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Tasks are central elements in computer-science classes irrespective of the mode of delivery — online or classic face-to-face teaching.
They appear in different roles; as learning objects that help acquire competencies, assessment instruments for measuring learning
success, or practicing specific skills. However, as with any educational technology, proper handling and well-planned selection are
crucial for successful teaching. Correspondingly, the requirements that tasks have to fulfill are wide-ranging: they should promote
specific learning outcomes, be appropriate to address desired cognitive dimensions and be tailored to the student to keep motivation
and learning success high. To enable an on-demand, outcome-oriented, and individualized selection of tasks in intelligent tutoring
systems, we need to formalize tasks in all dimensions. A detailed review of different models for cognitive processes, knowledge
dimensions in education, tasks, and errors leads to the Y-model, a model for formalizing tasks in computer science and forms the basis

for an individual, competence-oriented integration of tasks in Intelligent Tutoring Systems.
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1 INTRODUCTION

The pandemic showed an increased need for online available educational resources. Different approaches were taken
into account when transforming old lecture materials from classic face-to-face learning into blended-learning or other
online formats. While some video-recorded their classes, did others switch the learning paradigm [38]. In addition, the
number of students in STEM subjects is increasing, and so is the industry’s need for well-educated computer scientists.
However, it is not only a large number of learners that challenges teachers; the group of learners is also becoming

increasingly heterogeneous in terms of prior knowledge, social background, and learning performance [3].
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The high number of students in STEM programs, combined with fundamentally scarce resources, creates a strong
demand for systems that support or even (partially) automate grading and feedback [13, 15], as well as systems that
support handling heterogeneity [10].

Modern learning environments such as Intelligent Tutoring Systems (ITS) try to meet this heterogeneity and enable
adaptive learning. Here, adaptive learning means that learning content is tailored to the learner and appropriate tasks
are provided at the appropriate time, with valuable individual feedback [20]. However, some learning platforms (e.g., for
learning to program) only offer a predefined and fixed sequence of learning tasks and provide simple feedback [17, 21].
A predefined task sequence is not equally suitable for individual learners who can differ in many facets, such as prior
knowledge, personality, learning speed, and many more [31]. A central aim of an adaptive learning environment must
therefore be to select learning tasks tailored to the learner to enable a maximum learning outcome and keep motivation
high.

However, the selection of tasks is a central professional competence of teachers [28], and tasks show a considerable
variety. So, to support learning, tasks should promote specific competencies, not be too difficult but challenging, in
the best case, tailored to the student so that motivation is promoted - to name a few requirements from a long list. In
addition, tasks should be selected so that the necessary prior knowledge is activated and the learning objective can be
achieved. Teachers often choose tasks intuitively based on experience or recommendations.

On the other hand, students’ answers given to tasks often vary greatly. Responding to each individual is impossible
in most cases due to a lack of resources. Talking to experienced tutors reveals that many answers have specific patterns
and can be addressed with the same feedback. Likewise, it is not easy to decide which task to choose in order to be able
to successfully teach or test a certain learning content in a certain complexity.

So, one of the major challenges of teaching is to provide learners with appropriate tasks at the appropriate time.
The provision of tasks can have different reasons. They can be used to check learning success, teach new content and
concepts, or even practice them. Tasks are a very complex entity and are, therefore, often the subject of research [33].

In the context of Intelligent Tutoring Systems (ITS), task selection is related to the learners’ educational biography.
Algorithms for task selection are developed and compared with decisions made by experts [30, 31]. Kicken et al.
investigated how to design on-demand education to, e.g., promote self-direct learning skills so that students can
self-select tasks. In some systems, tasks contain meta-data with information about the difficulty, skills, and knowledge
needed to complete that task. This information should help learners self-select the tasks that best fit their learning
process. However, even when learners are provided with a portfolio in addition to this meta-information, which informs
them about their level of performance, not all learners succeed in selecting appropriate tasks. Sometimes the process of
self-selecting tasks leads to additional stress, high mental effort, and demotivation [22]. Self-Selecting tasks also bear
the risk that students overestimate themselves or that only easy tasks are selected, and the learning effect remains low.
Both inevitably lead to the learners’ demotivation or the fact that specific learning goals are not achieved. Especially in
CS1 courses, it is advantageous if an experienced teacher or learning system makes this selection. Here, a limitation
to adaptive system-controlled task selection instead of learner-controlled task selection is made. Nevertheless, the
ability of students to select tasks themselves is essential, but it can lead to unnecessary cognitive load, especially at the
beginning of the learning process.

