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ARTICLE INFO ABSTRACT

Keywords: Complex problem solving (CPS) is a highly transversal competence needed in educational and
Complex problem solving vocational settings as well as everyday life. The assessment of CPS is often computer-based, and
Planning therefore provides data regarding not only the outcome but also the process of CPS. However,
Computer-based assessment research addressing this issue is scarce. In this article we investigated planning activities in the
Il;;)sgAdata process of complex problem solving. We operationalized planning through three behavioral

measures indicating the duration of the longest planning interval, the delay of the longest
planning interval and the variance of intervals between each two successive interactions. We
found a significant negative average effect for our delay indicator, indicating that early planning
in CPS is more beneficial. However, we also found effects depending on task and interaction
effects for all three indicators, suggesting that the effects of different planning behaviors on CPS
are highly intertwined.

1. Introduction
1.1. Theoretical background

The ability to solve complex problems is an essential competence in both education and everyday life, and is required for active
participation in today's society. Ongoing globalization and digitalization confront people with an increasingly complex environment
that demands numerous problems to be solved in personal life as well as at the workplace (Fischer, Greiff, & Funke, 2012). Fur-
thermore, problem solving is the basis of many scholastic learning processes and is therefore regarded as a fundamental goal of
education (OECD, 2013). From this perspective, the question stands which kind of behavioral engagement with a problem solving
task predicts successful task completion. This study investigates the relationship between planning behavior and performance in
complex problem solving (CPS) using computer-generated log data from a large-scale assessment.

According to Mayer and Wittrock (2006) a problem occurs when someone wants to achieve a goal and no obvious solution is
available. This broad definition refers to many academic and real-world tasks in the field of problem solving. In this paper, we focus
on CPS, which is frequently needed in real life. In contrast to non-complex problems, in CPS the given state, the goal state and the
barriers between these states are complex, i.e. they can change dynamically and are opaque (not all information is presented at the
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TICKETS =L

A train station has an automated ticketing machine.
You use the touch screen on the right to buy a ticket.
You must make three choices.

o Choose the train network you want (subway or Select train network
country).

o Choose the type of fare (full or concession).

o Choose a daily ticket or a ticket for a specified
number of trips. Daily tickets give you unlimited
travel on the day of purchase. If you buy a ticket
with a specified number of trips, you can use the CITY SUBWAY COUNTRY TRAINS
trips on different days.

The BUY button appears when you have made these
three choices. There is a CANCEL button that can be
used at any time BEFORE you press the BUY button.

CANCEL

Question 2: TICKETS Cr038Q01

You plan to take four trips around the city on the subway today. You are a student, so you can use concession fares.
Use the ticketing machine to find the cheapest ticket and press BUY.

Once you have pressed BUY, you cannot return to the question.

Fig. 1. CPS-task from PISA 2012.

outset) (Frensch & Funke, 1995). Hence, the problem solver has to interact with the problem to overcome these barriers and solve the
problem. In the scientific literature many similar definitions of CPS exist, which all stress the importance of dynamics, opacity, and
interactivity. To account for the interactivity of complex problems, CPS is mostly assessed via computer-based tasks, as it was the case
in the Programme for International Student Assessment (PISA) 2012 (OECD, 2013). PISA measures curricular and cross-curricular
competencies of fifteen-year-olds in the participating countries every three years. An example of a problem solving task, which is
taken from the PISA 2012 problem solving assessment, is shown in Fig. 1. It displays a simulated ticket machine and an instruction to
buy a specific ticket. This scenario can be regarded as a problem: there is a given state (not having a ticket), a goal state (having a
ticket) and barriers between them (the user interface of the ticket machine). The problem is complex, in that not all information is
present at the outset (e.g. it is not shown how different fare types are selected) and it therefore requires a number of interactions to
gain the information needed to solve the task. Because CPS is considered a cross-curricular domain, its assessment can take many
different forms and the tasks used in PISA 2012 are rather heterogeneous in nature (Buchner, 1995; Leutner, Funke, Klieme, & Wirth,
2005).

