever the par-
ticipants submitted a request that was not adequately justified according
to the criteria described above. The simulated radiologist checked
whether the presented diagnoses and symptoms were compatible with
the requested test (second type of ISS prompt) and whether all necessary
information for the respective radiologic tests was given (third type of
ISS prompt) and answered with the respective prompts. For instance,
when participants requested a test with radiocontrast but failed to share
information on the kidney function, the request was rejected, and par-
ticipants received a prompt providing meta-knowledge about the
importance of kidney status for the radiologist and asking the learner to
share respective information.
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Participants in the static ISS condition received the ISS in form of a
letter and a booklet from the radiologist at the beginning of the learning
phase. In the letter, the radiologist first explained the general procedure
of a radiologist (first type of ISS prompt) and which specific information
was needed for potentially harmful radiologic tests (third type of ISS
prompt). A booklet further provided meta-knowledge about the evalu-
ation of specific diagnoses (second type of ISS prompt). The learners
could access the letter and booklet any time and as often as they wanted
to. When participants in the static ISS condition failed to adequately
justify their request, their requests were also rejected by the radiologist.
Participants were then required to find the relevant information in the
letter and booklet for themselves. Thus, the main difference between the
static and the adaptive ISS is that learners in the adaptive ISS condition
receive only the ISS prompt the system identified as their current need
for support whereas learners in the static ISS condition received all ISS
prompts at once. Therefore, adaptive ISS should be less likely to interfere
with the learners’ need for autonomy compared to the static ISS.
Moreover, since the adaptive ISS should help learners to implement the
script prompts and consequently enhance the learners’ perceived
competence. Finally, in the adaptive ISS condition, the simulated radi-
ologist reacts more directly to the learners’ action. Therefore, learners
supported with an adaptive ISS should perceive a higher social relat-
edness compared to learners in the static ISS condition. After the
learning phase, learners were asked to return the letter and the booklet.

The requests of participants in the control condition were also rejected
when they failed to share and elicit the necessary information. However,
participants in the control condition did not receive any meta-
knowledge prompts from the radiologist.

2.4. Dependent variables

2.4.1. Collaborative diagnostic reasoning performance

We assessed the participants’ performance of evidence sharing and
evidence elicitation as two subskills of collaborative diagnostic reasoning.
For that, we used log files produced during the interaction with the
simulation. The log files consist of all clicks and text entries of the users
within the simulation, such as the patient information or diagnoses
chosen to share with the radiologist. We used R Studio Version 4.0.2 (R
Core Team, 2020) to automatically evaluate the quality of evidence
elicitation and evidence sharing based on the expert solutions produced
from medical experts. More specifically, the patient information and
diagnoses shared, and radiologic tests requested from the learners were
automatically matched to relevant patient information, diagnoses and
radiologic tests as defined by the expert solutions. Thus, no manual
coding was necessary to evaluate the measures evidence elicitation and
evidence sharing. The expert solution and scoring procedure are
described in more detail below for each measure.

(Transfer) performance of evidence elicitation. As indicator for
evidence elicitation, we used the medical relevance of the radiologic
tests elicited from the simulated radiologist as defined by the expert
solution. This indicator assesses whether learners are able to identify
how radiologists would generate the needed evidence, and thus
justify their request accordingly in order to convince the radiologist
to conduct the test. For each requested test, learners received 1 point
if the test was appropriate with respect to the indicated diagnosis and
0 points if learners chose an inappropriate radiologic test. The mean
points for all requested radiologic tests were calculated for each
patient case scenario. Hence, for each patient case scenario, a
maximum of 1 point was possible. To analyze the performance of
evidence elicitation, we calculated the mean evidence elicitation
across all learning cases solved during the intervention. To analyze
the transfer performance of evidence elicitation, we used the evidence
elicitation score of an unsupported posttest case. The internal con-
sistency across all cases, as indicated by Cronbach’s alpha was .60.
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(Transfer) performance of evidence sharing. We used the relevance
of the evidence shared with the radiologist as defined by the expert
solution as indicator for evidence sharing. This indicator assesses
whether learners are able to identify which information a radiologist
would need to optimally conduct the radiologic test and interpret its
results. We evaluated the evidence shared during the first request
depending on which test was chosen and calculated the proportion of
shared relevant evidence to all relevant evidence. Hence, values range
between 0 and 1 point with 1 point indicating that all relevant in-
formation was shared with the radiologist and 0 points indicating that
no relevant information was shared. To analyze the performance of
evidence sharing, we calculated the mean quality of evidence sharing
across all learning cases solved during the intervention. To analyze
the transfer performance of evidence sharing, we used the evidence
sharing score of the unsupported posttest case. The internal consis-
tency across all cases, as indicated by Cronbach’s alpha was .76.

2.4.2. Psychological need satisfaction

We assessed psychological need satisfaction directly after the inter-
vention using a scale adapted from Sailer, Hense, Mayr, and Mandl
(2017). The scale consisted of three subscales assessing perceived
competence, perceived autonomy, and perceived social relatedness.
Participants answered all items on a seven-point Likert scale ranging
from 1 (I do not agree) to 7 (I totally agree). Perceived competence was
measured with four items (Cronbach’s alpha = .92). A sample item is “I
felt competent during the activity.”. The subscale perceived autonomy
consisted of three items (Cronbach’s alpha = .85). A sample item is “I
was able to decide for myself what I would do during the activity.”.
Social relatedness was measured using three items (Cronbach’s alpha =
.85). A sample item is “I felt like a part of a team.”.

2.4.4. Treatment check

We assessed how many requested radiologic tests were rejected from
the simulated radiologist during the intervention to determine whether
learners in the adaptive ISS condition did receive any support. For that,
we calculated the average absolute number of rejections for the first two
test requests and additionally calculated the absolute number of par-
ticipants whose requests were rejected at least once during the inter-
vention. We included only the first two turns since for solving most
patient cases two radiologic examinations are meaningful. The treat-
ment check is successful if learners were rejected at least once per case.
The results of the treatment check are reported below.

2.5. Procedure

All participants first answered demographic questions (age, sex, se-
mester, 3 min), and then solved an unsupported pretest case within the
agent-based simulation (15 min). During the intervention phase, all
participants solved four patient cases (20 min each) in variations of the
simulation corresponding to their experimental condition (see above).
All patient cases were presented in the same order. Directly after the
intervention, we assessed the participants’ psychological need satisfac-
tion (5 min). Finally, all participants solved an unsupported posttest case
(15 min). All patient cases covered diseases related to fever with un-
known origin.

2.6. Statistical analyses

We conducted all statistical analyses with R Studio using the R
Version 4.0.2 (R Core Team, 2020) and report inferential results based
on a 5% alpha level. We first examined correlations between pretest
variables and outcome variables. We found small to moderate correla-
tions between prior evidence elicitation and evidence elicitation per-
formance (r = 0.26, p < .01) and between prior evidence sharing and
evidence sharing performance (r = 0.36, p < .01) as expected and thus
included the respective pretest measures as a covariate.
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To analyze whether adaptive and static ISS enhance the performance
of evidence elicitation during the intervention and transfer performance
of evidence elicitation in an unsupported posttest (Research Question
1a), we conducted two ANCOVAs with the prior evidence elicitation
performance as a covariate. To address research question 1b, we con-
ducted two ANCOVAs with evidence sharing performance and transfer
performance of evidence sharing as the dependent variable, respec-
tively, and prior evidence sharing performance as a covariate. We
addressed the second research question by conducting three ANOVAs
with the three basic psychological needs measures perception of
competence, autonomy, and social relatedness as dependent variables.
Further, examining Q-Q plots and histograms yielded that measures for
evidence elicitation, transfer performance of evidence sharing, and au-
tonomy suffered from a non-normal distribution. Therefore, we addi-
tionally conducted non-parametric Kruskal-Wallis-Tests for these
variables. For all analyses, we tested hypotheses with planned contrasts
and analyzed further differences between groups using Tukey corrected
post-hoc tests.

3. Results
3.1. Treatment check

As a treatment check, we descriptively analyzed the sum of rejections
during the intervention. The control group was rejected most often (M =
5.528, SD = 4.304), followed by the adaptive ISS condition (M = 3.759,
SD = 3.291) and the static ISS condition (M = 3.528, SD = 3.129). In the
adaptive ISS, there were 5 participants (9.3%) who received no re-
jections on their requests at all during the intervention. In the static
condition, the requests of 6 participants (11.3%) were not rejected by
the radiologist. In the control condition, the requests of 4 participants
(7.5%) were not rejected. For more detailed number of rejections per
group see Table 1. Since these numbers are comparable between the
treatment groups, we decided not to exclude these participants to not
reduce the power of analyses. These findings show that the majority of
participants in the adaptive ISS condition did receive instructional
support during the intervention and numbers of participants whose re-
quests were not rejected by the radiologist were comparable between
groups. Thus, the treatment check was successful.

3.2. Effects of adaptive and static information sharing scripts on evidence
elicitation

Concerning the evidence elicitation performance, the descriptive re-
sults show that learners supported with the static ISS scored highest,
followed by learners in the adaptive ISS condition. Learners in the
control group showed the lowest performance of evidence elicitation
(see Table 2). The ANCOVA indicates a large effect of the intervention
with significant differences between conditions (F(2,156) = 13.362, p <

Table 1
Absolut number of participants receiving a number of rejections during the
intervention.

Number of Rejections Adaptive ISS Static ISS Control condition
0 5 6 4
1 12 11 3
2 6 8 5
3 5 4 5
4 8 10 6
5 6 4 5
6 5 2 8
7 0 0 7
8 3 4 4
9 1 2 1
10 1 0 1
More than 10 2 2 4

Note: ISS = information sharing script.
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Table 2
Means and standard deviations for collaborative diagnostic reasoning perfor-
mance per condition.

Adaptive ISS Static ISS Control condition
M (SD) M (SD) M (SD)
Pretest
Prior EE perf. 0.728 (0.335) 0.723 (0.312) 0.741 (0.330)
Prior ES perf. 0.644 (0.207) 0.641 (0.239) 0.660 (0.223)
Intervention phase
EE perf. 0.748 (0.170) 0.858 (0.153) 0.681 (0.232)
ES perf. 0.854 (0.117) 0.815 (0.111) 0.756 (0.143)
Posttest

EE transfer perf.
ES transfer perf.

0.898 (0.240)
0.831 (0.162)

0.896 (0.207)
0.767 (0.181)

0.896 (0.241)
0.762 (0.188)

Note: 1SS = information sharing script, EE = evidence elicitation, ES = evidence
sharing. For all variables, the theoretical minimum is 0 and the theoretical
maximum is 1.

.001, partial 42 = 0.146). The robust Kruskal-Wallis-Test also yielded
significant differences (;(2(2) = 22.431, p <.001). The planned contrasts
reveal that the scripted groups significantly outperform unscripted
groups, whereby learning with the static ISS led to significantly higher
evidence elicitation performance than learning with the adaptive ISS
(see Table 3). One-sided Tukey-corrected post-hoc comparisons further
yielded, that the static ISS significantly enhanced evidence elicitation
performance compared to the control group (Mpjgerence = 0.179, SE =
0.035, p < .001), but the adaptive ISS did not (Mpiference = 0.069, SE =
0.035, p = .066).