Finally, it is necessary to formalize all involved dimensions of the construct task in order to be able to incorporate
them into the decision-making process. A task always consists of knowledge components as well as cognitive processes
that are necessary for successful processing. The knowledge dimension is discussed in Section 2.2, while the cognitive

dimension of tasks in Section 2.3. In addition, Section 2.4 introduces answer classes - a technique of clustering answers
2
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into classes, which helps to further develop automated feedback and correction. Section 3 of this paper presents an

example of a possible implementation of the task-modeling presented in Section 2.

2 REPRESENTING TASKS WITH THE Y-MODEL

The elements connected to tasks must be formalized to better integrate tasks into Intelligent Tutoring Systems or other
educational technology. First, a task model is built to illustrate the interdependencies between those elements. The
central element of the suggested task model is the task itself - represented by its description. The upper part ("arms"
illustrates the interaction of knowledge elements on the one hand and cognitive processes on the other. The knowledge
elements and their interdependencies are modeled using knowledge graphs based on LoGraph modeling theory by
Kohlhase et al. [24]. The learning taxonomy of Fuller et al.[14], explicitly developed for computer science, is used to
model cognitive processes.

The lower part of the task model ("foot") adds answer classes to the tasks. Here, (possible) answers are classified based
on similar answer patterns or adaptive feedback. Additionally, answer classes enable selection processes of tasks based
on prior knowledge and competency goals, as well as depending on answers given by students from previous tasks. In
addition, specific error patterns, such as those proposed by Zehetmeier et al. [41] or Berges et al. [7], can be integrated
into answer classes and, for instance, infer possible causes of the errors by referring to a corresponding user model. In
addition, the answer classes enable addressing suitable feedback or hints on how to proceed.

For an overview of the task model’s components and their underlying theories, see Figure 1. The model is displayed
as a "Y" and called Y-model in the following text.

The components of the Y-model mentioned above are explained in the following sections, accompanied by a running

example task (see Figure 2).

2.1 Task

In terms of competency-based teaching, it is part of teachers’ pedagogical knowledge [16] to develop and/or select
tasks on which students can acquire and enhance the targeted competencies [12][25][34][36][40]. Tasks have various
functions: they are suitable for imparting knowledge, can be useful to practice what has already been taught, and are

important for checking learning success.

2.1.1  Definition of task. The term task is widely used and has several different meanings. While a task is defined in
dictionaries as a piece of work to be done, especially one done regularly, unwillingly, or with difficulty [1], in the context of
teaching, most definitions emphasize a prompt and its processing by the student [35]. However, common to almost all
definitions is a description of a target state to be achieved.

Here, the term task is understood in a general sense, which means that even a simple request to read a text and
remember the content is already understood as a task.

The only limitation is that a task always involves a knowledge element and a cognitive process.

According to [33] a task is defined as an instruction (to do) to transform a given state (given problem) into a desired
final state (expected solution). In the initial and final states, knowledge is represented and transformed into each other
using a cognitive process (see Figure 3).

In general, tasks can be concisely formulated (see Example 2.1) so that particular prerequisites are only implicit in the
task description because they are only known in the context of the course but not written down explicitly. For example,
in the context of programming tasks, it is not explicitly stated with each task in which programming language the

3
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Fig. 1. The Y-model

Given the following empty class body Homework3 in Java:

1 public class Homework3 {
2 // Code here
3 }

Implement a method minSearch which receives an array of integers as input and returns the minimum of those
numbers.

Fig. 2. Running Example

program is to be written or whether certain restrictions (like the prohibition to use the Java-API) are given. Nevertheless,

this might influence possible answer classes and, in particular, expected errors.



209
210
211
212
213

214

216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

260

The Y Model Koli Calling *22, November 17—20, 2022, Koli, Finland

Knowledge

Given Problem "to-do" Expected Solution

Cognitive
Process

Fig. 3. The roles of knowledge and cognitive process while solving a task [33]

Example 2.1. Write a method that outputs the minimum..

given state empty class body Homework3

desired state class Homework3 with a method minSearch that returns
the minimum value of a given array of integers

Table 1. given and desired state of working example

However, in all cases, they can be reformulated to consist of an initial and final (desired) state. For instance, Example
2.1 can be reformulated to a task description with more detailed information about the given state (see Figure 2 and
Table 1).