Several cognitive processes are involved in the solving of complex problems. The OECD (2013) established a framework of
problem solving that is based upon the work of several cognitive psychologists (Baxter & Glaser, 1997; Blech & Funke, 2005, 2010;
Bransford, Brown, & Cockling, 1999; Funke & Frensch, 2007; Greiff & Funke, 2008; Klieme, 2004; Mayer & Wittrock, 2006; Osman,
2010; Reeff, Zabal, & Blech. C., 2006; Vosniadou & Ortony, 1989; Wirth & Klieme, 2003). According to this framework, four main
processes are involved in problem solving: “exploring and understanding”, “representing and formulating”, “planning and ex-
ecuting”, and “monitoring and reflecting”. The process of “exploring and understanding” involves interaction with the problem
environment to gain information. Furthermore, the given and the found information should be understood by creating mental models
of the pieces of information. The process of “representing and formulating” covers the creation of a mental representation of the
problem situation as a whole. This includes the selection and integration of information, and the formulation of hypotheses about the
problem. “Planning and executing” involve the setting of goals and sub-goals and the selection and execution of steps to achieve these
goals. The last process, “monitoring and reflecting”, requires monitoring the progress towards the goals and, if necessary, for the
individual to adjust their behavior as well as reflecting on assumptions and solutions. However, not all of the processes have to be
present in each particular problem solving process. Furthermore, according to Lesh and Zawojewski (2007), the human brain is
capable of parallel information processing, so it is also assumed that in CPS several processes can happen simultaneously. Unterrainer
and Owen (2006) argue that even in non-complex problems people tend to switch between the different processes of problem solving.
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Notably, planning occurs in three out of the four processes in the PISA framework (OECD, 2013): “exploring and understanding”,
“representing and formulating” and “planning and executing” all refer to planning as it is defined by Unterrainer and Owen (2006).
They argue that planning requires an individual to form a representation of the current state and goal state of a problem, and also to
conceive of a sequence of actions, which transform the current state into the goal state. In the PISA framework, understanding the
problem and creating a representation of the problem could therefore be understood as forming a descriptive representation of the
possible states of the problem and actions to switch between them, while what is explicitly called “planning” in the framework should
target the process of selecting the specific actions required to reach the desired goal (cf. Novick & Bassok, 2005). Formulating
hypotheses about the problem refers to both aforementioned parts of planning, since the problem solver is required to formulate
hypotheses about both the structure of the problem and steps to solve it. This shows that planning is an important part of CPS, which
serves several purposes. In this article we follow this understanding of planning and investigate empirically the relevance of planning
in CPS. Although planning is part of many theories about CPS (as in the PISA framework), empirical studies addressing this process
and its relevance for success in CPS are scarce. In the following, we summarize relevant results from this domain.

1.2. Literature review

Like any cognitive process, planning cannot be observed directly. Thus, the occurrence of planning has to be inferred from
behavior. To the advantage of the researcher, CPS is an interactive process, which makes it empirically accessible for detailed
investigation (Greiff, Niepel, Scherer, & Martin, 2016). Although several studies investigated behavior while solving complex and
non-complex problems, there are no studies addressing planning in CPS. Therefore, we examine both research about planning in
related domains and studies addressing behavior in CPS that is related to planning: Albert and Steinberg (2011) found that first move
latency is positively related to performance in non-complex problem solving tasks. They argue that individuals with higher first move
latency complete their initial planning phase and therefore show a higher performance rate, in comparison to people with lower first
move latency. Furthermore, when instructed to plan ahead the entire process of solving the task before starting to interact with it, the
performance in problem solving was improved (Unterrainer & Owen, 2006). Both of these studies demonstrate the importance of
prior planning in problem solving. However, both studies also used the “Tower of London” task for their investigations, which is a
non-complex problem solving task according to the definition by Frensch and Funke (1995), so it remains unclear whether these
findings hold for complex problems. As already mentioned, in complex problems the situation can change dynamically and not all of
the information required to find a solution is presented at the outset, so in this case it is not possible to plan ahead completely before
having interacted with the problem. Along this line of thinking, Greiff et al. (2016) found a negative correlation between performance
in CPS and the frequency of interactions with the task, indicating that fewer and therefore presumably better planned actions also
lead to higher performance in complex problems. Although this result indicates that it is beneficial to invest time in cognitive
activities such as planning, instead of permanently interacting with a complex problem task, it does not show how this time should be
distributed over the process of CPS. Another process measure, which might be related to time spent on planning, is the overall time
spent on a task. Goldhammer et al. (2014) argue that, according to dual processing theory, the interpretation of time spent on a task
depends on the nature of the task and the cognitive processes required to solve the task. In tasks that require non-routine behavior
(like CPS tasks), time spent on a task can be regarded as an indicator of effort, so it can be assumed that in these scenarios students
actually spend their time working on the task. In contrast, in tasks which only require routine behavior, time spent on a task can be
seen as an indicator of having trouble solving the task. Supporting this theory, Goldhammer et al. (2014) showed that in problem
solving tasks a higher amount of time spent on a task was associated with higher performance. Furthermore, they found that the effect
of time spent depends on task difficulty and being strong especially in hard tasks. These results also indicate that investing time in
cognitive activities (such as planning) might be beneficial in CPS. Also in line with this notion, Naumann and Goldhammer (2017)
found that the investment of time in digital reading, a domain which can also be conceived as solving information problems (Brand-
Gruwel, Wopereis, & Walraven, 2009; Rouet & Le Bigot, 2007) was positively predictive of successful task completion especially in
hard tasks. Moreover, these authors showed that positive effects of time were accelerated with task's navigation demands, thus with
the problem space becoming larger, and more opaque.