Concerning the transfer performance of evidence elicitation, the
descriptive results show similar scores in all three groups with the
highest score for learners supported with an adaptive ISS during the
intervention (see Table 2). The ANCOVA yielded a null effect and no
significant differences between conditions (F(2,156) = 0.003, p = .997,
partial 42 = 0.000). The robust Kruskal-Wallis-Test also yielded no sig-
nificant differences (){2(2) = 0.109, p = .947).

Overall, the results suggest that, as hypothesized, learning with static
ISS enhanced evidence elicitation performance, but in contrast to our
expectation, learning with an adaptive ISS did not. Further, the effects
did not transfer to an unsupported posttest.

3.3. Effects of adaptive and static information sharing scripts on evidence
sharing

Concerning the evidence sharing performance, learners supported with
an adaptive ISS yielded the highest score followed by learners supported
with a static ISS. Learners who did not receive any additional support
yielded the lowest score for the performance of evidence sharing (see
Table 2). The ANCOVA revealed significant and medium-sized effects of
the intervention (F(2,156) = 10.633, p < .001, partial ;72 = 0.120).
Planned contrasts showed that learning with ISS significantly enhanced
evidence sharing performance compared to learning without ISS. Yet,
there were no significant differences between both ISS conditions (see
Table 3). One-sided Tukey-corrected post-hoc tests further show that the
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adaptive ISS (Mpjfference = 0.101, SE = 0.022, p < .001) and the static ISS
(Mbifference = 0.063, SE = 0.022, p = .007) conditions significantly differ
from the control condition.

Concerning the transfer performance of evidence sharing, the descrip-
tive results yielded the highest score for learners supported with an
adaptive ISS, followed by learners supported with a static ISS. Learners
who received no additional support during the intervention showed the
lowest score in the skill of evidence sharing (see Table 2). The ANCOVA
yielded significant small differences between conditions (F(2,156) =
3.145, p = .046, partial 77 = 0.039). The robust Kruskall-Wallis-Test
yielded no significant differences (y%(2) = 5.674, p = .059). The plan-
ned contrasts revealed no significant differences between both ISS
conditions and the control condition, but significant differences between
the adaptive and the static ISS (see Table 3). One-sided Tukey-corrected
post-hoc comparisons further show that only learning with adaptive ISS
enhances the transfer performance of evidence sharing in an unsup-
ported posttest compared to unstructured learning (Mpigerence = 0.074,
SE = 0.032, p = .030), but learning with a static ISS did not (Mpjference =
0.010, SE = 0.032, p = .696).

Hence, we find support for the hypothesis that adaptive and static ISS
enhance evidence sharing performance. Yet, adaptive ISS had no larger
effects than static ISS. Further, we find support for the hypothesis that
adaptive ISS affects the transfer performance of evidence sharing. Yet,
static ISS did not affect the transfer performance of evidence sharing.

3.4. Effects of adaptive and static information sharing scripts on basic
psychological need satisfaction

Descriptively, learners supported with an adaptive ISS reported the
highest perceived competence. The lowest feeling of competence was re-
ported by learners supported by the static ISS (see Table 4). The ANOVA
yielded a significant small effect of scripting on perceived competence (F
(2,157) =3.568,p =.031, r/2 =0.043). The planned contrasts reveal that
both ISS conditions did not differ significantly from the control condi-
tion concerning the perceived competence. Yet, the adaptive ISS differed
significantly from the static ISS (see Table 3). One-sided Tukey-cor-
rected post-hoc comparisons further show that neither learners sup-
ported with an adaptive ISS perceived significantly higher competence
compared to the control group (Mpigerence = —0.383, SE = 0.250, p =
.157), nor did learners supported with the static ISS (Mpjgerence = 0.283,
SE = 0.251, p = .998).

Table 4
Means and standard deviations for basic psychological need satisfaction per
condition.

Adaptive ISS
M (SD)

Static ISS Control condition

M (SD) M (SD)

Perceived competence
Perceived autonomy
Perceived social relatedness

4.963 (1.241)
5.735 (1.100)
3.704 (1.458)

4.297 (1.303)
5.478 (1.395)
3.233 (1.334)

4.580 (1.338)
5.597 (1.185)
3.704 (1.660)

Note: ISS = information sharing script. For all variables the theoretical minimum
is 1 and the theoretical maximum is 7.

Table 3
Planned contrasts for significant group comparisons.
DV Contrast t P r
EE performance Scripted groups vs. control group 4.099 <.001 0.312
Adaptive vs. static collaboration script -3.173 .002 0.246
ES performance Scripted groups vs. control group 4.271 <.001 0.324
Adaptive vs. static collaboration script 1.715 .088 0.136
ES Transfer performance Scripted groups vs. control group 1.506 134 0.120
Adaptive vs. static collaboration script 1.998 .048 0.158
Perceived competence Scripted groups vs. control group 0.229 .819 0.018
Adaptive vs. static collaboration script 2.660 .009 0.208

Note: EE = evidence elicitation, ES = evidence sharing.
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Learners reported a relatively high perceived autonomy, with learners
in the adaptive ISS condition reporting the slightly stronger feelings of
autonomy compared to the other conditions. Learners supported with
static ISS reported the lowest feeling of autonomy (see Table 4). The
ANOVA showed that scripting had a non-significant effect on the
perceived autonomy (F(2,157) = 0.581, p = .560, nz = 0.007). The
robust Kruskal-Wallis-Test also yielded no significant differences (;(2(2)
= 0.657, p = .720).

Concerning the perceived social relatedness, learners supported with
adaptive ISS and unsupported learners reported the same level of feeling
of social relatedness. Learners supported with static ISS reported the
lowest feeling of social relatedness (see Table 4). The ANOVA revealed a
non-significant effect of scripting on the perceived social relatedness (F
(2,157) = 1.774, p = .173, 4 = 0.022).

Overall, the results are in support of the hypothesis that adaptive
scripting enhances the feeling of competence. Yet, the findings do not
support the hypotheses that learning with adaptive or static ISS affects
the perceived autonomy and perceived social relatedness.

4. Discussion

4.1. Effects of adaptive and static ISS on collaborative diagnostic
reasoning

The presented study suggests that collaboration scripts can support
specific collaborative diagnostic reasoning processes when learning with
simulations. More specifically, the study shows that providing learners
with knowledge about the collaboration partners’ responsibilities and
tasks helped them to successfully collaborate (Fiore et al., 2010) in a
professional medical situation between internists and radiologists. In
contrast to our hypotheses, static and adaptive collaboration scripts
differed in their effectiveness for specific subskills during the interven-
tion. We hypothesized that the adaptive collaboration script would
better address the learners’ zone of proximal development (Vygotsky,
1978) and, therefore, better help learners to apply the script to the
collaborative tasks. Yet, the results support those assumptions only for
the subskill evidence sharing, but not for evidence elicitation. The per-
formance of evidence elicitation was only facilitated by the static ISS.
These findings challenge the assumption that scaffolds adapted to the
learners’ needs consistently outperform static support. An explanation
why evidence elicitation was only facilitated by the static ISS could lie in
the implementation of the ISS. The static ISS was implemented as a letter
and a booklet that were constantly present during the intervention
phase. In contrast to the adaptive ISS which was only presented to the
learners when they showed deviations from an optimal collaboration,
the learners could apply the static ISS from the beginning and avoid
errors. Besides, learners in the static ISS condition could have focused
their attention on the booklet which visually dominated the letter due to
its length and contained evidence elicitation support. Thus, imple-
menting static or adaptive scaffolds could impact the learners’ focus on
the learning material.

An interesting finding is that only the effects of the adaptive ISS on
evidence sharing transferred to an unsupported posttest, whereas effects
of the static ISS on evidence sharing did not. This means that learners
supported with a static collaboration script relied on the availability of
the information and thus failed to internalize the meta-knowledge
necessary to share patient information. Pea (2004) calls such static
scaffolds “distributed intelligence” (p. 431) since they support the
learners’ momentary activity, but the required skills are not internalized
and transferred to similar learning situations. At this point it is impor-
tant to note that we did not directly measure script internalization.
However, internalization of the collaboration script is a plausible
explanation for the learners’ processes in a posttest in which learners
were not supported by a collaboration script.

A further explanation might be that the static collaboration script
posed a higher extraneous cognitive load on learners than the adaptive
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collaboration script since learners were required to search through
learning materials to identify relevant support. Thus, the high demands
of the complex learning environment combined with the static collab-
oration script could have exceeded learners’ cognitive capacity and
impeded learning (Sweller, van Merriénboer, & Paas, 2019). It seems
that — when combining complex learning environments such as simu-
lations with other types of instructional support — adaptation of scaffolds
is necessary in order to not overwhelm learners. Prior findings support
this line of argumentation (e.g., Radkowitsch et al., 2020; Schwaighofer
et al., 2017). For example, Schwaighofer et al. (2017) found that when
combining different scaffolds, sequencing the scaffolds seems particu-
larly relevant for learners with low working memory capacity. More-
over, compared to prior findings showing moderate to large positive
effects of collaboration scripts on learning to collaborate in other
learning settings (Radkowitsch et al., 2020), the effects of the collabo-
ration scripts on learning to collaborate within this study (i.e. when
learning with simulations) were rather small.

Concerning evidence elicitation, learners in all groups scored high in
the transfer test. That indicates that learning of evidence elicitation was
easier compared to learning of evidence sharing and that using the
agent-based simulations for trial-and-error strategies was successful for
internalizing this subskill. Yet, the rather high scores on the pretest and
posttest case make a differentiated analyses difficult and further ana-
lyses with more differentiated measures are necessary. Nevertheless, for
the learning of more complex skills such as evidence sharing, com-
plementing agent-based simulations with adaptive collaboration scripts
seems beneficial for internalizing the scripts.

4.2. Effects of adaptive and static ISS on basic psychological need
satisfaction

Self-determination theory stresses the importance of the environment
for the intrinsic motivation of learners (Deci & Vansteenkiste, 2004).
Offering a learning environment enriched with collaboration scripts —
which guide learners through collaborative activities and therefore have
been criticized for diminishing learners’ agency (Wise & Schwarz, 2017)
— could thus reduce learners’ self-determination and intrinsic motiva-
tion. Yet, our findings do not support this line of argumentation since we
found no significant effects of adaptive and static ISS on perceived au-
tonomy. Though, it is important to stress that both ISS were designed in a
way that they relatively little affected learners’ choices when compared
to collaboration scripts that, for instance, structure learners’ communi-
cation with sentence openers. Nevertheless, our findings show that it is
generally possible to design static and adaptive collaboration scripts that
have little negative impact on perceived autonomy.

Our results suggest that an adaptive design of collaboration scripts
can have positive effects on perceived competence since we found that
adaptive collaboration scripts significantly increased the perceived
competence compared to learning with static ISS. We assumed that just-
in-time prompts challenged learners at the right level (Vygotsky, 1978),
enabling them to easily adjust their collaborative diagnostic activities,
which could have led to an increased feeling of competence (Deci &
Ryan, 1985). Thus, our findings suggest that instead of having the pro-
posed detrimental effect on motivation, adaptive collaboration scripts
even have the potential to increase perceived competence and, thus,
intrinsic motivation.