2.1.2  Classification of tasks. To get a deeper understanding of the task itself, classification schemes can describe the
setting, the context, or, as mentioned above, the involved cognitive processes and knowledge elements. The latter is
crucial for connecting the conceptual knowledge of a domain, the learners, and the tasks. For that reason, they have a
direct representation in the model. Nevertheless, different other models provide essential elements.

The general task model for selecting tasks by Maier et al. [27] proposes seven categories. The first category classifies
tasks on the addressed type of knowledge based on the corresponding dimension of Bloom’s revised taxonomy [5]. The
cognitive process is listed in general categories like reproduction, close transfer, wide transfer, and problem-solving.
Furthermore, the number of dependent knowledge elements indicates the perceived difficulty of a task, just like the
focus or the complexity of the task description. The motivational aspects of tasks are covered by the relation to the
students’ reality and the number of representations.

The classification scheme of Ruf et al. focuses on the type of representation of the given task and the expected
solution, as well as on the transition process. They analyzed the foremost programming tasks and identified eleven
different types according to [33]. Both category systems agree that less information in the task description about how

to get to the desired state leads to more open tasks.
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2.2 Knowledge Dimension

There is no universal definition of the term knowledge across domains. For example, philosophical-epistemological
treatments of knowledge usually require known propositions to be true. In education, there is a substantial distinction
between competencies and knowledge. While the former focuses on the observable outcome and often refers to the
definition of Weinert [39], the latter is described as the representation of information in memory [4].

In contrast, for our purposes knowledge is anything amenable to techniques developed in the field of knowledge
representation. Knowledge, in this sense, neither needs to be correct, believed, or even propositional, nor does it need to
be associated with any cognitive abilities.

In other words, in the context of the Y-model, knowledge is understood pragmatically as any information contained
in the course materials. In addition, the understanding includes tasks that have to be represented in a form actionable
by a machine that can provide added-value services, including the curation and selection of tasks, as well as providing
feedback to students’ answers to a given problem.

Thus, an essential aspect of the knowledge component of the Y-model is structural: how does a piece of information
relate to the broader body of knowledge? What must a learner already know to understand it or to complete an
associated task? Which knowledge elements does a given problem evaluate?

In the field of knowledge representation, knowledge elements are often represented in knowledge graphs. Knowledge
graphs provide a structured representation of a given body of knowledge with nodes representing fundamental
knowledge elements and edges relations between knowledge elements. The exact nature of knowledge elements and
relations can vary widely (for a recent overview, see [18]).

For our purposes, we use the SIgX system [24, 29], a KIEX package and associated software for augmenting document
fragments with semantic annotations. Besides being standard IKIgX, which is likely familiar to many teachers in STEM
fields, §[EX documents can be converted to HTML and imported and processed by MmT [32], a software system and
Java/Scala API for generic knowledge management services. MMT can subsequently serve the HTML as an active
document, integrating various semantically informed added-value services, including interactive ones. Both MmT
and ¢IEX organize individual knowledge elements as declarations, that document fragments can be annotated with.
Declarations are collected in modules, which may import and extend other modules analogously to object-oriented
programming. This allows for representing knowledge as an interconnected theory graph of modules (see Figure 4). In
particular, §IEX has previously been used to semantically annotate thousands of pages of university course materials

using declarations from reusable libraries with > 2250 concepts and is extensible concerning annotation types.

2.3 Cognitive Dimension

To successfully complete a task, the existence of pure knowledge is not sufficient. Specific cognitive processes are
required to retrieve the knowledge or to apply it to a problem. However, the concrete cognitive processes involved in
solving a task remain a black box for the teacher.