However, the relationship between time spent on a task and performance in CPS does not seem to be purely linear. Greiff et al.
(2016) found a quadric relation between the time spent on a task and performance, where times that were too long or too short were
associated with poor performance. Likewise, Naumann and Goldhammer (2017) found a negatively sloped quadratic trend for the
time on task relation to performance in digital reading. However, where tasks had high navigation demands, this quadratic trend was
more linear, possibly indicating that in these tasks positive effects of cognitively demanding activities such as planning levelled off
not that early. In other studies, task-dependent effects of process measures were also found (e.g. Goldhammer, Naumann, & Greiff,
2015). For example, Naumann, Goldhammer, Rolke, and Stelter (2014) found that in technology-based problem solving the effect of
the number of performed interactions on performance was moderated by the minimum number of interactions the task required.
Hence, in a broad domain such as CPS it can be assumed that the effects of process measures on performance depend on certain task
characteristics such as difficulty or the number of required interactions.

1.3. The current study
Although planning is an important part of many theories about CPS (e.g. Dorner, 1989; Leutner et al., 2005; Mayer & Wittrock,

2006) there is no research about the impact of planning on performance in CPS (to the best of our knowledge). Furthermore, there is
no research that we are aware of that addresses the effects of different aspects of planning. In addition to the recent findings that
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general indicators of planning have a positive impact on performance in CPS, we attempt to inspect several aspects of planning by
using different process measures: we investigate whether the length of planning intervals, the time when planning takes place, and
the variation of planning time over the whole CPS process influence the performance in CPS, and therefore include three different
aspects of planning during CPS tasks. For each of those three aspects we developed a process measure that addresses the timespan
between two successive interactions. Our definition of planning refers to understanding, representing, formulating, and planning
from the PISA framework (OECD, 2013). While exploring and executing explicitly refer to visible action, this leaves the processes that
represent planning, as well as monitoring and reflecting to happen in the time between. Therefore, process indicators based on the
time between interactions should capture planning behavior while also correlating with monitoring and reflecting and task-irrelevant
behavior.

We will further introduce the process indicators we used for planning in the following paragraphs. Because research in this area is
scarce, we concentrated on the following explorative research questions:

Research question 1: Is the length of planning intervals related to performance in CPS?

According to several studies, planning activities have a positive impact on problem solving. For example, Albert and Steinberg
(2011) showed in their study that first-move latency as a predictor of planning behavior is positively related to task outcome in
problem solving. We extend this measure and not only take into account the time before the first move, but also include planning time
that appears at any point in the problem solving process. Due to the opacity of complex problems and the need for exploration, we
argue that planning might occur at a later point in time, after the collection of necessary information, and not just and exclusively at
the beginning.

We use the duration of the longest interval, in which no interaction with the problem occurs, as an indicator of the length of
planning intervals (duration indicator). In the example task (Fig. 1), this would be the longest time without a button being pressed.
Obviously, this measure does not cover all the planning that happens during the process but it gives information about the longest
instance when planning activities might take place. In doing so, we are able to cover main planning activities no matter if they appear
at the beginning of the process or at a later stage. However, it is unclear whether planning or any other activities take place during
this time. Nevertheless, the results of Goldhammer et al. (2014) indicate that in problem solving tasks it is beneficial to invest more
time in the task, so we assume that time spent on a task is mostly spent by engaging in task-relevant cognitive activities such as
planning.

We further investigate the relationship between the duration indicator and performance by testing whether the effect varies
between tasks. The results of several studies show that the effects of process measures in problem solving are dependent on task
characteristics, so this might also be true for planning indicators (e.g. Goldhammer et al., 2014; Goldhammer et al., 2015; Naumann &
Goldhammer, 2017; Naumann et al., 2014). The tasks used in this study vary in many respects, such as in level of difficulty,
complexity, or in the domain of knowledge, and cover a wide range of everyday problems. Therefore different tasks might require
different styles of planning. For example, tasks that require more interactions to get to a solution might also require the individual to
plan for longer.

Research question 2: Is the time when planning takes place related to performance in CPS?

The second aspect of planning behavior that we investigate is the time when planning takes place in CPS. As mentioned before,
Albert and Steinberg (2011) showed that planning at the beginning of a non-complex problem solving process is beneficial, while
there is no research addressing the issue of when planning in CPS is beneficial. In the PISA framework (OECD, 2013) it is stated that
planning can happen at any time, but it leaves open when or to what extent planning is beneficial for the task outcome. In complex
problems it might not be optimal to make a plan at the beginning of the process but rather after some exploration; or there might not
be an optimal time for planning at all.

