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The use of digital assessment tools come with various benefits, among them the immediate collection
of log data in which information is stored about the steps a student takes when solving a problem. This
log data can be used to enhance the assessment of students’ abilities or conceptions or to explain
partially correct responses. In this paper, we elaborate on three features that log data could add to
formative assessment. They are exemplified in empirical data from n = 238 Grade 5/6 students from
the formative assessment tool Mastering Math — Online-Check. The findings of this exploratory study
show that log data, if carefully exploited, can help to make both, fragile conceptual understanding and
students’ strategies, visible and explain students’ answers, even if on the first glance they appear
unexpected. The benefits and challenges for (short) formative assessments are discussed.

LOG-DATA IN COMPUTER-BASED ASSESSMENTS

The aim of most forms of assessment is to collect data about the test persons’ performances. The most
usual type of data in assessment are final responses to the administered questions. One of the
advantages of digital assessments is that by-products of the data collection process can automatically
be stored as log data. A long research tradition exists in capturing time measures for response times:
For instance, time-measures have been used to model missing data mechanisms (Pohl et al. 2019), to
investigate mode-effects (Buerger et al., 2019) or to assemble adaptive tests (van der Linden 2008).
Spending more time on an item can lead to different outcomes: either positive, when an item is
completed more thoroughly and thus the time-on-task is longer, or negative, when the longer time-on-
task is due to a lack of skills and a less fluent execution of the task. Wise (2017) examines rapid-
guessing behaviour. Goldhammer et al. (2014) find in the PIAAC dataset for problem solving, that the
time on task effect was positive and increased with task difficulty but decreased with increasing skill
level of the test-taker. This shows how log-data have to be interpreted against their specific (task-)
background to determine which behaviour is expected by a certain kind of test-taker. This holds
especially true when prompts to the test-taker should be presented when his or her answering process,
derived by the log-data, is not in line with the a-priori defined expectations (Buerger et al., 2019).

Beyond capturing time-measures for response times, log data can capture test persons’ processes, €.g.
how often answers were changed or how a test person navigated between items (Kroehne &
Goldhammer, 2018). Studies on answer-changes in educational contexts (e.g. Castellano et al., 2022),
were often focused on multiple-choice item solving processes, especially how changing an answer
when in doubt is associated with the outcome. Less is known on how log data can systematically be
included into the assessment in order to assess for example mathematical procedures or conceptual
understanding, so this research gap is to be reduced with the current paper.
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AIMS OF THE MASTERING MATH - ONLINE-CHECK

The Mastering Math - Online-Check is a product of the on-going 15-year-long Mastering Math project,
for Grade 5-7 (10- to 13-year-old) students struggling with mathematics. The project is designed to
offer supplementary learning opportunities to enhance students’ understanding of basic arithmetic
concepts, such as place value and the meanings of multiplication and division (Prediger et al., 2019).
Between 2008 and 2023, the Mastering Math intervention program underwent iterative development,
resulting in the creation of 45 pen-and-paper assessment and enhancement materials. These materials
were subject to qualitative testing in design experiments, with subsequent redesigns aimed at
optimizing their effectiveness in supporting teachers to cultivate a profound conceptual understanding
among low-achieving students. Each module starts with a brief assessment of five to ten items,
strategically designed to formatively evaluate students' conceptual understanding of carefully chosen
concept elements. These assessment items are intricately linked to teaching materials intended for
deepening incomplete or superficial understanding. Consequently, the outcomes of the assessment
guide the prioritization of learning tasks and communicative prompts in the remediation class. The
Online-Checks (Hankeln et al., submitted) are the digital adaption of these short formative
assessments. While having started with a migratory approach (Fahlgren et al., 2021), the Online-
Checks now provide a considerable extension of the paper- and pen-assessments, as most items can be
automatically corrected and the diagnostic information can be instantly evaluated, aggregated and
displayed in varying levels of details (Gross et al., submitted).