Further, perceived social relatedness was not significantly affected
by scripting. Descriptively, learners in the static ISS condition rated their
social relatedness the lowest which is surprising, since, in contrast to the
control condition, these learners did receive additional information from
the simulated radiologist and, hence, interacted more with the agent
than did the control group. Overall, the perceived social relatedness was
rather low which could indicate that learners did not immerse in the
collaboration as expected. It is, however, unclear, whether this finding is
specific to the simulation and the text-based realization of the agent or
due to a rather low social relatedness in the simulated situation itself.
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The presented study is not without limitations that need consider-
ation when interpreting the results. A first limitation concerns the
measure of evidence elicitation that suffered from a rather low internal
consistency indicating that learners showed varying degrees of skills
between cases. This is a rather common problem in knowledge-based
domains such as medical education (Wimmers, Splinter, Hancock, &
Schmidt, 2007). The simulation was developed by researchers with
many years of experience in medicine, medical education, and educa-
tional psychology, and was positively evaluated in expert workshops, a
pilot study, as well as a comprehensive validation study. Therefore, we
are confident that the simulation has high external validity. Further,
most learners scored rather high on the pretest and very high on the
posttest, indicating that the respective tests may have been too easy to
differentiate well between different levels of competence. The relatively
low reliability and variance could have contributed to the
non-significant effect of evidence elicitation in the posttest.

Further limitations concern the implementation of the static and
adaptive ISS. So far, collaboration scripts were mostly used to scaffold
collaborative problem-solving or collaborative co-construction of
knowledge (e.g., Rummel & Spada, 2005; Stegmann, Weinberger, &
Fischer, 2007). These collaboration scripts differ from the scripts used in
this study as they scaffolded rather unidirectional elicitation and sharing
processes (i.e., a subset of collaboration skills) which is mainly due to
the agent-based realization of the study. Although this limits the
comparability of our findings to other collaboration script studies, we
are convinced that through careful development of the simulation and
the collaboration script, we scaffold important collaboration skills and
achieve a high standardization within the learning environment.

Beyond that, it is important to consider that the implementation of
the collaboration scripts affects the learners’ choices minimally which
could explain the lack of influence on the perceived autonomy. Thus,
these results may not generalize to more coercive collaboration scripts.
Nevertheless, our findings demonstrate that criticizing collaboration
scripts per se as coercive (Wise & Schwarz, 2017) does not reflect the
range of possibilities for implementing collaboration scripts.

Moreover, it is important to mention that we used a text-based
implementation of the computer agent. This means that the collabora-
tion could have been perceived as low immersive since learners did not
see or hear their collaboration partner. Yet, an agent-based collabora-
tion (text-based or video-based) is per se more artificial than real
human-to-human collaboration since spontaneous reactions typical for
human-to-human interactions are very limited in human-to-agent in-
teractions. The ultimate question that arises from the use of a text-based
agent is, thus, whether the results generalize to the real professional
collaborative situation. This question ultimately requires empirical
testing. This is particularly the case since we investigated only some
collaborative subskills of collaborative diagnostic reasoning (i.e.,
sharing and elicitation), but not others (e.g., negotiating). However,
because of the careful development and empirical evaluation of the
agent-based simulation as well as the collaboration scripts, we consider
that the simulation has a certain level of external validity (see Radko-
witsch et al., 2020). Beyond that we are convinced that the agent-based
simulation offers a high degree of standardization which we consider
important for the thorough empirical examination in the context of basic
instructional research (Graesser et al., 2018). Particularly for the
learning of very specific (sub-)skills, agents can provide meaningful
learning tools. Form and text-based interaction is very close to clinical
reality for the skills we have identified to require training. This even
makes it possible to dispense with too much resource intense
face-to-face communication and provide a high degree of standardiza-
tion. So far, educational and psychological research has neglected the
standardization of collaborative situations to large extents.

A final limitation concerns the statistical power of the analyses.
Based on prior studies that reported moderate to large effects of
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collaboration scripts on learning to collaborate, we conducted the a
priori power analyses based on a moderate effect. The effects found in
the transfer tests were rather small and the posterior power for the effect
of collaboration scripts on transfer performance of evidence sharing was
61%. Probably due to the low power, the robust analyses were not sig-
nificant. In contrast to the ANCOVA, the robust analyses did not include
the variation of the pretest variable which is why we rely and interpret
findings of the ANCOVA. Yet, future research on the combined effect of
different instructional means should assume small effects for the
calculation of power and replicate the findings using larger samples.

4.4. Implications and further research

In this study, we advanced collaborative diagnostic reasoning, for
which individual diagnostic activities (e.g., generation of evidence or
hypotheses) and collaborative activities (e.g., sharing, negotiating) are
necessary (e.g., OECD, 2017), by using agent-based simulations and
collaboration scripts. We focused on sharing of evidence adjusted to a
partner with different knowledge background and elicitation of evi-
dence from such a partner in order to reduce the uncertainty within the
own diagnostic reasoning processes. These skills are considered two
important subskills of collaborative diagnostic reasoning (e.g., Tschan
et al., 2009). Our results suggest that collaboration scripts have positive
effects beyond learning with simulations, and although the adaptive
collaboration script was not generally better than the static collabora-
tion script, the adaptive script helped learners to internalize the
collaboration script. Besides, the adaptive collaboration script had
positive effects on the perceived competence as compared to static
collaboration scripts. Taking these findings together suggests that
although adaptive support requires more effort during development, its
effect is relevant. Still, to get a clear picture when and how adaptive
collaboration scripts are effective, systematization of research is neces-
sary (Plass & Pawar, 2020; Rummel, Walker, & Aleven, 2016). Future
research should systematically vary the mechanism of adaptivity (e.g.,
adaptive or fading out), the bases for decision (e.g., prior knowledge or
performance in the process), and the skill targeted by the scaffold (e.g.,
elicitation or sharing). Beyond that it seems important to consider the
extent to which learners are exposed to the treatment when using
adaptive support. We considered this by conducting a treatment check.
An alternative approach for future research could be to examine the
effect of treatment exposition on learning. Agent-based collaboration
could be a promising means to provide the necessary standardization for
such analyses.

We used meta-knowledge prompts to explicitly guide learners’ evi-
dence sharing and elicitation processes in the context of collaborative
diagnostic reasoning. Research and theory on collaboration scripts have
so far focused on how engaging in and prompting specific collaborative
activities affects learning (Radkowitsch et al., 2020). The role of
meta-knowledge for engaging in collaborative processes was discussed
instead in group awareness research (Engelmann & Hesse, 2011). Our
findings show that collaboration scripts including meta-knowledge
prompts indeed affect the learning of collaboration skills. Hence, a
theory about collaboration scripts (Fischer et al., 2013) should address
the role of knowledge about the collaboration partners explicitly.

Furthermore, we provided further counterevidence against the crit-
icism that collaboration scripts were prone to undermine learners’
agency (Wise & Schwarz, 2017). These results are in line with the
findings of a meta-analysis (Radkowitsch et al., 2020). Our results pro-
vide more detailed insights as we analyzed differentiated effects on basic
psychological needs. The results of our study suggest that if the negative
effects of collaboration scripts on autonomy existed at all, the effects
must be minimal. In contrast, adaptive scripts enhanced the perceived
competence of learners. For generalizing our results, future research
should focus on replicating these effects in different contexts with
different types of collaboration scripts and investigate long-term effects
on basic psychological needs, intrinsic motivation, and learning. Given
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the evidence provided by this and previous studies (Radkowitsch et al.,
2020; Stegmann et al., 2011) and the moderate to large positive effects
on learning to collaborate (Radkowitsch et al., 2020), we can recom-
mend the use of collaboration scripts for learning to collaborate.

5. Conclusion

We investigated facilitative conditions for collaborative diagnostic
reasoning in a standardized agent-based simulation in undergraduate
medical education by using adaptive and static collaboration scripts. To
date, agents have mainly been used to assess competences (e.g., OECD,
2017) or as pedagogical agents to support specific competences of in-
dividuals or groups of learners (e.g., intelligent tutoring systems,
Steenbergen-Hu & Cooper, 2014). We showed that using an agent to
simulate a collaboration partner is a suitable means to effectively
facilitate the learning of collaborative competences without the con-
founding influence of variables related to group composition (Fransen,
Weinberger, & Kirschner, 2013). For complex competences such as
collaborative diagnostic reasoning, such agent-based simulation can
provide an economical alternative to face-to-face team training and
further allow to focus on essential but specific subskills. This seems
important since results of this study suggest that knowledge about the
collaboration partners and their roles, tasks, and responsibilities sub-
stantially affects collaboration. Furthermore, this study shows that
combining simulations with adaptive instructional support helps
learners to internalize complex skills without negatively affecting
learners’ basic psychological needs. Yet, adaptive support is no panacea,
and systematizing research on adaptive support is necessary to better
understand under which conditions adaptive support enhances the
learning of collaboration.

We conclude that by complementing agent-based simulations with
adaptive collaboration scripts, we identified conditions to effectively
help medical students learn important aspects of collaborative diag-
nostic reasoning.
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This thesis pursued two main goals: (1) to advance our understanding of collaborative
diagnostic reasoning and (2) to identify conditions under which facilitating collaborative
diagnostic reasoning is effective when learning with agent-based simulations and
collaboration scripts. These goals were addressed as follows: first, in collaboration with
medical educators, physicians, psychologists, and software engineers, I developed an agent-
based simulation. Second, I delineated the CDR model to describe collaborative diagnostic
reasoning processes. Third, I conducted three studies with the goal to identify effective
learning conditions. While the first study focused on modelling collaborative diagnostic
reasoning in agent-based simulations, the second and third study focused on its facilitation
with collaboration scripts. By doing so, the first two studies provide the general foundations
for the third study, which more directly addressed the presented goals. Below, I will shortly
summarize and interpret the findings of the three studies and discuss them in the light of
theories and their practical relevance. I then conclude the thesis with a discussion of the

limitations of the presented studies and some suggestions for further research.
5.1 Summary of the Results

In Study 1 (Radkowitsch, Fischer, Schmidmaier, & Fischer, accepted), I constructed a
validity argument for the use of the simulation as assessment instrument in the context of
research in educational psychology following suggestions by Cook and Hatala (2016). To this
end, the performance of medical students with low and high prior knowledge was compared
to that of internists with at least three years of working experience. The comparison referred
to the participants’ information sharing skills, their diagnostic accuracy, diagnostic efficiency,
and their intrinsic cognitive load when working with the agent-based simulation. Further,
internists rated the perceived authenticity of the simulation and the collaboration. The study
showed that our proposed measures differentiate between different levels of prior knowledge.
The largest differences on all measures were observed between low prior knowledge students
and the other two groups. Differences between all three groups were largest for the measures
of diagnostic efficiency and intrinsic cognitive load. This is in line with theories about the
development of diagnostic reasoning skills that assume that low prior knowledge students are
also able to diagnose accurately, yet their diagnostic reasoning processes are more effortful
and slower. In contrast, diagnostic reasoning processes of more experienced diagnosticians are
faster and less effortful (Charlin et al., 2007). Thus, medical expertise becomes evident in the
speed of the diagnostic process and — at least for routine cases such as those presented in our
simulation — in how effortful this process is, i.e. how much cognitive load is produced

(Schmidt & Rikers, 2007). Therefore, the evaluation with the simulation produced exactly
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those differences between prior knowledge groups that one could expect to find in real
professional requirement situations. These findings concur with the result that internists rated
the simulation and the collaborative process mostly as authentic or rather authentic. At the
same time, the validation study allowed for the identification of some weaknesses of the
simulation. One such weakness concerned the operationalization of collaborative diagnostic
competences. The simulation focuses on information sharing skills during collaborative
evidence generation. Information sharing skills were operationalized as the ability to
sufficiently justify a radiologic test request, by that using an overall measure for collaborative
diagnostic quality. However, the validation study finds low internal consistency for this
measure indicating that across patient cases, the participants in the study showed varying
information sharing skills. A plausible explanation is that the measure was not one-
dimensional, meaning that the information sharing skill as operationalized in this study could
have covered more than one subskill. This could, in principle, reduce consistency (N. Schmitt,
1996). As a consequence, the measure for information sharing skills in the third study got split
into two related subskills, namely sharing and elicitation. By that, I was able to get a more
nuanced picture of collaborative diagnostic reasoning. In light of the results from Study 3, this
decision proved useful since internal consistency values of the new measures were clearly
higher. Overall, however, study showed that the simulation we developed in principle can be
considered as valid and allowed us to spot weaknesses, which we addressed before using the
simulation for experimental studies.