Modeling cognitive processes in the context of teaching has been a topic in research since the 1950s. Choosing
the right educational taxonomy is critical for developing learning objectives and assessing learning outcomes [14].
A variety of taxonomies already exist to describe and classify cognitive performance. In higher education, Bloom’s
taxonomy [9], its revised version by Anderson & Krathwohl [5], and the SOLO taxonomy [8] are often used. Bloom’s
taxonomy consists of the six categories 1) Knowledge, 2) Comprehension, 3) Application, 4) Analysis, 5) Synthesis, and 6)

Evaluation (see left part of Figure 5 ), which are arranged hierarchically. Bloom assumes that cognitive processes on a

6
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Fig. 4. A Theory Graph of Concepts Used in the Running Example

higher level depend on those from lower levels. Whether this assumption is reasonable, however, is already discussed
by Bloom himself [9]. Anderson & Krathwohl picked up the critique and rearranged the cognitive process dimension

(see right part of Figure 5). Additionally, they introduced a new dimension related to knowledge [5].

BLOOM BLOOM THE KNOWLEDGE DIMENSION

ORIGINAL REVISED

FACTUAL CONCEPTUAL PROCEDURAL | META-COGNITIVE

KNOWLEDGE  —g— REMEMBER

COMPREHENSION =5 UNDERSTAND

APPLICATION —f—»  APPLY

ANALYSIS == ANALVZE

SYNTHESIS EVALUATE
EVALUATION $ CREATE

Fig. 5. The comparison of the original taxonomy by the revised taxonomy for cognitive domain and the taxonomy table [2]

Johnson and Fuller conducted a study to examine the extent to which existing learning taxonomies (especially the
previously mentioned) are appropriate in the context of Computer Science and how they are used in Computer Science
Education (e.g., design of courses, teaching materials, assessments, and the analysis of student responses to exercises
or measuring student progress) [14][19]. They examined the weaknesses of existing taxonomies from a CS point of
view and concluded that they are only suitable to a limited extent. For instance, they identified a principal weakness
of Bloom’s taxonomy (and other hierarchically arranged taxonomies) in that when used to assess practical subjects
such as programming, the levels do not appear to be well ordered. In a programming context, it seems easier to apply
knowledge to solve simple problems than to describe that knowledge [19]. The same phenomenon was observed by
Berges et al. [6]. Based on these results, Fuller et al. developed a taxonomy explicitly applied to the CS context and used

in the Y-model for modeling the cognitive dimension.
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In their taxonomy, they separated the six levels of Bloom’s taxonomy into two dimensions (Producing and Interpreting)

to remove the strict ordering (see Figure 6). The first dimension (horizontal axis) represents the ability to understand

CREATE A

APPLY *x

PRODUCING

o——
(2, >

REMEMBER | UNDERSTAND | ANALYSE | EVALUATE

INTERPRETING

Fig. 6. Two dimensional adaptation of Bloom’s taxonomy by Fuller et al. [14]

and interpret an existing product. In contrast, the vertical axis represents the ability to design and build a new product.
The lowest levels are placed in the lower left corner, and it is understood that students traverse them from left to right
and from bottom to top, respectively. For example, according to Fuller et al., it is not possible to start refactoring code if
there is not yet a certain level of competence for application. A significant advantage of this matrix taxonomy is that
different learning paths can be considered, which is especially useful when generating Guided Tours. Guided Tours are
mini-courses consisting of all prerequisite knowledge leading up to some specific learning goal that can be tailored to
individual learners. A path in the horizontal direction of the matrix means that the learner acquires only theoretical
competencies (see path 2 in figure 6), whereas a movement in the vertical direction results in the expansion of practical
competencies (see path 1 in Figure 6). When applying the taxonomy to the working example, however, some difficulties
arise:

When categorizing a task (like the presented example) in terms of the cognitive component, it can only be concluded
which cognitive process must have occurred with a certain probability when a particular task was successfully processed.
Nevertheless, the actual cognitive process always depends on previous experiences and prior knowledge of the learners
and can not be annotated in advance.

[19] confirm that even experts often disagree on which cognitive category to place a task in. For this reason, the
Y-model only annotates which cognitive process is targeted in connection with the knowledge elements when processing
a task. It does not generally determine which task requires which cognitive processes to solve it successfully. The latter
would only be possible by modeling the user and is the goal of future work.

As with the knowledge dimension, for the annotation of the cognitive dimension, (an extension of) §[gX is used.
Since the taxonomy of Fuller et al. is a two-dimensional matrix, the noted cognitive elements E also consist of a tuple of
two: E € (PRODUCING x INTERPRETING). Tasks in which program code is written are always APPLY or CREATE. In

which dimension of INTERPRETING the task is located depends on whether, for example, the algorithm used in the
8
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program is already known and is only written down (or copy-paste) from memory or whether the algorithm is applied

to solve another problem.

