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The CoDiL framework

Learning (math) as individual content-specific processes to generate knowledge
■ Acquiring knowledge components in digitally-enriched educational settings
■ Learning activities when learning (math) with digital tools
■ Digitally-enriched instructional features as opportunities stimulating learning activities
■ Linking students’ on-task behavior and learning

Theoretical framework “setting the stage” for . . .
Structured research program with 12 subprojects (3 in math) located in Freiburg
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The CoDiL framework
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(Reinhold, Leuders, Loibl, Nückles, Beege, & Boelmann, revision submitted)
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Acquiring knowledge components in
(digitally-enriched) educational settings



Acquiring knowledge components in educational settings

Learning as an active, constructive, and content-specific cognitive process
Explaining learning should explicate internal and unobservable learning processes and
learning outcomes.
(KLI framework by Koedinger et al., 2012; see also Mayer, 2014; Yeo & Fazio, 2019)

Explicating knowledge components as a first step
Example: Explanatory model of learning how to compare the size of fractions
■ Prior knowledge: Natural numbers, part-whole, fraction equivalence

(Post & Cramer, 1987)

■ Evolving knowledge: Isolated comparisons of numerator or denominator
(Gómez & Dartnell, 2019)

■ Final knowledge: Repertoire of various correct comparison strategies
(Clarke & Roche, 2009)
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Learning activities when
learning with digital tools



Learning activities when learning with digital tools

Cognitive models of student knowledge do not guarantee learning success
Explaining learning should integrate structural aspects of learning environments and
actual processes that students undergo during instruction.
(Utilization-of-learning-opportunities framework by Seidel, 2014; see also Alp Christ et al., 2022; Seidel & Shavelson, 2007; Fredricks et al., 2004)

Examples of learning activities
■ Exploration: Initial examination for activating prior knowledge and raising questions

(Lachner et al., 2022)

■ Revision: Fundamental restructuring of naïve concepts to allow understanding
(Duit & Treagust, 2003; Vosniadou, 1994)

■ Self-explanation: Explaining content to oneself for deepened processing
(Renkl et al., 1998)

Frank Reinhold · WOG2023 Leuven, Belgium · 2023, October 11–13 5



Digitally-enriched instructional features as
opportunities stimulating learning activities



Opportunities stimulating learning activities

Digitally-enriched instructional features
Instructional events which are subject of affordances and constraints that have the
potential to increase generative processing (and to lower extraneous load).
(Schumacher & Stern, 2023; Sweller, 2020)

Examples of digitally-enriched instructional features
■ Adaptive feedback may aid exploration or initiate revision.

(Reinhold, Hoch, et al., 2020; Hillmayr et al., 2020)

■ Prompting to reconsider strategies while solving tasks may stimulate revision.
(Rau et al., 2009; Rittle-Johnson et al., 2017)

■ Prompting to summarize instructional information may stimulate self-explanation.
(Hofer et al., 2018; Reinhold, Strohmaier, et al., 2020)
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Linking students’ on-task behavior
and learning



Linking students’ on-task behavior and learning

Operationalization of cognitive activities via student-tool-interactions
Learning activities link students’ external, behavioral interaction with the tool and
students’ internal, cognitive processes that lead to knowledge acquisition.
(Goldhammer et al., 2017, 2021; Goldhammer & Zehner, 2017; Greiff et al., 2015; Reinhold, Strohmaier, et al., 2020)

Examples of “process data”
■ Student-tool interactions logged unobtrusively by the digital tool itself
■ Process indicators obtained from accompanying assessments during learning:

– Solutions from closed unique cognitive items inside a digital learning path
– Eye-tracking data
– Think-aloud protocols accompanying the use of any kind of digital tool
– Journal writing during self-regulated learning with digital tools
(Moyer-Packenham et al., 2019; Zuo & Lin, 2022; Nückles, 2021; Strohmaier et al., 2020; Nückles et al., 2020; Ericsson & Simon, 1998)
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Example Study: Fostering conceptual
understanding of box plots (Abt et al.)



Specifying the CoDiL framework for Martin’s study
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(Abt, Leuders, Loibl, & Reinhold, submitted)
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Specifying the CoDiL framework for Martin’s study
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Specifying the CoDiL framework for Martin’s study
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Fig. 9: First pairwise comparison (translated from German into English) 
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Specifying the CoDiL framework for Martin’s study
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Item A 
(procedural knowledge) 

Item B 
(conceptual knowledge) 

A school class played a quiz with 20 questions. 
All the children answered all the questions. The 
box plot represents how many questions the 
children answered correctly. 

Two schools A and B were attended by equal 
numbers of children. All children indicated in a 
survey how long they need to get to school in 
the morning. Each box plot represents the result 
for one school. 
 

 
 

 "Every child answered at least one question 
correctly." 
 
 
This statement is …  
 
O true 
O false 

The number of children with a school commute 
of more than 20 minutes is higher at one school 
than at the other.  
 
Decide at which one. 
 