In Study 2 (Radkowitsch, Vogel, & Fischer, 2020), I investigated the effect of
collaboration scripts on learning to collaborate and motivation by synthesizing prior research
by means of a meta-analysis. The analyses were based on a sample of 56 studies that were
identified during two comprehensive literature searches. Included were all published and peer-
reviewed studies that tested effects of a collaboration script against unstructured learning and
provided data on a posttest. The study allowed for a number of interesting conclusions:
Firstly, it showed moderate positive effects of collaboration scripts on learning to collaborate.
These results confirm findings of a prior meta-analysis (Vogel et al., 2017) and could be seen
as an additional indicator that collaboration scripts could be useful tools to also enhance the
learning of collaborative diagnostic reasoning. When only analyzing the effect on information
sharing skills (including elicitation and sharing), the effects were moderate to large as well
(Radkowitsch et al., 2020).Yet, there was large inconsistency between studies and the study
failed to identify moderators that explained a significant amount of between study variance.

Descriptively, collaboration scripts that facilitated a single collaborative activity were found
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to be more effective when compared to collaboration scripts that prompted two or more. This
indicates that differentiated scaffolding as suggested by Tabak (2004) is difficult to achieve
and that combining different collaborative activities hinders practice of a single collaboration
skill.

This study further addressed the question of whether collaboration scripts negatively
affect learners’ motivation. Only very few studies in the sample provided data on this
question. The summary effect was non-significant and close to zero. This is a first indicator
that, despite the widespread criticism (Wise & Schwarz, 2017), collaboration scripts do not
seem to have a negative effect on learners’ motivation. Despite consistently positive effects of
collaboration scripts on learning, the criticism is persistent and therefore needs thorough
empirical examination. Thus, I took up this lack of empirical data and directly addressed the
criticism (Dillenbourg, 2002; Wise & Schwarz, 2017) in Study 3.

Finally, Study 3 (Radkowitsch, Sailer, Schmidmaier, Fischer, & Fischer, submitted)
combined the approaches of both prior studies by investigating the effect of two types of
collaboration scripts — an adaptive and a static collaboration script — on learning of
collaborative diagnostic reasoning and on basic psychological needs (Deci & Ryan, 1985)
when learning with agent-based simulations. For that, 160 medical students learnt either with
an adaptive, a static, or without any collaboration script. All medical students first solved a
pretest patient case, then solved four patient cases according to their experimental condition,
then rated their perceived basic psychological needs and extraneous cognitive load, and
finally solved a patient case that served as posttest. The results of this study show that the
static collaboration script had positive effects on evidence elicitation performance and
evidence sharing performance. The adaptive collaboration script increased evidence sharing
performance. Examining the transfer performance of evidence elicitation in the posttest
showed that irrespective of the conditions most students scored high in the posttest. This
suggests that for learning evidence elicitation trial and error strategies were sufficient and no
extra support in the form of collaboration scripts was needed. Concerning the transfer
performance of evidence sharing, only learners who were supported by the adaptive
collaboration script outperformed the control group. This indicates that only the adaptive
collaboration scripts were able to support internalization. With respect to the effect of static
and adaptive collaboration scripts on satisfaction of basic psychological needs, Study 3
yielded no significant effects on perceived autonomy and perceived social relatedness.
However, learners supported with the adaptive collaboration script showed a higher perceived

competence and a lower extraneous cognitive load than learners supported with the static
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collaboration script. For both collaboration scripts, the differences to the control group were
not significant. These findings align well with the findings from Study 2, which also showed
no significant effect of collaboration scripts on motivation when compared to unstructured
collaboration. Overall, these findings suggest that instead of affecting perceived autonomy,
collaboration scripts seem to affect perceived competence and cognitive load (cf. Wise &
Schwarz, 2017). For learners to benefit from these effects, adaptive collaboration scripts
should be used. In all, these findings clearly indicate that supporting learners with adaptive

collaboration scripts is beneficial for advancing collaborative diagnostic reasoning.

5.2 Theoretical Implications for the Understanding of Collaborative Diagnostic

Reasoning

One goal of this thesis was to deepen the theoretical underpinning of collaborative
diagnostic reasoning. A first essential step towards this goal was to develop the CDR model
(see Section 1.2.3) based on prior literature (see Radkowitsch, Sailer, et al., accepted). The
CDR model served as theoretical underpinning for researching the facilitation of collaborative
diagnostic reasoning and allowed some conclusions on collaborative diagnostic reasoning
processes. A first conclusion concerns the collaborative diagnostic activities proposed in the
model. As described above, the first general measure used for the information sharing quality
suffered from low internal consistency, probably due to multidimensionality (N. Schmitt,
1996). Thus, the measure was split into a sharing and elicitation subskill. The analyses of
study 3 show that sharing and elicitation of evidence indeed are two distinct subskills that
correlate only poorly with each other. These findings indicate that — as proposed by the CDR
model — sharing and elicitation of evidence are two distinct collaborative diagnostic activities
with two distinct underlying collaboration skills (see Fischer et al., 2002).

A second conclusion concerns the assumption that meta-knowledge, such as
knowledge about the collaboration partners’ task, roles, and responsibilities, influences the
quality of collaborative diagnostic activities (Engelmann & Hesse, 2011; Mathieu et al.,
2000). In Study 3, I tested this assumption indirectly by supporting the learners’ meta-
knowledge with collaboration scripts. Providing learners with meta-knowledge increased their
elicitation and sharing performance and, in parts increased their performance in a transfer test.
These findings suggest that, at least in the investigated setting and for the investigated
collaborative diagnostic activities, knowledge about the collaboration partners’ task, roles, and
responsibilities indeed affects how diagnosticians engage in collaborative diagnostic

activities. To what extent these relations exist between meta-knowledge and other
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collaborative diagnostic activities, for instance negotiation of hypotheses, remains an open
question that should be addressed in future research.

The finding that meta-knowledge affects collaborative diagnostic activities further
relates to the question to what extent collaboration during collaborative diagnostic reasoning
is based on domain-specific or domain-general skills. In the CDR model, I assume that both
domain-general social skills and domain-specific meta-knowledge influence collaborative
diagnostic activities. However, so far there is little evidence on domain-generality or domain-
specificity of collaboration skills. Earlier models on collaborative problem solving (e.g.,
Hesse et al., 2015; Liu et al., 2015) do not describe domain-specific components. First
evidence for the domain-specificity of collaboration skills comes from Kiesewetter, Fischer,
and Fischer (2016). They showed collaboration experts and novices pictures of typical
collaborative situations of their own and of another domain. Collaboration experts
remembered more activity-related information from the pictures in their own domain, but not
in another domain than did novices. These findings suggest that collaboration skills are — at
least to some extent — domain-specific skills and further align with findings from Study 3
showing that domain-specific meta-knowledge affects collaborative diagnostic activities. In
the context of scientific reasoning and argumentation, Hetmanek et al. (2018) assumed that
the influence of domain-general and domain-specific knowledge and skills shift with
increasing expertise. That means that domain-general skills supplement a lack of domain-
specific skills, but with increasing domain-specific skills, the influence of domain-general
skills decreases. Albeit further empirical evidence on this assumption is needed, it seems
plausible for collaborative diagnostic reasoning as well and should be tested in the future.

Overall, the data collected in this thesis directly or indirectly supports three
assumptions proposed in the CDR model. Firstly, there are at least two distinct collaborative
activities that are important in at least some collaborative diagnostic situations, namely
elicitation and sharing. Secondly, these collaborative diagnostic activities are indeed affected
by knowledge about the collaboration partners’ task, roles, and responsibilities. These
findings, finally, imply that collaboration during collaborative diagnostic reasoning depends at
least to some extent on domain-specific skills. These assumptions were tested in the context
of collaborative evidence generation between internists and radiologists in medicine. It seems
plausible that assumed relations generalize to other contexts in which two or more
diagnosticians collaboratively generate evidence. Yet, so far, generalizability to other contexts

has not been tested empirically. Thus, testing whether these findings transfer to other
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collaborative diagnostic situations within medicine or outside medicine represents an

attractive avenue for future research.

5.3 Theoretical Implications for Facilitating Collaborative Diagnostic Reasoning

with Collaboration Scripts in Agent-Based Simulations

A further goal of this thesis was to identify conditions under which collaborative
diagnostic reasoning can be facilitated effectively when learning with agent-based
simulations. A first step towards this goal was to assess whether collaboration scripts in
general and within agent-based simulations are an effective instructional support. To address
this question I first conducted a meta-analysis on the effectiveness of collaboration scripts in
computer-supported learning environments (Study 2). Although the included studies varied
considerable in their effectiveness, the synthesized effect shows that collaboration scripts do
advance the learning of collaboration skills (Radkowitsch et al., 2020). These findings are in
line with prior synthesized findings (Vogel et al., 2017) and provide further support for the
script theory of guidance, which suggests that collaboration scripts induce beneficial
collaborative processes that support adjusting or developing functional internal collaboration
scripts (Fischer et al., 2013). Findings from Study 3 allow — at least to some extent - for a
generalization of these findings to learning with agent-based simulations. In agent-based
simulations, collaboration scripts were effective for advancing performance of collaborative
diagnostic reasoning when being scaffolded. However, for the easier collaborative diagnostic
activity of evidence elicitation, using the agent-based simulation for trial and error strategies
might have been sufficient for developing or adjusting the internal collaboration scripts. This
rendered additional external collaboration scripts unnecessary. For the more complex skill of
evidence sharing such trial and error strategies probably were insufficient. In this case, further
instructional support in form of collaboration scripts was necessary.