To investigate this question, we use the delay of the longest interval, in which no interactions take place, as a measure for the time
when (most of) the planning might take place. We use the delay of this interval from the beginning of the process as our indicator for
research question 2 (delay indicator). In the example task (Fig. 1) this would be the time until the longest pause (when no buttons are
pressed) occurs in the process.

In a manner similar to what we assumed in research question 1, the effect of the delay indicator could also depend on task
characteristics. Thus, we investigate when planning should optimally occur and whether the effect varies between tasks. The het-
erogeneity of CPS tasks leads to many different dimensions, in which the tasks may vary. For example, a task that has a very rich
environment that can take many different states and requires many interactions to find the solution might also require more ex-
ploration before meaningful planning can take place. Conversely, in less rich environments planning could occur earlier.

Research question 3: Is the variation of planning time related to performance in CPS?

Another aspect of planning that might influence the performance of the individual in CPS is the variation of planning time.
Variation of planning time over several phases of similar length means that the interactions are performed by the problem solver at an
overall constant speed. There are neither especially long nor especially short intervals between the interactions, so we assume that
such variation of planning time indicates similar efforts in planning before every interaction. If, in contrast, people systematically
allocate the time they take for planning their actions when necessary, this should cause larger variance in planning time across the
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course of completing a task. Because exploration is a central feature in CPS, we assume that a higher variation in planning time is
beneficial: both phases of high exploration and phases of planning are necessary to solve a task.

We use the variance in the length of the intervals between two successive interactions as a measure of variation of planning time
(variance indicator). With this measure, we take into account the whole process of CPS. Therefore, it is an extension of the two
indicators introduced in the previous research questions, since these indicators only consider the longest planning interval.

The predictive power of the variance indicator, once again, might depend on task characteristics: for example, in a task that
requires many similar interactions (like pressing the same button several times) it might be beneficial to perform only a few longer
planning intervals when planning a sequence of actions, while in a task that requires different interactions, it might be beneficial to
plan in more homogenous intervals when planning one action at a time. For this reason we investigate whether the effect of the
variance indicator varies across tasks.

Research question 4: Are there interaction effects between the three process indicators mentioned above?

Few studies consider several behavioral indicators in CPS at once. We investigate interaction effects between the three indicators
mentioned above, thus endorsing a comprehensive view on different aspects of planning. As a result, we wish to better understand the
relationship between planning behavior and performance, and investigate whether the expected effects of our three indicators de-
pend on each other. For example, the expected effect of the duration indicator could depend on the delay indicator, since a late
planning phase might not be as crucial as an early planning phase. On the other hand, the effect of the duration indicator could also
depend on the variance indicator: the duration of the longest phase might only play a role if there is any variation between the phases
of planning.

2. Material and methods
2.1. Sample

For the analyses reported here, data from the fifth cycle of the PISA study (PISA, 2012) were used. In the present study, only data
from the CPS tasks of German students (N = 1350) were used. After clearing invalid data, which might have occurred due to
technical issues during data collection, N = 1346 students were left in the sample, of which 48.7% were female.

2.2. Instruments

In PISA 2012, problem solving was assessed via 42 computer-based tasks, which were organized into 16 units of two or three tasks
each. An example task is shown in Fig. 1. Tasks in the same unit shared common stimulus material with only minor deviations.
Students completed one or two (out of four) different problem solving clusters, which consisted of four units (ten to eleven tasks)
each. The order of tasks within units and the order of units within clusters was always the same. Students were not able to return to a
former task after finishing it.

According to OECD (2013), only very basic ICT skills were required to work on the computer-based problem solving tasks. To
cover a wide range of difficulty, the tasks assessing problem solving varied across the following characteristics: amount, re-
presentation, and disclosure of information, internal complexity, distance to the goal, degree of abstraction, familiarity of the context,
and reasoning skills required. For a detailed explanation of these task characteristics see OECD (2013). Notably, the tasks required
interactive behavior like clicking on virtual buttons and sliders, dragging and dropping, operating simulated machines, exploring
simulated environments, and manipulating variables. The response formats used included simple and complex multiple-choice tasks
that were answered by clicking radio buttons, tasks that required shapes to be selected and dragged into position, tasks in which
selections had to be made from pull-down menus, tasks that required parts of diagrams to be drawn or highlighted, and text boxes
(OECD, 2013).