RESEARCH QUESTION

The intended brevity of the formative assessments is important for their implementation in everyday
classrooms, where time is always scarce. Despite the limited number of Items, each Online-Check
aims at gaining in-depth information on students’ conceptual understanding of relevant elements. The
design process therefore searches ways to intensify the informativity of each Online-Check by
exploring the informativity of log data, with the following questions:

(1) Which information available in log-data can be expected to provide additional information about
students’ understanding?

(2) How do log-data need to be processed to provide insights described in anecdotal case studies to
teachers interpreting the results of formative assessments?

METHODS

Data gathering. To investigate these questions, we analysed log data and recorded working processes
collected in pilot studies of the modules on meanings of multiplication and division in the Mastering
Math - Online-Checks. All responses were given by n =238 students in Grade 5 or 6 in German middle
schools. The items created with the CBA ItemBuilder (Kroehne, 2023) provided a broad range of log
data so that for each check and each item both response- and process-data was available.

Data analysis. We investigated two kinds of log data on the single item level, (a) students’ answer
changes in sequences of steps before logging in and (b) response times measures. For both kind of log
data, a qualitative analysis was conducted to uncover first diagnostic potentials by suggesting potential
inferences on students’ thinking processes or understandings. In future research, these could be
validated in validation studies in cognitive labs.
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FINDINGS: DIAGNOSTIC POTENTIALS OF LOG-DATA ON ANSWER CHANGES AND
RESPONSE TIMES

We found that the log data on students’ iterative answer changes enriched the diagnostic insights in
those items that hold closed or semi-open formats, whereas long-answer formats seem to elicit less
answer changes so that their analysis was less informative. We found four different (yet overlapping)
potentials that the log-data on response times and answer changes could add to the formative
assessment, which are described with example items and student responses.

Making fragile conceptual understanding visible by answer changes

The first potential of including log data on answer changes into the diagnostics is to detect students’
insecurities that are not strong enough to affect the final response, but somehow influence the solution
process. This is for example the case in the multiple-choice item in Figure 1 that asks students to
choose all images of dice that match the multiplication 4 x 3. The item is correctly solved if only the
first image is selected. It is the aim of the Item to determine whether students understand the concept
of a multiplication as counting in groups, e.g., four dice with three eyes. A common misconception
would be to focus only on the given numbers and to choose the second option with a four-eyed and a
three-eyed die, without any multiplicative structure.

The final response for this item is the selection of checkboxes when students leave the item. However,
every change of selections while working on the item is stored in the log data. In Figure 1, we represent
the sequences of intermediate answers for eight students, documenting how often students have
selected and de-selected each checkbox. The examples reveal that students with identical final
responses can take different selection pathways with no or multiple answer changes. Even when we
cannot unambiguously infer what the students were thinking when clicking on the checkboxes, the
log-data on selection and de-selection reveals that a student has been reflecting on the answer options.
Even students with correct final responses (such as Sqnuhasa and tbwvdz52) seem to have been first
tempted by the distractor 4+3, but overcome their hesitation. So, it could be worth the effort to engage
also those students in a discussion about multiplication meaning counting in groups. In particular,
those students might be able to contribute helpful reflections against a certain misconception in a
discussion. Providing such information to teachers might thus be helpful for them to plan subsequent
learning opportunities.

H H > H : Person [ &9 9 £ . .
Which images match the multiplication 4 x 3 ? || sommouscose) | |#2"| | |5 Final solution
. . 2¢q22kb2 N S N
Choose all suitable images. 2asmbut 5.0 555 [N -
ohb N 5,D,5,D,5 | 5,D,5,D
prynbvz 5,D,S,D
m 0 .. 2nvs664p s N
.. 0 o ﬂ Sqnuhasa S S,D N
o.l o X ‘.’ ‘ 0 o e 668kazr8 s S,D
. o® oo .
CI tbwvdz52 S S, D N
8mvqqqxn S N|S D
gropir28 5,0, N N
N: Checkbox never clicked; S: Checkbox selected; D: Checkbox deselected

Figure 1: Item 1C in module N4A: Meaning of Multiplication with reconstructed selection processes