Study 2 and 3 further identified conditions under which collaboration scripts are
particularly effective. In Study 3, only adaptive collaboration scripts supported internalization
of the collaboration script, whereas in Study 2 also non-adaptive collaboration scripts were
effective. It seems that the static collaboration script in combination with the agent-based
simulation posed an excessive cognitive load on learners and, consequently, hindered the
script internalization. Similar results were presented in a study by Schwaighofer et al. (2017)
who found that fading of instructional support is important when combining collaboration
scripts with worked examples, particularly for learners’ with low working memory capacity.
Thus, it seems that combining instructional support or scaffolds also binds cognitive capacity.

This makes fading or adaptive approaches necessary for learning. This assumption aligns well
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with findings from Study 2 indicating that collaboration scripts that address several
collaboration skills have smaller effects than those focusing on a single collaboration skill
(Radkowitsch et al., 2020). Besides, when learning with static collaboration scripts, learners
could have relied on the presence of the static collaboration script using it as “distributed
intelligence” (Pea, 2004, p. 431) and, thus, have failed to internalize the collaboration script.
Therefore, collaboration scripts can be cognitively demanding for what reason adaptivity
seems beneficial when combining agent-based simulations with collaboration scripts for
supporting complex skills. By that, agent-based simulations and collaboration scripts can
synergize their effects and provide instructional support beyond the effects of agent-based
simulations alone (Tabak, 2004). Nevertheless, adaptive collaboration scripts were not
consistently more beneficial than static collaboration scripts and there are several different
ways to adapt instructional support of which only one type was investigated. This suggests
that further research should systematically investigate the effectiveness of different types of
adaptivity (Rummel, Walker, & Aleven, 2016) by varying the mechanisms of adaptivity (e.g.,
fading or adaptivity), the targeted skill (e.g., elicitation or sharing), and the basis for decision
(e.g., performance or prior knowledge). Agent-based simulations could provide the
standardization necessary for this endeavor.

In Study 2 and 3, I assessed whether and under which conditions collaboration scripts
might negatively affect learners’ motivation and, thereby, could have negative effects on
learning in the long run. According to this criticism, collaboration scripts are prone to disturb
natural interactions, undermining learners’ agency and, therefore, reducing learners’
motivation (Dillenbourg, 2002; Wise & Schwarz, 2017). The findings of Study 2 and 3
suggest that there is little evidence in support of such criticism. Study 2 reveals that to date
few studies examined the effect of collaboration scripts on motivation. Combined, these
studies yielded a non-significant small positive effect on motivation. To address a possible
compensating effect with collaboration scripts reducing perceived autonomy on the one hand
(Wise & Schwarz, 2017), but increasing perceived competence on the other hand
(Weinberger, Kollar, Dimitriadis, Mékitalo-Siegl, & Fischer, 2009), I examined the effect of
collaboration scripts on basic psychological needs (Deci & Ryan, 1985) in Study 3. Generally,
collaboration scripts did not significantly affect satisfaction of basic psychological needs
when compared to unstructured learning. Yet, learners supported with adaptive collaboration
scripts reported significantly higher perceived competence as compared to learners supported
with static collaboration scripts. The collaboration scripts did not significantly differ with

respect to perceived autonomy or perceived social relatedness. These findings do neither
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support the compensation hypothesis (Radkowitsch et al., 2020) nor the assumption of
collaboration scripts negatively affecting learners’ autonomy (Wise & Schwarz, 2017). It
seems, however, that adaptive collaboration scripts challenged learners’ at their zone of
proximal development (Vygotsky, 1978) and, thereby, enabled them to engage in high quality
collaborative diagnostic activities and affected positively the learners’ perceived competence.
By contrast, for learners supported with the static collaboration script identifying relevant
collaborative diagnostic activities might have been more difficult as indicated by the
increased extraneous cognitive load that could have reduced their perceived competence. An
explanation for why collaboration scripts did not affect perceived autonomy is that their level
of coerciveness was low. It is, thus, not clear, whether high coercive collaboration scripts also
only affect perceived competence but not the feeling of autonomy. A closer empirically
examination of the effects of collaboration scripts on basic psychological needs by varying the
degree of coercion of collaboration scripts, therefore, seems to be a particularly fruitful
avenue for future research. Overall, the findings of the present studies suggest that scripting
per se does not necessarily come with a negative effect on intrinsic motivation, but that
adaptive collaboration scripts seem to be more beneficial for intrinsic motivation than static
collaboration scripts and are, therefore, expected to be more beneficial for learning in the
long-term.

A further implication of this thesis concerns the use of meta-knowledge for scaffolding
collaborative diagnostic reasoning. To date, knowledge about the collaboration partners’ tasks,
roles, and responsibilities has mainly been investigated in the context of group awareness
research (e.g., Engelmann & Hesse, 2011; Schnaubert & Bodemer, 2019) and was largely
ignored by the scripting community. The collaboration script used in Study 3 showed,
however, that meta-knowledge is essential for successful collaborative processes and that
collaboration scripts are a useful tool to provide this knowledge. The script theory of guidance
(Fischer et al., 2013) acknowledges this relevance by proposing a role component and
suggesting the “internal script configuration principle” (Fischer et al., 2013, p. 58), which
states that a learners’ goals and the perceived situational characteristics configure the internal
collaboration scripts. Yet, this theory could be further improved by making the importance of
knowledge about the collaboration partners’ roles and knowledge an explicit component. The
present findings also emphasize that the activation of an internal collaboration script depends
on the collaboration partners. Thus, scaffolds for collaboration should be adapted to the

collaboration partner. In this light, standardizing collaboration partners, for instance by using
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agent-based simulations, seems vital when investigating the effectiveness of collaboration
scripts.

Overall, the findings presented in this thesis imply that for learning complex subskills
of collaborative diagnostic reasoning, the use of collaboration scripts containing meta-
knowledge is beneficial. While the effects of adaptivity during the learning process were not
as clear as expected, the findings do suggest that adaptive collaboration scripts better
supported the internalization of collaborative diagnostic reasoning. Further, adaptivity had
positive effects on perceived competence but no significant effects on perceived autonomy,
which becomes more important when considering long-term effects of learning with
collaboration scripts. It became also evident from Studies 2 and 3 that collaboration scripts
can also affect cognitive load when combined with other instructional support, which can be
reduced by providing focused or adapted support. Thus, considering both affective and
cognitive outcomes suggests that for scaffolding collaborative diagnostic reasoning when
learning with agent-based simulations, collaboration scripts are suitable with an advantage of
adaptive over static collaboration scripts. Future research should, however, investigate,
whether positive effects on perceived competence and learning are preserved when using
more coercive collaboration scripts. Agent-based simulation could offer the necessary

standardization to investigate such effects.
5.4 Practical Implications

The insights generated by this thesis have some relevant implications for medical
education. Primarily, this thesis highlighted the relevance of collaboration for diagnosing in
many situations of the physicians’ routines. Although medical educators have recognized that
the physicians’ role as a team member is essential (e.g., MFT Medizinischer Fakultdtentag der
Bundesrepublik Deutschland e. V., 2015), medical education lacks a systematic facilitation of
collaborative diagnostic reasoning. When collaboration is the target of a training,
collaboration skills are often conceptualized as domain-general skills (i.e., so called non-
technical skills, Flin & Maran, 2004) and in broad categories such as communication skills or
leadership skills (Michinov, Olivier-Chiron, Rusch, & Chiron, 2008). Such perspectives
ignore the relevance of profession and situation specific meta-knowledge as emphasized in
this thesis. This new perspective implies that during medical education, medical students
should not only diagnose virtual patients individually, but in collaboration with physicians of
different professional backgrounds. By that, medical students might not only be enabled to
develop and improve illness scripts (Custers, 2015), but also to cultivate differentiated

internal collaboration scripts (Fischer et al., 2013).
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Furthermore, this thesis showed that agent-based simulations are a suitable means to
facilitate collaborative diagnostic reasoning and the development of collaboration scripts.
Therefore, they could be a beneficial supplement to traditional teaching (Graesser et al.,
2017). Via agent-based simulations, medical students could quickly get in contact with
collaborative diagnostic situations and train specific subskills deliberately in a risk-free
learning environment (Ericsson, 2004; Schmidt & Rikers, 2007; Schuwirth & Van der
Vleuten, 2003). When developing agent-based simulations, medical educators should identify
key collaborative situations that are particularly difficult or occur rarely but are overly critical.
With increasing expertise, the complexity of the simulations could be increased continuously
until learning with full-scale team trainings becomes feasible (e.g., Gardner & Ahmed, 2014).

Finally, the complexity of learning environments can be reduced by using scaffolds
(e.g., Vogel et al., 2017). This thesis shows that adaptive collaboration scripts can support the
internalization of difficult subskills of collaborative diagnostic reasoning without hampering
basic psychological needs. For designing effective adaptive collaboration scripts, the main
challenge for medical educators is to model collaborative processes and to define successful
collaboration (see Rosen, 2015). Focusing on specific situations and specific subskills as in
the agent-based simulation used in this thesis could help to develop externally valid
collaboration scripts.

Overall, the findings of this thesis suggest that providing early opportunities for
medical students to engage in collaborative diagnostic reasoning seems beneficial. For that,
agent-based simulation could provide a useful standardization that allows to evoke particular
difficult or rare collaborative situations (Rosen, 2015) and to learn diagnosing in different
group constellations. Moreover, for the learning of difficult subskills, providing scaffolding
such as adaptive collaboration scripts seems to be an effective instructional mean. At the same
time it should be kept in mind that modelling collaborative diagnostic reasoning requires a

careful analysis of the underlying skills.
5.5 Limitations

This thesis is not without limitations that in some respect might lower its
generalizability. The first limitation concerns the use of agent-based simulations. Although the
use of agent-based simulations entails many advantages for investigating collaborative
processes, it may run into danger of limiting validity of collaborative processes. Agent-based
simulations reduce the complexity of collaboration since possible collaborative activities must
be defined a priori, particularly if the simulation is not based on natural language processing

(Graesser et al., 2017; Herborn et al., 2018). Yet, modelling collaborative processes and
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defining their quality is difficult and a deep understanding of collaborative processes is
necessary to authentically model these processes (OECD, 2017). Thus, important
collaborative processes could be omitted or represented in a flawed way if the simulation is
not designed and validated carefully. I addressed this danger by focusing on a specific
collaborative diagnostic situation that practitioners and prior research (Davies et al., 2018)
highlighted as particularly difficult. The simulation was developed in collaboration with
medical experts and validity evidence was collected in a comprehensive validation study (see
Study 1). Thus, the processes represented in the present simulation are likely to be authentic.
However, the validity argument of simulations could be improved even further if collaborative
processes during learning with the agent-based simulation were compared to the processes
during human-to-agent version of the simulation (see Herborn et al., 2018).

