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Abstract—Since the implementation of the Bologna process,
the quality of engineering study courses should be measured
according to what extent academic courses of education
facilitate and support the acquisition of engineering compe-
tences. So far it is not possible to assess this in a reliable and
valid way. The foundation of all competence diagnostics is a
model of the competences to be developed as well as the
subsequent development and application of test instruments.
This article theoretically derives a competence model as the
basis for an assessment of learning results in engineering
mechanics and places it within the current state of research
of empirical educational research. Hypotheses on the com-
petence structure will be derived and, for part of the model,
statics, tested on the basis of data from a pilot study.

Index Terms—Engineering Science, Mechanical Engineer-
ing, Engineering Mechanics, Competence Assessment,
Competence framework

[. INTRODUCTION

One of the reasons why Germany, despite being a land
poor in natural resources, enjoys high economic prosperi-
ty, is because it has a respectable number of highly-
qualified (mechanical) engineers, the academic training of
whom therefore takes on particular significance. Even if
there has not yet been any diagnosis of an acute lack of
engineers up until now, for the medium-term, due to de-
mographic changes as well as ongoing sporadic years of
low numbers of graduates in the engineering sciences, a
lack of academically-trained graduates can be expected for
the future [1]. In light of this future lack there is a dispro-
portionately high amount of drop-outs in mechanical en-
gineering [2]. One of the main causes is considered to be
the performance problems, and the accompanying motiva-
tional deficits, of drop-outs in the basic engineering cours-
es. Simultaneously, without these subject-specific founda-
tions, the successful acquisition of the necessary interdis-
ciplinary skills must be called into question, since these
competences, in particular, must be learned and demon-
strated, while dealing with a specific subject matter. In
addition, for a career as an engineer, deep and specialized
knowledge is indispensible, and the importance of such
knowledge tends to be even greater during the first five
years of work in such a career.

Before any measures can be taken to improve the train-
ing of engineers in Germany, sound diagnostic infor-
mation must be available which shows whether there are
weaknesses in instruction, and if so, where they are to be
found. Until now, it has been almost impossible to judge
whether the high drop-out rates are the result of a lack in
general-education requirements, a lack of motivation or

interest, of false assumptions about the requirements for a
course of study in the engineering sciences, or of poor
teaching. Thus there is a need for reliable instruments for
measuring competence within the central specialties of the
engineering sciences.

One such sub-section of the engineering sciences is en-
gineering mechanics, or EM. It provides theoretical con-
cepts for application-oriented engineering disciplines
(including mechanical engineering) and is a basic disci-
pline for the approximately 370,000 students of the engi-
neering sciences in Germany. It is also an important part
of internationally accepted standards of knowledge for the
engineering profession [3].

Within the framework of the study presented here, two
test instruments for the measurement of mechanical-
engineering competences will be developed and validated
by the end of 2013, in order to help generate diagnostic
information about students’ learning progress.

The starting point and the most important basis for the
assessment of general competence as well as for compe-
tences specific to engineering mechanics (EM) is a com-
petence model (which we shall refer to as the EM Mod-
el’). Its design is of primary importance for the explanato-
ry power of test instruments which will be based on it as
well as the generalization of the results achieved. The goal
of this article is thus to position the EM Model within the
current landscape of empirical research on education and
training, to theoretically ground the specific design of the
EM Model and to find first evidence for its empirical
validity in the area of statics on the basis of pilot data.

Prior to this, we will sketch out the aims of the study
‘Modeling and Measuring Competences of Engineering
Mechanics within the Training of Mechanical Engineers
(KOM-ING)’ as well as the underlying theoretical frame-
work of this conception of competence.