2.4 Answer Classes

A given answer to a task provides a valuable source of information in the context of teaching. In a sense, answers result
from applying cognitive processes to the learning content addressed in the task. Thus, an answer provides evidence for
the teacher about the level of students’ performance. The selection of the following tasks in the learning process and
individual feedback also heavily depend on the learner’s answer to a task (a more detailed example is given in Section
3.1). For these reasons, a task formalization must include modeling its possible manifestations of answers.

This part corresponds to the foot of the Y-model. Given answers are grouped into answer classes, which can be
understood as a set-theoretic propositional form. Let R be a possible response to a task and B be an observable description
of the state of this task. We say that R is the element of the answer class ACx if R meets all the requirements of description

B. Formal:

ACx = {R | R meets all the requirements of description B}

We always understand requirements that determine an answer class to be objectively observable (e.g., cognitive
processes are not considered in answer classes because they are not objectively observable).

In the simplest case, a task contains only two answer classes: the class of answers that meet all specifications of the
final state (A) and the complement of that class (—A).

Table 2 shows some examples of answer classes for the task minSearch (see Figure 2):

D Answer Class

AC; | {R]R is written in the programming language JAVA }

ACy | {R|R compiles with JAVA-Compiler Version X}

AC3 | {R|R includes a syntax error}

AC4 | {R|R includes an algorithm that correctly identifies the minimum of an array of integers}
ACs | {R|R includes a while-/for-loop}

ACq | {R] use of System.out.println instead of return}

AC7 | {R] uses the Java-API}

Table 2. Example of answer classes for a task

Since the task did not explicitly require that the answer be solved using a loop and the use of the Java API was not

explicitly prohibited, many different approaches provide an accepted solution (see Examples 2.2, 2.3 and 2.4).
Example 2.2.

import java.util Arrays;
public class Homework {
public int minSearch(int[] list) {
Arrays.sort(list);

return list[0];
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In Example 2.2, the passed array is first sorted in ascending order (using the Java API), and then the first element of

the sorted array is returned.

Example 2.3.
import java.util Arrays;
public class Homework {
int min = list[0];
public int minSearch(int[] list) {
return Arrays.stream(list).min().getAsInt();

}

The answer in Example 2.3 also uses the Java APL This time, however, the minimum is computed directly.

Example 2.4.
public class Homework {
int min = list[0];
public int minSearch(int[] list) {
for (inti = 1;i < list.length; i++){
if (min > list[i]) {
min = list[i];
}
}

return min;

The task is successfully processed in Example 2.4 without using the Java APL A for-loop is used to iterate through
the array, and a variable min is used to locate and output the minimum value of the given array.

The answer class that meets all specifications of the expected state would consist of the following intersection of
answer classes: A = AC1 N ACy N =AC3 N ACy
If the expected state is further restricted so that the use of the Java API is not allowed, then R ¢ AC;. The expected
solution could also be explicitly required to contain a while-/for-loop (R € ACs).

A significant advantage of grouping answers into answer classes is the opportunity to provide feedback more
efficiently. Now, it is only necessary to address the answer class instead of every individual answer inside the class.
This circumstance reduces the effort dramatically. However, the challenge remains in identifying the respective answer
classes for a given answer. A diagnosis is necessary to decide which set of answer classes a given answer is an element
of. In the context of programming tasks, this can be done by static and dynamic code analysis. For example, static code
analysis makes it possible to determine if the Java API has been used (by parsing for import, for example). Using unit
tests makes it possible to decide if the given answer is semantically correct (R € AC4). However, answer classes do not
only help to identify correct answers. For example, answers based on the same error cause can also be grouped together

and addressed with valuable feedback or hints on how to proceed.

3 Y-MODEL IN ACTION

After introducing the model based on a theoretical derivation, implications for creating and selecting tasks are presented.
The running example introduced in Section 2.1 is used as an initial task description. Simple tasks such as multiple-
choice or fill-in-the-blanks questions could be generated automatically from the marked-up lecture notes. For example, a

multiple choice question can be generated from the knowledge graph by asking students to select the correct definition
10
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of a concept from a range of options drawn from other concepts in the graph, definition variants of the concept, and
frequent misconceptions about the concept. Likewise, fill-in-the-blank texts can be generated by simply omitting
marked-up elements from the lecture materials. However, in most cases, the task description is more complex. Hence,
creating a Y-model requires manual annotation.