Hankeln, Grof3, Krohne, Vofs, & Prediger

Making students’ strategies visible by answer changes

Whereas the answer changes in the multiple-choice item in Figure 1 might mainly reveal information
on students’ hesitations or comfort with immediate answers, the order of students’ steps can reveal
also diagnostic information on students’ mathematical strategies. An example for such a case can be
found in the Item 5b (Figure 2) which is part of a set of four items that assess students’ understanding
of division in a linear representation on a number line. In Item 5b, students are asked to construct arcs
on a number line that graphically represent the division 20:5. A correct answer would be to build four
arcs with the length 5 each or five arcs with the length 4 each. In contrast to a paper-pencil-assessment,
the digital adaptation allows not only the construction of arcs but also their a-posteriori adaption.

Item 5a Item 5b Item 5¢ Item 5d
HH{HHIHH{HHL-» RAmssmaass LU fo m_, —W»
0 10 20 0 10 20 0 10 20 0 10 20
Write down a division that Draw arcs on the number line | Does the figure match the Does the figure match the
matches the figure. that match the division 20:5. division 15:5=3? division 21:3=7?

Figure 2: Assessment items of students’ understanding of division on a number line

The solution process of the sixth grader Mary in Item 5b (see Figure 3) can be divided into three
sequences containing a constant change of construction and deletion of arcs for 20:5. Her process can
be interpreted as an insecurity whether the divisor should represent the length of arcs (quotitive model:
How many arcs of length 5 fit into 20? in Sequence 1) or the number of arcs (partitive model: How
long are the arcs when 20 is partitioned into 5 arcs? in Sequence 3), both are correct. In the first
sequence, Mary starts with drawing two arcs of length five each, seemingly to construct a quotitive
model of the division. Before transcending to the partitive model in Sequence 3, her Sequence 2
documents an intermediate state: Mary tries to fit five arcs into the interval till 20 (quotitive model),
but keeps the length 5 in all arcs (as in the partitive model) except the first one, so she does not reach
the 20 (with unequally sized arcs). With these diagnostic insights into her answer changes in Item 5b,
Mary’s answers to the subsequent items become better understandable. In Item 5c, where Mary has to
judge if a given model fits the division 15:5=3 (see Figure 2), Mary answers: “No, it ends at 20 and
not at 15”. She does not refer to the un-equal length of the arcs, which is an important argument for
the mismatch. Her focus on the end-point might be due to the insight from her Sequence 2, as this was
the moment where she remarked the misfit of her own model. Her argument might be interpreted as a
first indication that Mary does not see the important groups that are counted in this representation.
Additionally, Mary seems to accept only partitive models, with the number of arcs representing the
divisor. She actively decides against a quotitive model in Item 5b. In Item 5d, Mary rejects the quotitive
model but just answers “I don’t think it fits” without any further explanation. This is in accordance
with her answer to Item 5a, where she also prefers the partitive model by answering “18:3=6".

Sequence 1 Sequence 2 Sequence 3

all arcs all arcs
m deleted M deleted m
0 10 20 0 10 20 0 10 20

Figure 3: Sequences of Mary’s drawing process for 20:5 as reconstructed using the log-data
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Thus, we see her preference of the partitive model in all five items, while only the reconstructed
process based on the log data indicates that she might be aware of both models, but actively decides
against one model. For the classroom work following this formative assessment, it might be valuable
to discuss with Mary both representation models and to address her insecurity directly.

Making students’ seemingly contradictory static responses explainable by answer changes

Already the case of Mary exemplified how insights into the solution process of one item can contribute
to better understand also responses of further items, this observation could be made in several cases.
In the following case of Anthony, the log data on answer changes even contributes to explain an
apparent mismatch of answers: Anthony shows insecurities in his understanding of multiplication and
division. When asked to justify why a certain realistic situation requires a division, he only argues that
a subtraction would not lead to the correct result without referring to what a division actually means.
In Item 5a (Figure 2) he writes 6+6+6=18 instead of a division. However, in Item 5b he draws a correct
figure with four arcs of length 5 each, which seems to be inconsistent to his answers to other items in
this module. If we yet look at how he solves Item 5b, we see that also in this item, he probably performs
a subtraction: he starts with the last arc, from 15 to 20, and continues the way down to zero. In
Anthony’s case, the final response was not expected, but becomes understandable by seeing the ways
he draws the arcs on the number line.