O school A 
O school B 
 

Fig. 7: Items from the tests 
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Main result from the SEM (controlling for covariates)
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Discussion

Outlook
Reserach on learning (math) in
digitally-enriched scenarios
may focus on:
■ Cause-and-effect models in

digitally-enriched settings
■ Explicit theories of

“what works how”
■ Appropriate indicators inside

process data
■ Explicit mediation analyses

in intervention studies
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Linking students’ on-task behavior and learning

countries and economies, participated in the optional, fully computer-based assessment of CPS. This assessment was con-
ducted after the paper-based assessments of mathematics, reading, and science and included countries from all geographical
areas such as Brazil, France, Germany, Hungary, Singapore, and USA (OECD, 2014a).

To answer the two research questions on the relation between students' behavior and their problem solving performance,
we analyzed data from these 44 countries or economies, encompassing 16,219 students, on the Climate Control item that is
described below. We restricted our sample to the group of students for whom the itemwas presented at the first position in
order to avoid confounding the possible findings with position effects.1 Beside this restriction, we excluded 13 students due to
negative or zero response times, which might have occurred due to technical issues during the assessment.

2.2. The problem solving assessment in PISA and the climate control item

The whole PISA 2012 problem solving assessment included 16 units with a total of 42 items. The OECD (2014a)
published some sample units online (cbasq.acer.edu.au) in which students had to configure an MP3 player, buy tickets
from a vending machine, understand the behavior of a vacuum cleaner, or properly adjust a climate control mechanism.
We opted for using one item from the CPS unit Climate Control for our analyses as it provided a good fit with the theo-
retical concept of CPS and constituted an appropriate choice for representing an important part of the CPS framework in
PISA 2012.

The procedurewhen students beginworking on Climate Controlwas as follows (see Fig. 2): Students are told that they have
a new air conditioner but no instructions on how to handle it. Students are then instructed to manipulate input variables (i.e.,
tomove the top control, central control, and bottom control sliders; left side of Fig. 2) and to figure out how the input variables
are related to the output variables (i.e., temperature, humidity; right side of Fig. 2). Research using small-scale studies (e.g.,

Fig. 2. The Climate Control item from PISA 2012 used in this study.

1 Due to a rotated multi-matrix design implemented in the PISA assessment, no student was confronted with all items. As a consequence of this design,
only a part of the PISA 2012 sample worked on the Climate Control item, and in addition, for those who worked on this item, it was presented at two
different positions (see also OECD, 2014a, pp. 150, for further details on the assessment design). Thus, our sample represents only a part of the PISA 2012
sample, but since students were randomly assigned to different testing groups, we assume that the representativeness of the sample was not affected.

S. Greiff et al. / Computers & Education 91 (2015) 92e10596

(Greiff et al., 2015, p. 96)

12



Fostering conceptual understanding of box plots

 
Fig. 1: Variability measures that follow the deviation-of-a-measure of central tendency-

concept start from a central tendency (mean or median) as an initial value. In contrast, for 
quantile distances one can regard the median not as starting point but as a final value of 

narrowing these distances. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
variability as  

quantile distance  dispersion around central value 

§ median absolute deviation 

§ average deviation 

§ variance 

§ standard deviation 

§ … 

 

(Abt et al., submitted)
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Fostering conceptual understanding of box plots
Stimulus: At two schools A and B, the same number of children answered the question about how 
many minutes they spend getting to school in the morning. At one of the two schools, there are 
more children with a trip to school of more than 10 minutes than at the other school. Decide at 
which one. 
 

 
 

Fig. 3: Although comparing the medians leads to the correct answer (A), students who are 
influ-enced by the area misconception consider which box plot shows more area above the 

critical mark and answer incorrectly (B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Abt et al., submitted)
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Fostering conceptual understanding of box plots

 
Fig. 5: Learning paths showing two basic approaches to introduce box plots: On the left 

side the instruction of the IQR (variability) follows that of the median (measure of central 
tendency), the right side shows the reverse order. 
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(Abt et al., submitted)
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Fostering conceptual understanding of box plots

 
Fig. 6: Procedure of the survey 
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(Abt et al., submitted)
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Fostering conceptual understanding of box plotsItem A 
(procedural knowledge) 

Item B 
(conceptual knowledge) 

A school class played a quiz with 20 questions. 
All the children answered all the questions. The 
box plot represents how many questions the 
children answered correctly. 

Two schools A and B were attended by equal 
numbers of children. All children indicated in a 
survey how long they need to get to school in 
the morning. Each box plot represents the result 
for one school. 
 

 
 

 "Every child answered at least one question 
correctly." 
 
 
This statement is …  
 
O true 
O false 

The number of children with a school commute 
of more than 20 minutes is higher at one school 
than at the other.  
 
Decide at which one. 
 
O school A 
O school B 
 

Fig. 7: Items from the tests 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Abt et al., submitted)
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Fostering conceptual understanding of box plots
 

 
Fig. 9: First pairwise comparison (translated from German into English) 
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Task 1: In both diagrams, select an area of the dot plot that you would use for your decision. Use the yellow rectangles which you can move and change in width. 

Task 2: Which of the two tree species do you think is better suited for the avenue? Give reasons for your decision. 
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(Abt et al., submitted)
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