2.3. Scoring

The correctness of students' answers was derived from the computer-generated log data. For overall CPS performance, the re-
sponse coding from OECD (2015) was used: the responses were coded either as correct (1) or incorrect (0), where partially solved
tasks were coded as incorrect. We did not use the original scoring rules because they included partial credit based on students'
behavior during the task. However, we were only interested in the effect of students' behavior on task outcome. Out of the total of 42
tasks, only 28 are considered to be interactive and therefore meet the definition of complex problems (Frensch & Funke, 1995). Only
these tasks were used for data analyses. Two more tasks had to be excluded because the response included free text input, which was
not recorded in the log data, so the correctness of the response could not be inferred. Another two tasks were excluded due to the
respective log files including undefined events (clicks on elements with ambiguous IDs). For another three tasks, there was no valid
log data in the German sample due to invalid and missing data. Therefore, after selecting data from only German students and
clearing invalid data, a total of 21 tasks were left, out of the 28 tasks that could be considered complex (for task examples see Fig. 1 or
OECD, 2013).

In accordance with our research questions, the three process indicators mentioned above were extracted from the log data: for
research question 1 we used the duration of the longest interval between two successive interactions (duration indicator); for research
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Table 1

Descriptive statistics of the three mean-centered indicators.
Indicators SD min max Skewness
Duration indicator 0.79 —-2.14 2.69 0.16
Delay indicator 1.21 —0.59 4.48 1.97
Variance indicator 0.08 —0.04 1.31 4.71

question 2 we used the delay of the longest interval between two successive interactions from the beginning of the process (delay
indicator); and for research question 3 we used the variance of times between each two successive interactions (variance indicator).
The indicators were extracted for each combination of person and task for which data was available depending on the booklet design.

2.4. Procedure

The computer-based assessment of problem solving was part of the PISA 2012 study, which covered the domains of mathematics,
reading, science, problem solving, and financial literacy. The computer-based assessment included the domains of problem solving,
mathematics and reading. Students were administered two computer-based task clusters of which none, one, or both were problem
solving clusters. An example of a computer-based problem-solving task is shown in Fig. 1. The computer-based assessment took place
after the completion of the paper-based PISA tasks. Students were given 20 min per cluster.

2.5. Data preparation

The three indicators were inspected for outliers. An outlier was defined as a data point three standard deviations above/below the
mean of the corresponding task, as suggested by Goldhammer et al. (2015). Overall, the sample comprised 6.63% outliers, which
were replaced by the value at three standard deviations above/below the respective average as suggested by Goldhammer et al.
(2014). Because the distributions of the three indicators showed pronounced skewness (duration indicator: 1.97, delay indicator:
4.99, variance indicator: 7.95), we normalized the distributions, using the logarithms of the three indicators. Since the ranges of the
delay indicator and the variance indicator included zero, +1 was added to enable the logarithmic transformation. After this, all three
indicators were centered around their respective grand mean. Table 1 shows the descriptive statistics of the three indicators after the
described data preparation.

2.6. Data analyses

We estimated generalized linear mixed models (GLMM) to investigate our research questions using the package lme4 in the R-
environment (Bates, Méchler, Bolker, & Walker, 2015; R Core Team, 2016). The GLMM framework allows modeling the probability of
a correct response as a function of fixed and random effects (Baayen, Davidson, & Bates, 2008). In this way, we could model the
overall (fixed) effects and the task-dependent (random) effects together, and at the same time, take into account the multilevel
structure of our data (students nested in schools). For research questions 1 to 3, we estimated two models for each of our three
indicators respectively: one model only including the overall (fixed) effect and one model containing both the overall and the task-
dependent random effects. For the duration indicator, both models are shown in equation (1) and equation (2):

Upz = ﬁo + bOl + bOp + bOs + B]Mpl (€8]
Ny = Bo + boi + bop + bos + (B; + b)) M, )

In this model #,; denotes the logit of the probability of a successful solution for person p completing task i, 8 the fixed effects and b
the random effects. M represents the duration indicator. In the model, persons are nested within schools s.

The models for the other two indicators look the same, with the duration indicator being replaced by the delay, and variance
indicator, respectively. Subsequently, we compared the two models for each indicator to test the task-dependent effects for sig-
nificance. We used the likelihood ratio test and the Akaike Information Criterion (AIC) as criteria for model fit (Baayen et al., 2008;
De Boeck et al., 2011). From the respective models, that fitted the data best, we took the estimates for the overall effects of our three
process indicators as well as their p-values. For research question 4, we did not inspect random effects of interactions between
indicators, since these effects could hardly be interpreted. Therefore, we estimated a model including only overall (fixed) effects of
our three indicators and interaction effects between them. This model is shown in equation (3):

npi = ﬁo + bOi + bOp + bOs + ﬁlMpi + 62Dpi + ﬁ3Vpi + ﬁ4MpiDpi + ﬁsMpi Vpi + ﬁﬁDpi Vpi + ﬁ7MpiDpi Vpi (3)