Also in other cases, log data on students’ use of interactive elements can reveal insights into the ways
they structure their thinking: In the item in Figure 4, students are asked to write down a division and
draw an image that represent the given situation, with digital stamps at their disposal to display the
children and the sweets. Leo starts to write down “12:3”, without fixing a result and then proceeds to
draw an image. Leo’s final image (Figure 4) is difficult to understand as he seems to organize two
areas in his image: on the left-hand side, there are three children with four sweets each; on the right-
hand side, there is a circled, but empty area. Additionally, there are handwritten notes referring to the
number of children and sweets. When tracing Leo’s drawing process, we see that his first image begins
with depicting the initial situation with three children and one group of twelve sweets, both explicitly
labelled by K3 (for kinder) and 12 sweets. The intermediate screen capture reveals that he successively
distributes the sweets by dragging one sweet after another to the children until his circled area is empty.
Leo intuitively makes use of the interactive format, where, in contrast to a drawing on paper, he can
move objects and work on his image in order to find an answer. In that way, he is able to provide a
response to the equation he has formulated before and visualizes that each child gets four sweets.

The reconstruction of Leo’s drawing process offers important diagnostic potentials as we see his initial
problems in the mere procedural calculation of 12:3 and his ability to activate the conceptual
understanding of a division as equally distributing (forming equally sized groups). This could be a
starting point to draw upon in the subsequent classroom activities to leverage his competences.

Item 1: Three children )
1881 . [
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each child get? Z ] y o 12 B Yo ;Pu 12 B

Draw an image of the ]
. . Leo’s 1st image: 3 children | Leo’s drawing process of Leo’s final image
situation. S e
(3K) and 12 sweets (12 B) distributing the sweets

Figure 4: Sequence of Leo’s solution process to equally distribute twelve sweets to three children
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Detecting superficial translation processes

While the three given examples all illustrate diagnostic potentials of log data about answer changes
and sequences of steps students take to solve an item, also time measurements can add value to the
assessment. Besides disengagement or rapid guessing (Wise, 2017), we hope to detect cases of
superficial translation between graphical and symbolic representations through time measurement. For
example, in the multiple-choice item on multiplication in dice images in Figure 1, the time that passed
between students opening the item and their first interaction with the item supports the interpretation
why students have chosen a specific answer, as there is a significant relationship of this time
measurements and the misconception to work superficially: Those who choose the second option (of
superficial translation of only numbers without multiplicative structures) react significantly faster to
the item (F(2)=3,28; p<.05) and they spent significantly less time on the item (F(2)=10.18, p<.001)
than those students that make different mistakes. Those students seem to rely on fast, but superficial
translations, but they do not reflect properly on the given options. However, there is no difference
between those students using such a surface-strategy and the group of students who solve the item
correctly. This is in accordance with findings by Goldhammer et al. (2014) for problem solving where
time-on-task is moderated by students’ performance and difficulty of the item.

CONCLUSION AND FUTURE PROSPECTS

The presented items and cases provide first indications that log data can reveal information that
contribute to in-depth (formative) assessment of conceptual understanding. We could identify four
main potentials that the inclusion of log data could add to the assessment: (1) being sensitive for fragile
concepts and nuances in students’ understandings that would have been hidden in the analysis of just
the final responses, (2) extracting information on students’ strategies when solving an item, (3) being
able to explain apparently deviating responses or enriching short open answers with background
information, and (4) detecting superficial translation processes.