Before being able to start formalizing the task according to the Y-model, authors must first clarify the context in
which the task is created. Notably, the same task description may correspond to different specific Y-models: for example,
the task could be used in a course on algorithms and data structures aiming to test the student’s grasp of iterating
over sequences, or be given in the context of sorting algorithms; or it could appear in a CS1 course focusing on the
application of control structures, yet a different use case would be an introduction to Java for experienced programmers
who merely need to learn the particular syntax and style conventions of the language. Depending on this context,
the two "arms" of the Y-model will differ concerning the cognitive and knowledge dimensions for the task’s specific
objective.

Regarding the presented example, the prerequisite concepts for annotating the task are already declared in §IEX

modules, and the objective is to test a student’s ability to use arrays.

3.1 Creating Tasks

Once authors have chosen a proper context, they can begin semantically annotating the task itself. The bare ETEX of

the task-description above might look something like in Figure 7.

Given the following empty class body \texttt{Homework3}:
\begin({listing}[language = Java]
public class Homework3 {
// Code here

}
\end{listing}

Implement a method \texttt{minSearch} which receives an array of integers as input and returns the minimum of those numbers.

Fig. 7. The Running Example in BKTEX

Conversely, Figure 8 shows a fully §[gX-annotated version of the same snippet.

SIEX provides a custom environment for problems/exercises (opened in Line 1), behaving like modules - i.e., they
can import other modules and declare new knowledge elements. Our particular example task depends on the modules
for the programming language Java, integer and array datatypes, and the minimum function on sequences of integers
(Lines 2-5). The modules imported form the theory graph representing the task’s learning context from Figure 4.

The declarations in these modules can subsequently be used to annotate their occurrences in the text (Lines 6-16,
names of declarations highlighted in green, referenced via \symbolname).

Up to this point, the annotation process is independent of the context the task is used in: knowledge elements can
and should be reused from the existing theory graph to minimize redundancy.

However, we cannot infer from the mere task description what the educational goals of the task are, which requires

additional, context-dependent annotations.

3.1.1 Objective. The first step is to determine the objective of the task. The objective specifies the learning goal about
which we want to gather information using the task. Since carrying out the task also affects a transformation of the
11
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\begin{problem}
\import{Java}
\import{datatypes?Integer}
\import{Array}
\import{MinMax}
Given the following empty \symbolname{class-body} \texttt{Homework3}:
\begin{listing}[language = Java]
public class Homework3 {
// Code here

}
\end{listing}

Implement a \symbolname{method} \texttt{minSearch} which receives an
\symbolnamefarray} of \symbolname[integer]{integers} as
\symbolname{Function?input} and returns the \symbolname{MinMax?minimum}
of those \symbolname[number]{numbers}.

\end{problem}

Fig. 8. The Running Example in KIEX, Semantically Annotated (STEX syntax slightly simplified for clarity)

user’s knowledge, the convention is that the objective aims at the state of the learning goal after the user has completed
the task. According to [5], a learning goal consists of a knowledge and a cognitive dimension.

In general, setting the objective is a modeling decision that specifies which task the user is believed to complete
when working on the assignment. For instance, the objective is the tuple ([understand, apply], array) (see red star in
Figure 6) which is reflected by inserting an additional annotation \objective{understand}{apply{array}: it is assumed that the
user demonstrates and/or acquires the competence of understanding and applying arrays by completing the task. This
assumption might be cross-validated by further tasks (for example, to rule out that the user just memorized the solution

to this task without any deeper understanding).

3.1.2  Preconditions. However, a task does not only carry information about its main objective but also about implicit
learning objectives inherent to the task. They are modeled as preconditions that enable the user to complete the task or
even grasp the description itself. Like objectives, preconditions are tuples of sets of cognitive abilities and knowledge
elements. In the simplest case, the knowledge dimension of a task’s preconditions is simply the theory graph induced
(via topological closure) by the imported modules. However, preconditions can naturally be categorized in necessary
and sufficient ones. For example, a lack of understanding of the minimum function will likely lead to errors when trying
to solve the task. As such, ([understand, -], minimum) is a necessary precondition for this task. On the other hand,
mastery of sorting algorithms in Java is not necessary to solve the task but certainly suffices. Many incorrect answer
classes will be associated with a missing necessary condition. For instance, the class of answers that fail to return 1
for the array [1, 1, 2] might indicate a lack of understanding of the minimum function - and additionally, perhaps the
misconception "The minimum is defined to be unique. Therefore an array with two smallest elements has no minimum."