In this model, M, D and V represent the duration, delay and variance indicator respectively.
3. Results

The model comparisons are shown in Table 2. In the table, each comparison starts with ModelX.1 representing models including
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Table 2
Model comparison; K is the number of parameters in the respective model, AK is the difference in the number of parameters.
Indicator Model K AIC BIC logLik deviance X2 AK P
Duration Modell.1 5 9733.5 9769.0 —4861.8 9723.5 46.61 2 < 0.001
Modell.2 7 9690.9 9740.6 —4838.4 9676.9
Delay Model2.1 5 9727.2 9762.6 —4858.6 9717.2 16.20 2 < 0.001 i
Model2.2 7 9715.0 9764.6 —4850.5 9701.0
Variance Model3.1 5 9734.8 9770.3 —4862.4 9724.8 34.26 2 < 0.001 e
Model3.2 7 9704.5 9754.2 —4845.3 9690.5

Note. *p < 0.05, **p < 0.01, ***p < 0.001.

only overall (fixed) effects and proceeds with ModelX.2 representing models including both overall (fixed) and task-dependent
random effects. The model comparisons for research questions 1-3 show that the models including both overall (fixed) and task-
dependent random effects fit the data better than models including only overall effects, as shown in Table 2. In all model comparisons
the more complex model has the better fit according to the likelihood ratio test and AIC. Therefore we used the estimates of those
models to investigate the overall and task-dependent effects of our three indicators.

The model parameters of Modell.2, Model2.2 and Model3.2 are shown in Table 3. For the task-dependent random effects, the
variance and standard deviation as well as the correlation between the random effect of the indicator and the task intercept are
presented. For the fixed effects, estimates, standard errors, z-values, and p-values are shown.

The task-dependent random effects are depicted in Fig. 2. The effects of the three indicators for every single task are shown as a
function of task easiness.

Research question 1: For the duration of the longest interval no significant fixed effect on the probability of success was found.
However, a significant random effect was found for this indicator. The correlation between task easiness and the random effect of the
indicator was r = —0.04. The random effect shows that the duration of the longest interval varies between tasks but is not related to
task difficulty.

Research question 2: For the delay indicator, a significant fixed effect and a significant random effect was found. The fixed effect
of —0.13 indicates that in general it is beneficial to plan early during the process. The correlation between task easiness and the
random effect of the indicator was r = —0.51. The random effect shows that the effect of the delay indicator was near zero for
difficult tasks and negative for easy tasks. This indicates that in easy tasks students who had their longest interval early during the
process showed higher performance than students who had their longest interval later. For students working on difficult tasks this
effect was less strong.

Table 3
Model parameters of Modell.2, Model2.2, and Model 3.2
Modell.2 Random effects: Name Variance r
Duration Students:school (Intercept) 0.47
School (Intercept) 0.57
Task (Intercept) 3.24
Duration 0.17 -.04
Fixed effects: Estimate SE z-value p-value
(Intercept) 0.22 0.40 0.54 0.589
Duration —-0.05 0.10 -0.47 0.639
Model2.2 Random effects: Name Variance r
Delay Students:school (Intercept) 0.46
School (Intercept) 0.56
Task (Intercept) 3.35
Delay 0.02 -.51
Fixed effects: Estimate SE z-value p-value
(Intercept) 0.24 0.41 0.60 0.546
Delay -0.13 0.05 —2.80 0.005 o
Model3.2 Random effects: Name Variance r
Variance Students:school (Intercept) 0.46
School (Intercept) 0.56
Task (Intercept) 3.42
Variance 16.78 -.39
Fixed effects: Estimate SE z-value p-value
(Intercept) 0.17 0.41 0.41 0.684
Variance —1.85 1.31 —1.42 0.155

Note. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. Random effects of (a) the duration indicator, (b) the delay indicator, and (c) the variance indicator (calculated as fixed effect + task-specific
effect) depending on task easiness (calculated as intercept + task-specific effect).

Research question 3: For the variance indicator no significant fixed effect but a significant random effect was found. The cor-
relation between task easiness and the effect of the indicator was r = —0.39. The random effect indicates that in difficult tasks a high
variation of time is beneficial while in easy tasks a low variation is beneficial.