Although the present focus on a specific situation allowed to reduce the complexity of
the situation and, thus, facilitated the production of a valid model of that situation in the
simulation, this narrow focus may reduce generalizability of the results. The present thesis
focused on a specific situation, which is the collaborative generation of radiologic evidence
between internists and radiologist with a focus on evidence elicitation and sharing processes.
These collaborative diagnostic processes were, however, not chosen randomly but based on
prior research showing that sharing and elicitation of evidence are particularly difficult for
physicians (e.g., Davies et al., 2018; Larson, Christensen, Abbot, & Franz, 1999; Tschan et al.,
2009). Yet, whether our results generalize to other diagnostic situations or other domains is
still subject to further investigation. Thus, future research should transfer our results to
provide evidence for their generalizability.

Further limitations concern the intervention investigated in Study 3 from which
conclusions on the facilitation of collaborative diagnostic reasoning were drawn. Firstly, the
intervention period lasted about 1.5 hours during which medical students worked on four
patient cases. Thus, the intervention was rather short. Providing learners with the opportunity
to engage in collaborative diagnostic processes and supporting them with collaboration scripts
serves the goal to enable medical students to developing differentiated illness scripts (Custers,
2015) and internal collaboration scripts (Fischer et al., 2013). It seems reasonable to object
that after solving four patient cases, medical students are a long way from having developed
differentiated illness scripts or internal collaboration scripts. Yet, the results of the study
indicate that even after such short-term interventions, medical students improved their

collaborative diagnostic reasoning performance. Nevertheless, future research should
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investigate how internal collaboration scripts and illness scripts develop in long-term
interventions when learning with agent-based simulations and collaboration scripts.

Finally, I investigated how collaboration scripts affect basic psychological needs in
order to address the criticism of collaboration scripts undermining learners’ agency (Wise &
Schwarz, 2017). In Study 2, the included studies examined different conceptualizations of
motivation such as expectancy-value models or motivation to participate. Thus, these studies
did not directly address the criticism of collaboration scripts undermining learners’ agency. In
Study 3, the criticism was assessed more directly by assessing satisfaction of basic
psychological needs. However, the collaboration scripts used in Study 3 featured only low
levels of coerciveness since they did not limit learners’ choices during the collaborative
diagnostic process. This implies that the effect for low coercive scripts could be smaller than
previously assumed and, therefore, a lack of statistical power could have affected the findings.
This may limit generalizability of the findings to low coercive collaboration scripts, which
are, nevertheless, widely-used in research in educational psychology and are, therefore, of
particular relevance. In all, this thesis highlighted that to date, there is little evidence directly
addressing the criticism and future research should examine the effect of different
collaboration scripts on intrinsic motivation or basic psychological needs in different contexts

and with varying levels of script coerciveness (Radkowitsch et al., 2020).
5.6 Directions for Future Research

The main focus of this thesis was the investigation of collaborative diagnostic
reasoning and means to facilitate it when learning with agent-based simulations. Besides
providing answers to the posed questions, the findings also highlight some promising
directions for future research. Firstly, although the findings allow for some conclusions about
the proposed CDR model (Radkowitsch, Sailer, et al., accepted), a comprehensive validation
of the model remains desirable. In Radkowitsch, Sailer, et al. (accepted), several testable
assumptions that could guide the validation process of the model were already proposed. A
next step in the validation of the CDR model could shift the focus to individual diagnostic
activities, and how they are affected by the collaboration partners’ collaborative diagnostic
activities. The idea that collaboration affects cognitive processes interactively is not new and
is one explanation for the effectiveness of collaborative learning (Chi & Wylie, 2014; King,
2007; Teasley, 1997). Yet, a thorough understanding of how diagnosticians’ influence each
other’s diagnostic processes is still lacking. The CDR assumes, for instance, that evidence and
hypotheses introduced by the collaboration partner may affect a diagnostician’s diagnostic

reasoning processes. This influence might depend on situational characteristics as well as on
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group constellations. For example, prior research has shown that the perceived expertise of a
collaboration partner affects the extent to which an individual relies on their contribution
(Andrews & Rapp, 2014). Thus, future research should identify under which conditions and
how a collaboration partners’ contributions affect the own collaborative diagnostic activities.
This research could then inform researchers and educators, for instance, on how to adapt
scaffolds to specific group constellations.

Moreover, the CDR model assumes that domain-general skills as well as domain-
specific knowledge and skills influence collaborative diagnostic reasoning. There is clear
evidence that individual diagnostic reasoning is largely dependent on domain-specific
knowledge since diagnostic reasoning performance correlates poorly between different
illnesses and clinical domains (Norman, 2005; Schuwirth & Van der Vleuten, 2003; Wimmers
et al., 2007). However, there is also evidence that diagnostic reasoning (Wimmers et al., 2007)
and complex problem solving (Stadler et al., 2015) in general depend on domain-general
abilities. The same applies to collaboration skills. On the one hand, Study 3 shows that meta-
knowledge about the collaboration partners’ responsibilities, tasks, and roles affects
collaborative diagnostic processes. This indicates that there is a domain-specific professional
collaboration knowledge that affects collaboration. On the other hand, general social factors
such as personality also affect collaborative problem solving performance (Stadler et al.,
2019). Thus, future research should examine the influence of domain-general cognitive and
social skills and how this influence develops with growing expertise (see Hetmanek et al.,
2018). Such research could prove very valuable for informing researchers and educators on
how to design scaffolds on prior social and cognitive characteristics.

A further direction for future research could lie in examining the transferability of the
CDR model and the findings of the presented studies to other diagnostic situations and to
other domains. Since this thesis focused on sharing and elicitation processes in the medical
context, future research should examine the relations assumed in the CDR focusing on
different collaborative diagnostic activities such negotiating hypotheses. To understand
whether the identified relations are specific to the situation investigated, the findings should
be replicated in different collaborative diagnostic situations such as collaboration between
internists and surgeons, or in other domains such as collaborative diagnosing between
teachers (see Heitzmann et al., 2019). Compared to other disciplines, medicine is a highly
standardized domain in which many diagnostic procedures follow standardized guidelines.
This standardization of processes could also affect collaborative diagnostic processes and

therefore limit the transferability to other domains. However, a direct comparison between
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domains could help to provide a more thorough understanding of collaborative diagnostic
reasoning in different domains and contribute further to the validation of the assumptions
underlying the CDR model.

Finally, future research should further investigate the conditions under which adaptive
collaboration scripts are effective. The findings in Study 3 suggest that adaptive collaboration
scripts are not consistently more beneficial than static collaboration scripts although they
support medical students to internalize complex subskills and led to a higher perceived
competence when compared to static support. Although there is much research on adaptive
support in individual learning settings, for instance, in form of intelligent tutoring systems
(e.g., Steenbergen-Hu & Cooper, 2014), research on adaptivity in collaborative learning
contexts (e.g., Olsen, Aleven, & Rummel, 2017) and particularly on adaptive collaboration
scripts remains scarce. In research on collaboration scripts, adaptivity is mostly realized in
form of static fading (e.g., Wecker & Fischer, 2011). The findings in Study 3 suggest,
however, that adaptivity is more complex and that systematizing research is necessary
(Rummel et al., 2016). Thus, future research should systematically vary the bases for decision
for adaptivity (i.e., to what variable is the collaboration script adapted), the mechanism of

adaptivity (i.e., fading or just-in-time adaptivity), and the skill targeted by the scaffold.



111

6 Conclusion

Anika Radkowitsch



6 Conclusion 112

For the daily routines of many professionals, collaborative diagnostic reasoning is
essential. A lack of competences and failures can have severe consequences, for instance for
the patients’ well-being in the context of medicine (e.g., Davies et al., 2018). Therefore, the
present thesis focused on the understanding and facilitating collaborative diagnostic
reasoning. Collaborative diagnostic reasoning is a demanding and complex competence that
requires individual and collaborative diagnostic activities that influence each other and are
influenced by knowledge about collaboration partners and situational characteristics
(Radkowitsch, Sailer, et al., accepted). The present thesis introduced an agent-based
simulation that offers opportunities for repeated practice in standardized settings, easily can
evoke situations that need specific practice (e.g., Rosen, 2015), and at the same time allows
implementing additional instructional support for particularly difficult subskills. The findings
of the reported studies illustrated how learning only with the agent-based simulation can
suffice for facilitating some subskills (e.g., evidence elicitation). However, facilitating other
more difficult subskills requires additional instructional support (e.g., evidence sharing), for
instance, by using collaboration scripts. Thus, a first step for the effective facilitation of
collaborative diagnostic reasoning is to develop agent-based simulations and to identify
subskills that require further instructional support to be mastered. This thesis shows that
collaboration scripts can be an effective scaffold for advancing collaboration skills, but may
also pose extraneous cognitive load on learners and affect their perceived competence when
implemented in agent-based simulations. Adapting collaboration scripts to the learners’
performance seemed to address these issues. Importantly, adaptive collaboration scripts
supported the internalization of collaborative diagnostic activities and had positive effects on
affective measures, particularly on perceived competence. Thus, using adaptive collaboration
scripts focusing on specific subskills for facilitating collaborative diagnostic competences
when learning with agent-based simulations seems to provide effective learning conditions
and could be effective means to exploit the full potential of agent-based simulations.

In all, the thesis highlights the importance and complexity of learning to diagnose
collaboratively and emphasized the potential of agent-based simulations. Agent-based
simulations provide beneficial opportunities for practice and at the same time allow the
standardization of dynamic collaborative processes. By systematically implementing agent-
based simulations complemented with adaptive collaboration scripts in higher education,
students could benefit from early opportunities of practice and, by that, become more

proficient collaborators in the future.
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A Patient Cases Study 1 and 3

For Study 1 and 3, fictitious patient cases were developed. The following Table A1l
describes an overview of which patient cases were used in Study 1 and 3. Afterwards, the
health record of one patient case is presented exemplarily. All patient cases as used in Study 1

and 3 are provided via the electronic supplementary material (see Appendix M).

Table A1

Overview about all patient cases used in Study 1 and 3

Patient Study 1  Study 3 Diagnosis

Marianne Freundorf Case2  Pretest Acute pancreatitis

Sabine Winkler? - Intervention case 1 ~ Community acquired pneumonia

Anton Fomin® - Intervention case 2  Tuberculosis

Mark Binder Case3 Intervention case 3  Pneumocystis jirovecii
pneumonia (PJP)

Oliver Forster? - Intervention Case 4 Osteomyelitis

Herma Goettlich Case 1  Posttest 1 Aspiration pneumonia

Maria Schenker Case 5  Posttest 2 Hospital acquired pneumonia

Ute Wenninger Case 4 - Sigmoid diverticulitis

Note.  These patient cases were not used in Study 1. Their difficulty was evaluated in a

second validation study that was not part of the presented thesis prior of their use in Study 3.
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Example case: Herma Goettlich
Vorstellung der Patientin

Sie arbeiten seit einigen Monaten in einem mittelgroen Kreiskrankenhaus und sind derzeit
auf einer allgemeininternistischen Station eingesetzt. Heute betreuen Sie zusétzlich die
Notaufnahme. Am spdten Montagvormittag wird die 78-jdhrige Herma Gottlich vom Notarzt
gebracht, der besorgte Ehemann begleitet sie.