II. AIM OF THE STUDY

The aim of the study is to validate a competence model
for EM as well as the construction and testing of two
related instruments for measurement. We will examine
whether the EM Model can be empirically proven, and (1)
to what extent the EM competence of students can be
differentiated and described on the basis of the dimensions
of competence being postulated. (2) If these questions can
be answered in the affirmative, then the first instrument
makes it possible to account for different training path-
ways, and can be used for comparison work at the institu-
tional level (summative assessment). The second instru-
ment then delivers more profound information, for the sub
discipline static engineering of EM, about the desired and
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actual states of the learning process for particular points in
time, which can be used for the configuration of teaching.
(formative assessment)

IIT. THEORETICAL CONSIDERATIONS AND STATE OF THE
RESEARCH

A. On the Concept of Competence

Competence is a “theory-relative” concept (as discussed
in [4]). Competence modeling thus needs to be located
within the diversity of different views of competence. The
starting point for these considerations is the constitutive
characteristic of the concept of competence, which applies
to the ability to use one’s mental skills in new situations
[5]. Situations are, in turn, characterized through condi-
tions of the surrounding environment, which are presented
to the actor as objective circumstances (often described as
‘context’). Reference [6] make it clear that context cannot
(or not only) be interpreted as a naturally-existing condi-
tion but, in most situations, is determined by a socially-
assigned responsibility. They conceptualize competence
as a ‘product of interdependence’ between ‘social respon-
sibility’ and ‘individual mental variables’ [6]. Thus, com-
petence is a dual construct, through which people are seen
as being competent who can accomplish what they are
supposed to accomplish [7]. Societal responsibilities are
always closely connected to expectations of behavior,
which can vary in their intensity. Against the background
of these conditions and restrictions, the EM Model then
has to explicitly differentiate between objective require-
ments (referred to below as ‘the context side’) and mental
disposition in order to determine which are crucial to
meeting the requirements (referred to below as ‘the dispo-
sition side’).

Thus, the EM Model is oriented towards the German
Research Foundation’s (DFG) Priority Program ‘Compe-
tence Models for Assessing Individual Learning Out-
comes and Evaluating Educational Processes’ [8], and its
construct of competence, excluding volitional and motiva-
tional aspects. In that program competence is defined as
‘domain-specific cognitive dispositions that are required
to successfully cope with certain situations or tasks, and
that are acquired by learning processes’ ([8], p. 68). In
order to describe the ‘disposition side,” generally psycho-
metric models of competence, which can be differentiated
into structure and level models [9] are used. Structure
models describe quantitatively different mental character-
istics (so-called constructs or dimensions), which can be
differentiated on the basis of factor-analytical methods
(for example subject specific knowledge). Level models
provide information about how the content of high and
low manifestations can be described, but do not necessari-
ly give predictions for empirical competence development
[10].

B. State of the Research

In order to define the normative requirements and to de-
rive a hypothetical construct of the cognitive disposition
required for the mastery of these norms, we will discuss
the state of the research in academic research on education
as well as scientific research on competence in general-
education schools. For the context side of competence we
will rely on the example of the European Qualification
Framework (EQF, [11]) as a relevant framework for quali-
fication. Empirical requirements analyses of working
engineers (for example, [12]) will not be considered, since

iJEP — Volume 4, Issue 1, 2014

these have much too low a level of detail to be used with a
focus on the basic subjects of EM. Political demands from
engineering associations, which primarily emphasize the
importance of specialized competence over generic com-
petence, (for example, [13]) will also not be discussed
here due to a lack of space.

1) Context:
Responsibilities

Behavioral Expectations and

Below we will equate competence in the sense of re-
sponsibility, with ‘socially-framed norms of behavior’
because the allocation of responsibilities is always con-
nected to the expectation of their fulfillment. Responsibili-
ties are therefore normative stipulations which arise from
negotiations between social or political stakeholders. The
results of such negotiations can be empirically described
and used for the formulation of the context side of a com-
petence model.

In mechanical engineering, someone is ‘responsible’ if
they have a qualification in the form of a higher-education
degree as a (mechanical) engineer. Although qualification
frameworks like the EQF primarily serve as an instrument
for transnational comparability of graduation levels, they
are also seen, particularly in connection with competence
orientation, as ‘institutional requirements of overriding
importance’ [14]. This is easy to comprehend with a
glance at the structure of the European Qualifications
Framework, or other frameworks, where the argumenta-
tion likewise preserves its plausibility.