On the other hand, correct answer classes will often correspond to sufficient preconditions. For example, a solution
that uses a tournament algorithm allows us to infer the user’s mastery of this method.

In a first step the focus is on necessary preconditions, which we specify by adding a new annotation
\precondition{understand}{}{minimum}. Additionally, by default every concept mentioned via \symbolname is assumed to be a
precondition with respect to the cognitive dimension remember. Naturally, a precondition itself subsumes some implied

12
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preconditions on dependent concepts — e.g., it is impossible to understand the concept of a minimum (on integers)

without also, to some degree, understanding the concept of the order of integers — and, indeed, integers themselves.

3.1.3 Answer Classes. As described in Section 2.4, answer classes consist of a collection of similar answers con-
cerning one or more criteria. There are, in principle, two approaches to creating answer classes for a task: during
creating/developing the task (top-down) and clustering given answers to answer classes (bottom-up).

Every answer class consists of a unique identifier, a description/criteria, and (optional) a representative answer in
that class. In the running example annotating the answer class AC¢ looks like this:

\answerclass{AC6}{..\aclasses\ac6.tex}{-10} %Prints a value instead of returning it

An analysis of the answers is necessary for each answer class to assign the answers to the appropriate answer
classes. Several general ITS techniques to analyze answers already exist, such as Model Tracing, Constraint-based
modeling, Data Analysis. Furthermore there are Domain-specific techniques such as Automated Testing, Basic Static
Analysis, Intention-based diagnosis and Program transformation (for a detailed overview and explanations see [21]). In
the provided example, basic static code analysis could be used to determine whether the return keyword is used in the
code or System.out.println. Additionally, it is even possible to use Automated Testing (e.g., unit-tests) to check if
the correct result is printed to the console, which means that the algorithm is correct and the answer is an element of
ACg. Obviously, most answer classes (e.g., the class of answers with a syntax error AC3) are global and apply across
several tasks.

Another application of the answer classes is systematized grading. By adding an additional argument, certain
properties of an answer can be assigned a specific score.

A possible example would look like this: An answer that is semantically correct (R € ACy4) should start with 50 points.
If it contains syntactical errors (R € AC3), 10 points should be deducted. The task is evaluated with zero points if the
Java standard library is used (R € ACy).

This leads to the following annotation in the task:
\answerclass{AC3}{.\aclasses\ac3.tex}{~10} Zincludes syntax errors
\answerclass{AC4}{..\aclasses\ac4.tex}{+50} %includes an algorithm that correctly identifies the minimum of an array of integers

\answerclass{AC6}{..\aclasses\ac6.tex}{x0} %Prints a value instead of returning it

Answer classes are also a valuable tool to update user models: If an ITS has some model of a user’s prior knowledge
and abilities, we can use answer classes to update this model based on their answer to a given problem. In a simplified
case, it can be assumed that a user’s cognitive state is modeled as a matrix of knowledge elements and cognitive
processes. Suppose the given answer is in all three answer classes AC4, ACs, and ACg (e.g., method with a correct
algorithm using a for/while-loop but prints to console instead of returning the result). In that case, we can update the
user model correspondingly by increasing our confidence in their understanding of control structures but possibly
decreasing our confidence in their understanding of return statements.

The answer classes alone can not determine the precise cause of a user’s mistakes. For that reason, such a user model

can be considered to generate personalized feedback classes as combinations of user model states and answer classes.

3.2 Selection of Tasks
In education, there are a variety off criteria to select the appropriate task for a learner:

1) The intended learning goal,
2) The prior knowledge of the learners,
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3) What answers were given to a previous task,
4) Which tasks are already known by the learner,
5) The personality of the learner

— just to name a few. Notable, for many of the above criteria, information about the learners must be available. However,
user modeling is not part of the Y-model, so we assume that this information is known to the teacher or that a user
model already exists in an ITS.