Frau Gottlich leidet unter starker Atemnot, so dass der Ehemann einen GroBteil Ihrer Fragen
beantwortet. Sie haben Blut abgenommen und "eilig" ins Labor geschickt, Frau Goéttlich so
weit moglich anamnestiziert und untersucht. Als Sie damit fertig sind, ist auch ein Teil des
Labors schon fertig und Sie konnen sich mit der Akte tiberlegen, was die néchsten

diagnostischen Schritte sein sollen.
Rettungsdienstprotokoll

78-jéhrige Patientin mit Fieber seit heute Morgen und rasch progredienter Luftnot. PO2 initial
92, unter 2 1 O2 Besserung der Symptomatik, vorerst auf Intubation verzichtet. EKG

unauffillig. Troponin Schnelltest negativ.
Anamnese

Herr Gottlich berichtet, dass seine Frau in letzter Zeit einiges durchmachen musste. Sie habe
einen Schlaganfall gehabt, habe insgesamt ca. 8 kg an Gewicht abgenommen. Es ging ihr bis
heute den Umstidnden entsprechend gut - sie konne zwar nur schlecht laufen, sei jetzt
iiberwiegend im Rollstuhl mobilisiert, habe sich aber wohl gefiihlt und sei guter Dinge
gewesen. Heute Morgen sei er davon aufgewacht, dass sie zunehmend unruhig geworden sei,
vermehrt angefangen habe zu schwitzen und schlecht Luft bekommen habe. Gestern Mittag
schien noch alles in Ordnung gewesen zu sein. Er selbst sei das erste Mal seit langer Zeit bei
Freunden zu Besuch gewesen, weil seine Tochter, die den Tag {liber zu Besuch war,
ausnahmsweise die Pflege der Patientin iibernehmen und mit ihr zu Abend essen konnte.
Vorerkrankungen
= Z.n. Mediainfarkt mit Dysphagie und Hemiparese vor 6 Wochen,
= (Osteoporose,
= Beginnendes dementielles Syndrom,
= Z.n. Tonsillektomie 1962,
= Zn. tiefe Venenthrombose rechts 2005
Medikamente
ASS 100, Ramipril, Simvastatin, Calcium/D3



8 Appendices 131

Genussmittelanamnese

Nikotin ca. 10 py, ex vor 10 Jahren; Alkohol selten.
Sozialanamnese

Rentnerin, frither Metzgereifachverkéuferin.
Allergien

Keine bekannten Allergien, auch nicht gegen Medikamente oder Kontrastmittel.
Korperliche Untersuchung

78-jahrige Patientin in reduziertem AZ und gutem EZ (1,75 m, 72 kg, BMI 23,5 kg/m2).
Vitalparameter
= RR 105/60 mmHg,
= P 102/min reg.,
= Temp. 37,9 °C,
= Atemfrequenz 27/min,
= p0O2 96 % unter 2 1 02.
Lymphknoten
nicht vergroBert, nicht druckdolent. Schilddriise unauffallig.
Kardiovaskulires System
Keine Zyanose. Herztone rein, regelméBig, tachykard, keine Extratone oder pathologische
Herzgerdusche. Keine Jugularvenenstauung.
MaiBige Unterschenkelodeme beidseits rechts > links 2cm Seitendifferenz, Periphere Pulse
seitengleich tastbar. Schleimhédute unauffillig.
Respiratorisches System
Symmetrische Thoraxexkursion, keine Einziechungen, normale Thoraxform.
Kein Stimmfremitus, kein Stridor. Gleichstand der Zwerchfelle, bilateral 4 cm
atemverschieblich, kein H.a. Pleuraerguss. Lunge ubiquitér beliiftet mit grobblasigen RGs v.a.
rechts, Husten mit iibelriechendem Auswurf, kein Pleurareiben.
Abdomen
Bauchdecke weich, kein Druckschmerz, keine Resistenzen, keine Abwehrspannung,
Darmgerdusche regelrecht in allen Quadranten.
Nieren nicht klopfschmerzhaft, Milz nicht vergrofert tastbar, Leber 11 cm in der rechten
MCL, Oberfldche glatt. Keine Hernien. Keine sichtbaren Operationsnarben.
Haut

Unauffilliger Hautbefund. Extremititen warm, keine Varikosis. Keine Nagelverinderungen.
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Bewegungsapparat
Normale Beweglichkeit aller Gelenke. Keine Gelenkschmerzen, -schwellungen oder -
deformitéten. Wirbelsdule nicht klopfschmerzhaft. Meyer-, Homans-, Payr-Zeichen negativ.

Orientierende neurologische Untersuchung

Freundlich zugewandt, agitiert, in allen Qualitdten orientiert, kein Hinweis auf formale

Denkstorungen oder Suizidalitdt. Pupillenlichtreaktion direkt und indirekt prompt und

seitengleich. Bekannte Fazialis- und Hemiparese rechts. Dariiber hinaus keine Paresen, kein

Sensibilitdtsdefizit, keine pathologischen Reflexe, kein Absinken in den Halteversuchen.

Kein Meningismus. Vibrationsempfinden 8/8 an allen vier Extremitdten.

Labor

Sie haben folgende Laborwerte erhalten:

Blutbild
Befund Einheit Referenz Frauen Einheit
Erythrozyten 3,8x 106/ul 3,5-5x106/ul
Hamoglobin (Hb) 13,6 g/dl 12 - 15g/dl
MCH 28pg 27 - 34pg
MCV 84 fl 81 - 10011
MCHC 33 g/dl 32-36g/dl
Héamatokrit (Hkt) 38% 33-43%
Leukozyten 13,6 x 10°/ul 4-11x103/ul
Thrombozyten 182.000/pl 12%8%% (; /ul
Retikulozyten 1% 0,5-2%
Differentialblutbild
Neutrophile Granulozyten 78 % 45 -78%
Stabkernige 4% 0-4%
Segmentkernige 74 % 45 -74%
Eosinophile Granulozyten 1% 0-7%
Basophile Granulozyten 1% 0-2%
Lymphozyten 16 % 16 -45%
Monozyten 4% 04 -10%
Gerinnung
Befund Einheit Referenz Frauen Einheit
Quick 100 % 70 - 120 %
INR 1 1
PTT 38 sec. 28 - 40 sec.
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Serum

Befund Einheit Referenz Frauen Einheit
Serum
Natrium 142 mmol/l 136 - 148 mmol/l
Kalium 4,7 mmol/l 3,6 - 5,2mmol/l
Calcium (gesamt) 2,3 mmol/l 2,1 - 2,6 mmol/l
Kreatinin 0,9 mg/dl < 0,9mg/dl

ml/min/1,73 m2 ml/min/1,73
eGFR >60 KOF > 60 m2 KOF
Harnstoff 21 mg/dl 10 - 50 mg/dl
Alkalische Phosphatase 45U/1 40 - 190 U/1
Bilirubin (gesamt) 1 mg/dl < 1,1 mg/dl
Bilirubin (direkt) 0,6 mg/dl < 0,6 mg/dl
CHE 4,6kU/T 2,5-7,4kU/
GOT (ASAT) 13U/1 <15U/
GPT (ALAT) 8 U/ <17U/
y-GT 14 U/1 < 18U/
a-Amylase 22U/1 10-53U/1
Lipase 89 U/1 < 190U/
Blutzucker 89 mg/dl 55 - 100 mg/dl
HbAlc 5,4% 4-6%
CK 34U/ <80U/
CK-MB 4U/1 <10U/
CRP 53 mg/l < 6mg/l
Ferritin 83 ng/l 15-250ng/l
TSH basal 1,8 uU/ml 0,2 - 3,1 pU/ml
Blutsenkungsgeschwindigkeit 10/23 mm 6-10/5-20mm
Urin-Stix
Befund Referenz Frauen

pH 5-7
Eiweil} -
Bilirubin -
Urobilinogen .
Nitrit -
Glucose -
Aceton -

Blut
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B Measures and Sample Solutions Study 1

B.1 Diagnostic Accuracy

Material is available upon request due to ongoing studies in the project at the time of

printing.
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B.2 Intrinsic cognitive load

In Study 1, intrinsic cognitive load was assessed using a scale with one item adapted
from Opfermann (2008). The 5-point Likert scale ranged from 1 (very easy) to 5 (very
difficult).

=  Wie leicht oder schwer finden Sie im Moment das Thema ,,Anforderung einer

radiologischen Untersuchung beim Leitsymptom Fieber*

Reference

Opfermann, M. (2008). There's more to it than instructional design: The role of individual

learner characteristics for hypermedia learning. Berlin: Logos.
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B.3 Authenticity

In Study 1, I assessed authenticity by using a 5-point Likert scale with three items
adapted from Schubert, Friedmann, & Regenbrecht (2001). The scale ranged from 1 (does not
apply) to 5 (does apply). Participants rated authenticity with respect to (1) the overall

simulation and (2) the collaboration.

Authenticity with respect to the overall simulation

= Ich schitze die Simulation als authentisch ein.
= Die Simulation hat wie eine echte berufliche Anforderungssituation gewirkt.
= Das Erleben in der Simulation glich dem Erleben in einer realen beruflichen

Anforderungssituation.

Authenticity with respect to the collaboration

= [ch schitze die simulierte Zusammenarbeit mit dem Radiologen als authentisch ein.

= Die simulierte Zusammenarbeit mit dem Radiologen hat wie eine echte berufliche
Anforderungssituation gewirkt.

= Das Erleben in der simulierten Zusammenarbeit mit dem Radiologen glich dem

Erleben in einer realen beruflichen Anforderungssituation.

Reference

Schubert, T., Friedmann, F., & Regenbrecht, H. (2001). The Experience of Presence: Factor
Analytic Insights. Presence: Teleoperators & Virtual Environments, 10, 266-281.
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C Coding Scheme Study 2

C.1 Coding for inclusion
Coding of title and abstract

Independent variable (1V)

Variable: Is the paper about CSCL scripts as defined below?
Name: script

Code Category

0 No CSCL script or the CSCL script is not varied within a study (e.g. only
described in the theory section)
1 CSCL script

Definition of a computer-supported collaboration script:

A collaboration script structures collaborative learning activities by scaffolds (that are
named “script” or scaffolds with another name) which are instructional treatments that
sequence and distribute at least two different activities among the collaborative learning
partners by

(1a) asking or inducing to fulfil specific activities, by explicitly prompting to fulfil the
activities (e.g. Rummel et al., 2009) and/or

giving a limited amount of activities that can be executed (e.g. by labelling messages;
offering different chat-boxes with different headings, Stegmann et al., 2007) and/or

inducing distributed activities by asking for an activity that could only be executed in
a collaborative way (e.g. discussing, clarifying open questions...)

and/or

(1b) distributing at least two roles* between collaborative learners that explicitly ask
for the activities that are connected to the specific roles

and

(2) At least one of the prompted/expected activities must be a contribution that is
addressing the opposing learning partner(s) (e.g., showing or explaining something to the
learning partner; answering the learning partner’s questions; discussing with the learning
partner; etc.). This can be implemented by either explicitly asking to address the learning
partner within the script prompt, or by inducing to address the learning partner in the way the
learning environment is designed (e.g. discussion forum with script prompts that scaffold how
to write messages), or by another implicit demand to address the learning partner (e.g.
“clarifying open questions”).

and
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(3) Further to be a computer-supported collaboration script the collaborative learning
that is supported by the script must be at least partially conducted using computational
technique (e.g. learning environment at the computer; receiving script prompts via computer;
etc.).