Research question 4: The model including fixed effects of all three indicators and interactions between them is shown in Table 4.
Significant effects were found for the interactions of duration-delay, delay-variance, and duration-delay-variance. Also the significant
effect of the delay indicator was found again. The significant interaction effects are depicted in Fig. 3. The interaction between
duration and delay shows that the duration indicator is positively related to success when the delay is high but has a very small
negative effect when the delay is low (Fig. 3 (a)). The interaction between delay and variance shows that variance is positively related
to success when the delay is low and negatively related to success when the delay is high (Fig. 3 (b)). The interaction effect of all three
indicators shows that the effect of duration is not only depending on the delay but also on the combination of variance and delay
(Fig. 3(c and d)). The positive effect of duration when the delay is high is largest when the variance is also high (Fig. 3 (c)). On the
other hand, when the delay is low and the variance is high the effect of duration is negative (Fig. 3 (d)).
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Model parameters of Model 4.
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Random effects:

Name

Variance

SD

Students:school
School
Task

(Intercept)
(Intercept)
(Intercept)

0.46
0.55
3.36

0.68
0.74
1.83

Fixed effects

Estimate

z-value

p-value

(Intercept)

Duration

Delay

Variance
Duration*Delay
Duration*Variance
Delay*Variance
Duration*Delay*Var.

0.14
0.11
—0.30
—-2.27
0.18
0.12
—5.46
2.73

0.41
0.06
0.10
1.46
0.07
0.87
2.34
1.30

0.34
1.70
—-3.12
—1.56
2.48
0.14
—2.33
2.09

0.735

0.090

0.002 Hx
0.120

0.013 *
0.887

0.020 *
0.036 *

Note. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3. Interaction effects between the centered variables (a) duration-delay, (b) delay-variance, (c) duration-variance with delay at +1SD, and (d)
duration-variance with delay at -1SD.

4. Discussion

The aim of this study was to investigate the effect of planning behavior on performance in CPS. The results show that only one of
our three planning indicators has a general effect on CPS performance, but that the effects of all three indicators differ between tasks.
In other words, behavior that might be appropriate and highly beneficial in one task might actually be detrimental to performance in
another task. Moreover, we found significant interaction effects of the three indicators.

In research question 1 we investigated whether the duration of planning intervals is related to performance. We used the duration
of the longest time span between two successive interactions as an indicator for this behavior. The results show that the answer to this
question depends on the task: in some tasks it seems to be disadvantageous to perform long planning intervals, while in other tasks
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relatively long planning phases are beneficial. However, since the correlation between the random effects and task difficulty is rather
low, task difficulty does not seem to be crucial for this effect. The PISA framework offers other task characteristics that might lead to
such task specific effects such as amount of information, internal complexity, and reasoning skills required (OECD, 2013). For
example, a task that has a high amount of information and a high internal complexity might require much planning and therefore
benefit from a higher duration of the longest time span between interactions. On the other hand, in tasks that do not require much
planning a high duration of the time span between interactions could - in line with the findings of Naumann et al. (2014) - indicate
disorientation or mental overload.

In research question 2 we investigated whether the time when planning takes place is related to performance. For this question we
used the delay of the longest interval between two interactions as a behavioral indicator. We found a significant negative effect of this
indicator suggesting that in general planning should take place at an early stage of the process. Furthermore, the effect of this
indicator is depending on task difficulty. In easy tasks it is beneficial to perform the longest planning phase early in the process, while
in difficult tasks the effect of this indicator is very small. This supports the assumption that in easy tasks the whole process can and
should be planned at an early stage of the task, while in difficult tasks planning ahead the entire process is not possible and, therefore,
early planning is not beneficial. Hence, the mechanisms of planning in easy CPS tasks seem to be similar to those in non-complex
problems. In these tasks a long initial planning phase was also beneficial (Albert & Steinberg, 2011; Unterrainer & Owen, 2006). In
addition, the decrease of the effect in difficult tasks indicates that planning in these tasks can take place later in the process, since
difficult tasks might require an initial phase of exploration before planning is useful. Therefore, initial planning seems to be parti-
cularly important in easier CPS tasks and non-complex problems.

In research question 3 we investigated whether the variation of planning time is related to performance in CPS. We wanted to
know whether it is advantageous to concentrate all planning within a few phases or to spread it equally throughout the process. We
used the variance of the times between the interactions as a behavioral indicator for this question. We did not find a general effect of
this indicator but, again, we found a task-dependent effect that correlates with task difficulty. The effect is positive in difficult tasks
and negative in easy tasks. Therefore, in easy tasks it seems to be important to distribute time equally throughout the process while in
difficult tasks it is beneficial to engage in phases of higher and lower activity. This finding supports the assumption that planning is an
important part of CPS that should appear at several stages of the process in difficult tasks, as stated in the framework of the OECD
(2013).