The EQF consists of eight levels, of which three are ac-
ademic courses of study (6 Bachelor, 7 Master, 8 Doctor-
ate). These levels are described with the help of mental
characteristics as ‘knowledge’, ‘skills’, and ‘competence’,
meaning ‘the proven ability to use knowledge, skills, as
well as personal, social, and methodological abilities in
work or learning situations for professional or personal
development.” [11] The categories for the qualification
framework are more closely defined with the help of de-
scriptors, which formulate personal learning outcomes.
The assigning to levels of the category ‘competence’ will
be accomplished through situational conditions and con-
textual characteristics, as made clear in the following
formulations:

,,Leading of complex specialized or professional activi-
ties or projects and the taking over of responsibility in
unpredictable work or learning situations* (Level 6)

,Leading and organizing complex and unpredictable

work or learning contexts which require new strategic
approaches (Level 7, [11], p. 13; italics the authors).
The use of context characteristics in the descriptors
shows that requirements will be different according to
context, although the increase is not coherently formulat-
ed in every case. For the individual, this means that a
certain behavior will be expected for the particular con-
text of the level in question.

Having said that, within the framework of the EM
Model socially agreed-upon behavioral expectations
and/or context characteristics in the sense of requirements
should be formulated. (a). It is also clear, however, that
standards of accomplishment must be made more detailed
and more stringent than, for example, is the case in stand-
ards for qualifications. (b)
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2) Mental Disposition: Knowledge and Cognitive
Processes

In order to achieve an empirically visible and profitable
structure for the disposition side of the EM Model, the
current state of research will be examined with regards to
which psychological or subject-oriented aspects are em-
pirically meaningful for the structural organization and
level descriptions of EM competences.

Neither national nor international psychometrically-
validated competence models for engineers in general or
for EM in particular exist. [15] There has been a recent
attempt at modeling and psychometrically testing engi-
neering competence. The ‘Tertiary Engineering Capability
Assessment” (TECA, [16]) was developed within the
framework of the OECD Program ‘Assessment Of Higher
Education Learning Outcomes’ (Ahelo, [17]). This pro-
gram secks to be able to compare universities’ output
internationally (summative Assessment). The TECA com-
petence model contains, in addition to generic competenc-
es (‘Professional Attributes‘) also ‘discipline-related com-
petences® (‘Technical Knowledge® and ‘Engineering Pro-
cess‘). Empirical validation is intended to be achieved
through computer-based tests and probability-based test
models, however, these still remain to be developed. Since
EM competences only play an inferior role within the
TECA model and there are no further academic compe-
tence models for engineering, general educational models
from the natural sciences will be used.

Almost all the recently-developed competence models
for physics and mathematics claiming to be psychometri-
cally testable, cover at least the following two dimensions:
‘cognitive activities,” which can be understood as being
analogous to the cognitive processes’ discussed by [18],
and ‘content areas.” Thus, [19] differentiate, for example,
between ‘cognitive processes’ (p. 168) and ‘basic con-
cepts/content areas’ (p 171), and [20] between ‘cognitive
activities’ and ‘central ideas’. None of the approaches
explicitly differentiate whether they deal with content
areas which fall under the ‘Structure of Discipline’ [21] or
their internal cognitive representation in the sense of
‘knowledge’ (see for example [18]) or a congruent struc-
ture of both aspects. In addition, dimensions of compe-
tence models of the natural sciences often are not attribut-
able to the disposition side of competence, but rather de-
scribe context-characteristics of achievement such as
‘length of text’ or ‘complexity of problem solving’ [20]. It
should be taken into account that ‘cognitive processes’ do
not deal with individual thought processes connected to
particular situations, as the term suggests, but instead with
a more long-term disposition towards bringing such pro-
cesses forth.