*Note: Collaborative activities that are structured by exclusively distributing roles
among learners by distributing knowledge resources (e.g. one learning partner reads an
informational text whereas another does not) is not defined as collaboration script.

Data Level

Variable: Is quantitative data provided?
Name: data_level

Code Category Explanation
0 No data provided No study is reported at all (e.g., review, framework...)
1 Qualitative data only Qualitative data (e.g., content analysis) is provided
2 Quantitative data Quantitative data (i.e., control versus experimental
group) provided
Study Design

Variable: Is an (quasi-) experimental study reported comparing a scripted condition with
an unscripted condition?
Name: study design

Code Category Explanation
0 No (quasi-) experimental There is either no study reported at all, or it is not a
study reported. (quasi-)experimental study (correlational only).
1 (quasi-) experimental At least one treatment group is compared to a control
study reported condition. Quasi-experimental allocation is possible.
Language

Variable: Is the article available in English?
Name: Language

Code Category

0 Not available in English

1 Available in English

Peer reviewed

Variable: Is the article published in a peer reviewed Journal?
Name: peer_review
Code Category

0 No peer reviewed article
1 Peer reviewed article
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Inclusion in fulltext coding

Variable: Should the article be included in the final sample?
Name: inclusion_1

Code Category Explanation

0 No If the remaining variables are coded 0 (resp. 1 for data_level)
Exception: data (authors will be contacted before exclusion)

1 Yes If the remaining variables are coded 1 (resp. 2 for data_level)
Exception: data (authors will be contacted before exclusion)

Coding of full text

Post-Test

Variable: When is the outcome variable assessed?
Name: post-test

Code Category Explanation

0 Only process data Data is defined as process data if it is assessed during the
reported treatment (i.e., the CSCL script)

1 Post-test data Post-test data is assessed after the treatment phase (control

and experimental group had the same instruction for the post-
test)

Dependent Variable

Variable: Is the dependent variable of interest (i.e., domain-specific knowledge,
collaboration skill, motivation)?

Name: DV
Code Category Explanation
0 DV is not of Other outcome as domain-specific knowledge, collaboration
interest skill or motivation is reported
1 DV is of interest At least one of domain-specific knowledge, collaboration
skill, or motivation is reported
Sufficiency of Data
Variable: Is enough data reported to calculate an effect size?
Name: data
Code Category Explanation
0 Not enough data
reported
1 Enough data Mean & SD & N for both groups, or N and F-, t-, Chi?-, r-

reported statistic reported
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Final inclusion of the article

Variable: Should the article be included in the final sample?
Name: final inclusion

Code Category Explanation

0 No If at least one of the inclusion criteria has the code 0 (resp. 1 for
data level) Exception: data (authors will be contacted before
exclusion)

1 Yes If all inclusion criteria have the code 1 (resp. 2 for data_level)

Exception: data (authors will be contacted before exclusion)

C.2 Coding of moderators

Script Activities

Collaboration scripts target different types of collaborative processes and by that foster

the social regulation of learning activities. We distinguish between coordination, negotiation,

information sharing. Identify all activities prompted/expected by the collaboration script in

the experimental condition. Please write down all activities identified in the column

Script_activities and give the respective type of collaborative activity in brackets (e.g.

exchange questions with peers (info), answer questions of your peers (info))

Caution/Hints:
Sometimes, learners receive support in form of hints (e.g., hints for constructing a good
question/argument) that either pop up automatically or can be requested by the learner.
These are no activity prompts and should not be coded here. Only, if learners are
explicitly requested to do something (e.g., sentence openers), the prompt/hint is
regarded as activity.
Sometimes, it is not clear how often receive specific activity prompts (e.g., sentence
openers), or the number of activity prompt differs between learners (e.g., if the prompt
appears dependent on the behavior of the group). In this case, the prompt is counted
once.
If a script consists of different types of prompts, then each prompt is counted separately
(e.g., in Adamson et al., 2014 Study 4, there are two different agent prompts (agree-
disagree and explanation prompts), count each once).
If an activity is introduced as a higher-level goal, it is not coded as activity prompt here
(e.g., “in order to learn the content, students were asked to read the text = reading is

coded, learning is not coded)
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= [fan activity is implicitly mentioned without mentioning the actual verb, the activity is
coded anyhow (e.g. from Adamson et al., 2014: “task could not be completed without
knowledge from each of the student experts” = implies exchange of knowledge).
Coordination
Activities that are related to the management of group processes, including the
negotiation of learning/task goals and group strategies, strategic control of emotional and
motivational processes as well as responsibility taking (see Jarveld & Hadwin, 2013; Hesse et
al., 2015). Coordination is also if the script makes discussion of learning strategies
unnecessary. Examples are:
= discuss learning goal
= discuss learning strategies
= discuss how to proceed
= distribution of roles
= distribution of activity into learning phases / sequencing

= Not: Write argument sequence

Variable: Collaborative activities
Name: coord

Code Category

0 Not prompted
1 Undertaken by the script
2 Prompted

Negotiation

Activities that are related to argumentation and negotiation. These activities aim to
resolute conflict, achieving compromise, and to advance knowledge building (e.g., Hesse et
al., 2015). Negotiation contains an exchange of arguments. Examples are:

= resolution of conflict

= compromising

= the discussion of content related aspects (not the discussion of collaboration itself),
= formulation of an argument sequence. (e.g.. clarify misunderstandings, discuss,...).
= To agree on something, find a consensus

= To criticize something

= Not: to evaluate the general quality of something

= Not: construction of single arguments (this is information sharing)



8 Appendices 142

Variable: Collaborative activities

Name: nego

Code Category

0 Not prompted
1 Prompted

Information sharing
Activities that are related to the interchange of knowledge or ideas and the
construction of shared knowledge, including recognizing differences in the knowledge base
between oneself and the learning partner (transactive memory) and to initiate and to request
information sharing processes. Information sharing scripts may also prompt to share
information in a way that it is suitable for a specific addressee (Hesse et al., 2015). Examples
are:
= exchange evidence,
= ask questions
= exchange information (theoretical content, own ideas or solutions of a problem),
= constructing arguments

= Not: argument sequences

Variable: Collaborative activities
Name: info

Code Category

0 Not prompted
1 Prompted

C.3 Coding of dependent variable
Domain specific knowledge

Domain-specific knowledge refers to content knowledge and skills that are directly
related to the targeted domain. For example, in Stegmann et al. (2007), the attribution theory
would be the domain-specific knowledge. Domain-specific knowledge is often tested by using
knowledge tests (multiple choice or open questions). The tests are either declarative or

application oriented knowledge tests.
Coordination skills

Collaboration skills refer to knowledge about and skills related to collaborative
processes that are directly prompted, induced and/or structured by the collaboration script (if
the skill that is measured is not prompted by the CSCL script and it is not domain-specific

knowledge, it is not perceived as relevant). For example, in Stegmann et al. (2007), the
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collaboration script fosters argumentation skills by directly prompting the argumentative
activities “argument”, “counter-argument” and “synthesis”. As different collaborative tasks
require different collaboration skills, here it is differentiated between three different types of

collaboration skills (Coordination skills, Negotiation skills, Information sharing skills).
Motivation

Motivation comprises all factors that are important for the initiation and maintenance
of actions (e.g., Heckhausen, 1974). Motivation is typically assessed using self-report

questionnaires.

Variable: Type of the dependent variable
Name: DV _type

Code Category Description:
11 Declarative All tests that ask the learner to recall or recognize the
knowledge test content learnt during the learning phase. Example: a test that
asks learners to recall key features of the attribution theory
of Weiner.
12 Application test All tests that ask the learner to apply the content learnt

during the learning phase. Example: a test that asks the
learners to apply the key features of the attribution theory of
Weiner to a case scenario.

13 Mixed test Both types of tasks are tested in the test

21 Coordination skill Knowledge about and skills related to the management of
group processes, including the negotiation of learning/task
goals and group strategies, strategic control of emotional
and motivational processes as well as responsibility taking

22 Negotiation skill Knowledge about and skills related to argumentation and
negotiation. This includes the skills to resolute conflict and
to make compromises, to discuss content related aspects,
and to formulate an argument sequence.

23 Information sharing Knowledge about and skills related to the interchange of

skill knowledge and the construction of shared knowledge. This

includes recognizing differences in the knowledge base
between oneself and the learning partner and to initiate and
to request information sharing processes.

24 Mixed Please leave a comment describing which skills are mixed

3 Motivation See above
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D Measures and Sample Solutions Study 3
D.1 Evidence elicitation

Material is available upon request due to ongoing studies in the project at the time of

printing.
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D.2 Evidence sharing

Material is available upon request due to ongoing studies in the project at the time of

printing.
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D.3 Basic Psychological Needs

In Study 3, all participants rated their basic psychological need satisfaction using a 7-
point Likert scale adapted from Sailer, Hense, Mayr, and Mandl (2017). The scale ranged
from 1 (I do not agree) to 7 (I totally agree) and consists of the three subscales perceived

competence, perceived autonomy, and perceived social relatedness.

Perceived competence

= [ch bin zufrieden mit meiner Leistung bei der Tétigkeit.

= [ch habe mich wéhrend der Tétigkeit kompetent gefiihlt.

= [ch habe mich wéhrend der Tétigkeit fahig und effektiv gefiihlt.
= [ch hatte wihrend der Tatigkeit Erfolgserlebnisse.

Perceived autonomy

Ich konnte selbst entscheiden, welche Handlungen ich bei der Tétigkeit ausfiihre.

Ich habe selbst entscheiden konnen, was ich wihrend der Tétigkeit mache.

Ich konnte bei dieser Téatigkeit selbst Entscheidungen treften.

Perceived social relatedness

Ich habe mich als Teil eines Teams gefiihlt.

Ich habe mich wihrend der Tétigkeit sozial eingebunden gefiihlt.

Ich habe mich wéhrend der Tétigkeit emotional mit anderen verbunden gefiihlt.

Reference

Sailer, M., Hense, J. U., Mayr, S. K., & Mandl, H. (2017). How gamification motivates: An
experimental study of the effects of specific game design elements on psychological

need satisfaction. Computers in Human Behavior, 69, 371-380.
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E Collaboration Script

Material is available upon request due to ongoing studies in the project at the time of

printing.
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F Experimenter Guidelines

F.1 Study 1

Material is available upon request due to ongoing studies in the project at the time of

printing.

F.1 Study 3

Material is available upon request due to ongoing studies in the project at the time of

printing.
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G Ethical Approval by Ethics Committee
G.1 Study 1

Ethical clearance was declared by the ethics committee of LMU Klinikum, Ludwig-

Maximilians-Universitét, prior to data collection.

G.2 Study 3

Ethical clearance was declared by the ethics committee of LMU Klinikum, Ludwig-

Maximilians-Universitét, prior to data collection.
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H Information for Participants and Declaration of Consent
H.1 Study 1

Material is available upon request due to ongoing studies in the project at the time of

printing.

H.2 Study 3

Material is available upon request due to ongoing studies in the project at the time of

printing.