Tasks are usually selected to promote or test specific competencies. Using the Y-model, each task contains at least
one or more objective. If a certain learning content is addressed at a specific cognitive level, it can filter for tasks aimed
at this learning objective. In addition, requirements for prior knowledge can be set and compared with the existing
tasks. Ideally, this is done individually by matching the user model.

However, selecting single tasks is not the only benefit when modeling tasks with the Y-Model. It is also possible
to generate sequences of tasks (e.g., Guided Tours) fitted to a given user model. For example, if the user model does
not match the prior knowledge of a task, a sequence of tasks can be offered beforehand, which addresses missing
competencies as objectives. These sequences can be dynamic and change individually, even during sequential processing,
depending on answers (answer classes). In an adaptive system, each learner would have a different sequence of tasks
based on given answers and the individual user model (which aims at a certain level of competence).

Referring to the running example, if it turns out that the learner has a syntax error in their solution (R € AC3), which
is due to a knowledge gap (e.g., they does not know that in Java Syntax, a Semicolon is needed after each statement), a
possible follow-up task can be given to close this knowledge gap (see Figure 9). The new task (Task 2) could include
information about Java syntax and an elementary code example in which semicolons must be inserted. When the given

answer compiles correctly (R € ACy), the next task (Task 3) can be selected, and so on.

A:

. |- ‘l
l selection of the next l l oo
2, task depends on the 2, 2,
answer class of given answer
Task 1 Task 2 Task 3

Fig. 9. Selection of tasks based on answer classes (and user model)

4 CONCLUSION AND FUTURE WORK

Using existing models and current research, the knowledge and the cognitive dimensions of tasks were cast into a
model. In addition, answer classes were modeled, significantly expanding the possibilities for individual feedback
and task selection processes. The Y-model was developed in the context of programming tasks, so the selection of
individual models and literature research was made with a focus on programming tasks. However, the Y-model can be
applied to other areas as well. In this case, the underpinning models like the one for the cognitive process dimension
may be needed to be reevaluated. The presented technique for semantic annotation of course materials (see S[EX in
Section 2.2) is limited to using KIEX documents. Nevertheless, the theoretic model is suitable for other contexts as well.
14
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Further development efforts are made to integrate annotations into all types of course materials (e.g., Powerpoint slides,
pdf-documents). Additionally, experiments with alternative software (such as word processors) are ongoing.

In general, the semantic annotation of course materials using the Y-model acts as an interface between the teacher’s
pedagogical content knowledge and the adaptive systems such as Intelligent Tutoring Systems. This allows multiple
valuable services such as generating individualized feedback and updating a system’s model of users’ knowledge and
cognitive state. Although the focus is at the moment specifically on tasks related to computer science, the model itself
should generalize well to other areas with minor modifications.

Although the model allows the selection of tasks based on prior knowledge and learning objectives, it does not yet
offer the possibility to evaluate the cognitive load of tasks. Cognitive load is crucial in planning task sequences or
generating guided tours. For this reason, one of the following steps is to integrate Cognitive Load Theory [11, 37] into
the model.

Formalizing tasks alone is insufficient to enable individualized learning in an adaptive system. The Y-model focuses
mainly on task-specific criteria for task selection. However, it also depends on learner-specific criteria for which task is
appropriate to achieve a particular learning level and promote selected competencies. Each student has an individual
educational biography [23]. In order to be able to provide information about the learner and integrate it into the
decision-making processes of the system, a user model is necessary and part of future research. Course materials have
already been semantically annotated according to Y-model specifications. Using these materials and some exemplary
expressions of user models, procedures will be developed for generating learner-tailored tasks and guided tours from
the information provided. The results should then be compared and evaluated with the decision of experts.

Generating course materials is not the only focus of future efforts. Also, the generation of adaptive feedback and
hints is planned as future work. Research shows that systems mainly generate simple feedback that only addresses the
error itself but does not address the cause of the error [21]. Valuable feedback, however, addresses the root cause of
an error [26]. Combining the Y-model with a user model, we will explore techniques to infer the cause of errors from
errors.

The presented model is a theoretical underpinning for different applications of integrating tasks in adaptive edu-
cational technology like Intelligent Tutoring Systems. The ongoing work will focus on the further development of

formalizing educational approaches and on developing systems that apply the proposed model.
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