The internal structures of cognitive processes are di-
verse in their number and quality: Reference [19] differen-
tiate, for example, seven ‘cognitive processes’ such as
‘verbalizing complex circumstances’, ‘dealing with num-
bers’ or ‘convergent thinking'* (ibid. p. 177). While here
the cognitive processes are logically independent of one
another, the construct of ‘mathematical literacy’ within
Pisa [22] refers back to the processes of Mathematical
modelling following [23] and has a chronologically or-
dered structure. Day-to-day circumstances must be trans-

! Convergent thinking means to reason correctly from given in-

formation.

lated into a mathematical model and be inner mathemati-
cally processed in order to then be able to be interpreted.
Finally, the results are translated back to the day-to-day
situation and validated. In contrast to [19] ‘mathematical
literacy’ is not dimensioned separately along the four
partial processes of Mathematical modeling. Instead, it is
assumed that in day-to-day mathematical tasks, all four
processes must occur, so that these are built into all PISA
test tasks with changing amounts of emphasis.

The content dimensions of the competence models be-
ing currently discussed naturally differ along the diversity
of the domains being examined. However, generally mod-
els whose subject-area structure is connected to particular
disciplines can be differentiated from those which have
non-disciplinary concepts as a content dimension. Proto-
typically, the modeling within the framework of the PISA
studies is led by ‘big ideas’ ([22], p. 12). This is under-
stood to mean ,,mathematical concepts which are strongly
connected to one another but can be seen as being grouped
under a common aspect [22]. In contrast to this, for ex-
ample, within the national supplementary tests of PISA
2000, a difference is made between the subject-analytical
areas of arithmetic, algebra, geometry, and stochastic [24]
in order to improve the informational content of the results
from a national perspective.

The acceptance of a hierarchical structure of cognitive
processes is increasingly being rejected in favor of cate-
gorical structures. Instead, levels are supposed and in part
empirically proven based on content areas or content con-
cepts (and their use). Reference [20] for example, sees
competence development in physics (secondary educa-
tion) as the expansion and differentiation of knowledge,
which accompany an increasing conceptual understand-
ing. (compare p. 95) They test the hypothesis that pupils’
concept of energy evolves hierarchically in ascending
order along the four content-specific levels: forms and
sources of energy, (1), changes and transfer of energy, (2),
loss of energy, (3), and preservation of energy (4). Con-
forming to expectations, it turns out that there is a signifi-
cant statistical connection between the empirical difficulty
of a task and the stage of development.

At the moment, instruments for compiling skills are al-
so being developed internationally in the academic world,
with a focus on engineering mechanics. In order to do so,
so-called ‘concept inventories’ [25][26], are being devel-
oped which raise the claim of being able to pinpoint con-
ceptual understanding as well as misunderstanding. The
‘concept inventories® are partially pyschometrically vali-
dated [27][28] and anticipate direct use for the develop-
ment of teaching curricula, because the hope is that inap-
propriate conceptual knowledge can be diagnosed and,
based on this diagnosis, changed through teaching.
[29][30]. However, the question as to whether this expec-
tation can really be fulfilled is not undisputed, as was
shown in an independant test of the ‘force concept inven-
tory’ [31]. The validity of this instrument, which original-
ly claimed to be able to differentiate between test subjects
who had a Newtonian conception of force from test sub-
jects with various less-informed conceptions of force, is
relativized through [32] as well as [33]. On the basis of
different data, they arrive at the conclusion that the FCI
cannot reliably differentiate between the six dimensions
(kinematics, principle of inertia, force and momentum,
interaction of forces, overlapping of forces, special forces)
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and therefore, cannot make a diagnosis of pupils’ concep-
tions of the concept of force possible.