In research question 4 we investigated whether there are any interaction effects between the three behavioral indicators. We
found interaction effects of duration-delay, delay-variance, and duration-delay-variance showing a high interrelatedness of the effects
of the three indicators. The interactions show that the effect of the duration of the longest interval depends on the delay: When the
delay is high, the duration has a positive effect. When the delay is low the duration does not have an effect. This shows that the
absence of early planning might be compensated by investing more time later in the process. The effect of variance also depends on
the delay: When the delay is low, variance is positively related to success. When the delay is high, variance is negatively related to
success. This indicates that an early planning phase that is longer than the later intervals is most beneficial. If students do not perform
such an early planning phase they benefit from an equal time distribution among the whole process, so the absence of an early
planning phase can partly be compensated by continued planning activities. Furthermore, the interaction between all three indicators
shows that the effect of duration when delay is low also depends on variance. When students concentrate their time in an early
planning phase this phase should be rather short. The reason for this negative effect of duration could be that students who take
particularly long at the beginning of the task are students with low reading skills that therefore develop a poor understanding of the
task. On the other hand, when performing at a steady speed the early planning time should be longer. In this case, students might
benefit from an overall lower speed in task processing. On the other hand, when the longest planning period happens late and
students work on a steady speed, the duration of planning does not play a role. However, when students concentrate their planning
time in a late phase, this phase should be rather long. This could again compensate for the absence of planning at the beginning or
during the prior process by investing time at a later stage. All in all, the optimal combination of planning behaviors would be a not too
long planning interval at the beginning of the process that is followed by even shorter intervals.

5. Conclusion

To sum up our findings, we argue that the requirements for planning behavior in CPS are highly dependent on the task. The
mechanisms in easy tasks seem to be similar to those of non-complex problems: a planning phase at the beginning of the process leads
to higher performance. However, with increasing difficulty this effect changes. In difficult tasks, early planning has no benefit since
these tasks might require exploration before meaningful planning is possible. In addition, in difficult tasks it is advisable to carefully
allocate time at critical points, resulting in a high variation in the intervals between interactions. We also found interaction effects of
our three indicators, so we assume that the effects of the three aspects of planning are highly intertwined. The optimal planning
behavior identified through the interaction effects is a short planning interval at the beginning of the process that is followed by even
shorter intervals.

On a more general level, our results show that the effects of different aspects of planning behavior in CPS tasks are very much
interdependent. It seems that a generalization of beneficial behavior in CPS is difficult, since only one of the three behavioral
indicators in our study had an overall effect on performance, but the effect of the other two indicators were depending on the values
of the other indicators. Moreover, all indicators showed item-dependent effects. Therefore, the appropriateness of behaviors in CPS
has to be regarded in the context of the particular task and in the context of other behaviors. One reason for the different re-
quirements of tasks could be task characteristics such as those stated by the OECD (2013). All of these factors might affect the optimal
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behavior in CPS.

However, this explanation does not stem from empirical findings and therefore the identification of task characteristics, which
lead to the mentioned differences, should be subject to future research. Also, the operationalization of planning behavior we chose for
our study is only one out of many possibilities, and of course has its weaknesses. As we only rely on time between interactions, it is
not certain that students actually did spend this time planning. As we discussed earlier, the time between interactions is also related
to other cognitive processes. Moreover, students could have performed other activities such as reading the task or engage in task-
irrelevant behavior. Future research might address this issue using techniques like eye tracking or think aloud protocols to find out
what mental states occur in students' minds while solving complex problems. Another limitation of this study lies in the method of
reducing students' behavior to process indicators. Doing this a lot of information available in the log data is not included in the
analysis and only a small proportion of the available information is used. A different approach to gain knowledge from log data is
sequential pattern analysis (e.g. lag sequential analysis). Chang et al. (2017) used this method to identify advantageous behavioral
patterns in a collaborative problem solving task. Since sequential pattern analysis allows identifying not only single types of behavior
but behavioral patterns that are related to success it makes use of information about the whole problem solving process. However, the
investigation of process indicators allows for inferences about the strength and shape of the relation between a specific behavior and
success. Therefore, both methodological approaches seem suitable to identify beneficial behavior while solving problems.

As a consequence, process data gathered through computer-based assessment contributes to a better understanding of the process
of CPS. We introduced three behavioral indicators, which reflect planning behavior in different ways and we showed that these
indicators are related to students' performance in CPS tasks. We also showed that tasks require different strategies and that the effects
of different behaviors depend on each other. In difficult tasks planning early in the process is less important than in easy tasks and the
distribution of time into longer and shorter phases is advantageous. In easy tasks, early planning intervals and a steady process are
beneficial. In general, having a short planning interval early in the process followed by more short intervals was identified as the most
advantageous behavior. These findings can be used as a basis for both developing further behavioral indicators for cognitive processes
and deepening our understanding of planning behavior in CPS.
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