The first potential is important for the quality of brief formative assessment to make best use of the
short time. As even students with fragile or incorrect conceptual understanding may solve items
correctly by using superficial strategies (Hegarty et al., 1995), a formative assessment should cover
various formats or representations in order to detect problematic understandings. Increasing the
informativity of each item can contribute to the quality of the drawn conclusions from a relatively
small number of items. As the analysis of Mary’s solution process (Figure 3) indicates, that not only
final, but also intermediate responses can provide diagnostic information especially on the fragility of
students’ understanding. However, for the evaluation of intermediate responses, whether coded by
humans or a machine, the whole working processes captured in log data must first be divided into
meaningful sections. Depending on item types and response formats, creating segments can draw upon
well-specified log-events (e.g., “all arcs delete”), or a sequence of actions (multiple single arc
deletions). In any case, this requires an in-depth analysis and conceptual interpretation of both, the
expected and the observed processes at the level of an individual item.

The second potential refers to assessment of students’ understanding in connection to more general,
cognitive or meta-cognitive strategies (Renkl et al., 2013). As the statement “What you test is what
you get” (Burkhardt & Schoenfeld, 2018, p. 577) is still valid, this connection could also promote the
integration of strategic instructions into everyday teaching. However, detecting strategies in items in




Hankeln, Grof3, Krohne, Vofs, & Prediger

which students have to perform multiple steps requires deriving meaningful actions from log-event
data. This study gave anecdotic evidence that there are specific features (for example adding an arc of
a particular size) that can be detected by a machine and that sequences of such actions can be
interpreted, within the context of the specific items, as different problem-solving strategies. However,
this requires an algorithmic extraction of information from log data. This can be achieved, for instance,
using finite-state machines (i.e. explicit algorithms) as described in Kroehne & Goldhammer (2018).

The third potential is crucial for establishing connections across separate items and shifts the sole focus
from the assessment of static products to the assessment of solution processes. Similar to diagnostic
interviews, we can hope to gain more insights into the steps student perform to reach their final
answers. The examples above have illustrated that there are indeed interpretable processes that can
explain student’s final responses across items and might serve as valuable assets for classroom
discussions. As these processes can be captured by the assessment platform, it gets possible to gain
information about solution processes of a large amount of students simultaneously. However, it is yet
unclear how these huge amounts of information must be aggregated for teachers in order to support
their planning of further learning opportunities (Gross et al., submitted).

The fourth potential can contribute to one of the goals of the Online-Checks: to uncover superficial
knowledge with greater accuracy. Initial analyses of the data collected with the Online-Checks show
the relevance of this objective. In the answers of 238 students examined for this study, 90% made at
least one error that can be attributed to a surface strategy (Prediger et al., submitted). By integrating
time measurements, it may be possible to enrich these findings and derive further diagnostic
information about students, such as measuring the certainty with which students have given their
answers. Uncertainty in responses can be captured through long processing times, while extremely
short processing times may indicate disengagement (i.e. rapid guessing) or more certain knowledge
(automated information processing). Such indicators do not necessarily have to be operationalized on
the basis of time measurements, in more complex response formats for example also the number of
actions like clicking a checkbox might serve as a basis to estimate students’ certainty. The multiple-
choice item in Figure 1 has illustrated the possible discrepancy between the minimal numbers of action
necessary to solve an item and the observed number of actions. Importantly, the process indicators
(similar to scores and ability estimates at the person level) need validation (i.e., theoretical and
empirical evidence that support the intended interpretation).

Finally, all the above mentioned inferences need to be grounded in topic- and item-specific reflections
(or empirical evidences) justifying the choices, which actions and interactions are logged and provided
as log-event data, emphasizing the need to develop an understanding of log-data completeness. In
particular if human support is required for deriving either meaningful actions (like for Potential 2) or
segmenting sections (Potential 1), replay-completeness as defined in Kroehne & Goldhammer (2018)
becomes crucial as it makes the need explicit to visually replay test-taking processes recorded in terms
of log events. Summing up, if the item-specific identification of meaningful process steps using log
data is successful, this can bring a new quality to a formative assessment because the informative value
is increased or because in-situ and individual prompts become possible, which makes it possible, for
example, to ask students in-situ individual questions about their current understanding.
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