In view of the present state of the research, the follow-
ing four theses for the explanation of the disposition side
of a EM Model become clear: context-specific achieve-
ment dispositions are only conceivable as a combination
of cognitive processes and knowledge contents. (a) In
order to make a detailed diagnosis of students’ skills, it
makes sense to understand cognitive processes as individ-
ual dimensions, while keeping in mind that during the
solving of real-life EM tasks, several processes are often
taking place at the same time. (b) The highly disciplined
structure of EM and the academic teaching involved calls
for a subject-specific structure of its knowledge contents,
for example, structuring based on statics, dynamics, and
so on. (c) A categorical structuring of cognitive processes
is preferred to a hierarchical ordering, although the devel-
opment of competence along the content areas that are
based on one another should not be excluded. (d)

C. Competence Model for Mechanical Engineering

In light of the state of the research the EM Model will
be constructed in the following way: in order to do justice
to the dual structure of competence, the EM Model con-
tains two matrices. (see Fig. 1) The matrix on the left
defines the objective requirements of competence in the
sense of supra-individually valid expectations of behavior
(context). The right matrix represents the internal, mental
requirements which are necessary for the mastery of the
context side (context-specific achievement dispositions).
While the context side of the EM Model represents the
setting of norms, the disposition side can be seen as a
hypothetical construct which requires empirical testing.

The context and disposition sides are related to each
other insofar as the solution of every requirement that is
defined on the context side requires a specific combina-
tion of the dispositions. In order to handle a real statics
task with a given level of difficulty, the four cognitive
processes must take place with the accessible knowledge
in dealing with rigid bodies in equilibrium.

1) Context

The requirements within the area of EM can, generally
speaking, result from the perspective of the subject to be
learned, from the perspective of the academic disciplines
which are based on it, such as design methods, or from the
world of work. The context side of the EM Model concen-
trates on the question as to what is expected from students
of mechanical engineering, that is, under what conditions
they are supposed to achieve EM-related output.

In basic mechanical engineering courses, it is expected
that students can intellectually comprehend and use the
specialized theories and concepts of EM as well as the
methods of thinking and working which are specific to the
subject. The application of subject-specific basic work-
place knowledge is, in contrast, not a part of learning
expectations (although naturally, these basics do get used
in professional tasks). Usually, the tasks are accomplished
with simple tools such as paper, pencil, and pocket calcu-
lator, whereas the use of tools that are relevant to the
working world (such as the computer) is not expected.

In light of this, context is defined by content from the
commonly taught EM Subject Matter, (I) and the level of
Requirements (A) which are determined by the so-
called boundary conditions of mechanical objects.
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For (I), First of all, there is a documented content struc-
ture that exists in textbooks. Most of the multi-volume
textbooks deal with statics, mechanics of materials, and
dynamics, in this order. Further areas such as fluid me-
chanics will not be dealt with in the following, since they
are taught to a different level depending on the institution.

For (A): requirements vary with the complexity of the
mechanical objects being dealt with and it is supposed that
the level of requirements can be depicted by the number
and type of the so-called boundary conditions, which are
statements concerning the displacement and stress of the
boundaries of objects in mechanical systems [34]. The
number and type of boundary conditions can be objective-
ly identified for EM tasks and can be limited to an area
where the solving of tasks is possible with paper, pencil,
and calculator. It must be mentioned here that the three-
fold classification of the requirements axis is not a part of
the theory but merely an arbitrary placeholder for a scale
that will probably be continuous when it is empirically
tested.

In summary, it is expected of students of engineering
sciences within the sub discipline of EM that they solve
tasks which are to a large extent clearly assigned to one of
the three subject areas of statics, mechanics of materials,
or dynamics, (1) and in which only a few or simplified
boundary conditions are to be met, (2) so that they can be
solved with the help of paper, pencil, and calculator. (3)
Both dimensions for the description of competence within
the aspect of responsibility (context) are thus ‘subject
matter’ and ‘level of requirements.” The mental disposi-
tions for achievement are described below with regards to
this context.

2) Context-Specific Perfomance Disposition

The cognitive processes which underlie the solving of
EM tasks are very similar to the mathematical modeling
described by [23]. In EM, real existing circumstances
must also be transferred into models and their validity
must be tested: (prospective) engineers have to analyze
problems in EM, understand the fundamentals, and trans-
fer a real object into a physical model. The mathematical
problems which follow must be solved, and the interpreta-
tion of the results, which connects back to the real object,
closes the circle [35]. Since diagnostic information should
serve not only for achievement comparison at the institu-
tional level, but also for the improvement of instruction
(formative assessment), in contrast to the PISA approach,
a separate recording of these processes in the sense of
their individual dimensions is appropriate.

EM-specific content areas on the disposition side of the
model can only be interpreted in the sense of individually-
accessible knowledge. In general, knowledge is defined as
‘permanent availabilty of information understood’ [36]
and can be further differentiated into knowledge about
concepts as well as knowledge about methods. In EM,
knowledge of concepts (K) and knowledge of methods
(V) are largely very specifically connected (K/V) but can
be conceptually subsumed under the external, previously-
existing content structure of EM, ‘statics’, “‘mechanics of
materials.” and ‘dynamics.” For example, ‘knowledge
about the concept of support reaction and the methods for
defining it” belongs to statics. Similarly ‘defining the
bending line’ is an example that falls under mechanics of
materials and ‘defining equation of motion’ is an example
for dynamics. In order to conceptually differentiate be-
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tween static, mechanics of materials, and dynamic at the
external level from the internal level, knowledge of EM
concepts and methods (K/V) are different in ‘rigid bodies
in equilibrium,’ ‘elastic bodies in equilibrium,” and ‘mov-
ing bodies.” The performance dispositions arise from the
processes of mechanical modeling (P) which are used in
EM, with the help of individual knowledge about con-
cepts and methods of EM (K/V). (see Fig. 1).

It must be kept in mind that the four cognitive processes
of mechanical analysis are handled with differing intensity
in typical EM courses and textbooks. For example, in
mechanical engineering, the first step of abstraction is
usually omitted and one starts directly with mechanical
models. In other science courses of study within the engi-
neering sciences, it is very possible that there are addition-
al differences in which subject matter is weighted. It can
be assumed, however, that teaching (and hopefully learn-
ing) the entire process of mechanical analysis would fa-
cilitate the transfer of EM competence into more special-
ized, advanced courses as well as the working world.

D. Learning and Teaching-Theoretical
Classification and Hypothesis

The choice of psychologically-characterized terms used
up until now should not disguise the fact that the EM
Model is a modern description of teaching goals, as for-
mulated within empirical research on education and train-
ing. Within that research, a teaching aim is ,seen as a
personality trait which in turn is defined through a set of
tasks* [37]. The disposition side of the EM Model, in this
sense, specifies what should be done with which content
(content x process). The sets of tasks which thus result are
labeled with terms that represent personality traits (for
example knowledge). The disposition side of the model is
to be understood as a teaching goal of academic instruc-
tion within the subject of EM. The personality traits result
from the intersection between process and content dimen-
sions and can be interpreted as EM-specific skills. There-
fore the left lower cell of the disposition side is to be seen
as the (partial) ability to abstract real bodies in equilibrium
onto a mechanical model.

The advantages of the EM Model lie in the precise for-
mulation of the theoretical term competence (as a teaching
goal) which allows for strict testing.

Here it is assumed that the response behavior in each of
the four proclaimed process dimensions within the area of
statics each lead back to a homogeneous construct of skills
(Hypotheses 1: Validity of the Rasch Model) and that
these four skills are independent of one another (Hypothe-
sis 2: Dimensionality of the EM Model). It should be
mentioned that the data for the dimensions mechanics of
materials and dynamics are not available at the time of
writing.

IV. RESEARCH DESIGN AND METHODS

A. Survey instrument

In order to validate the EM Model, a sample of content-
valid examination tasks that is as representative as possi-
ble is taken from each of the four statics cells of the right-
hand matrix (see Fig. 1) The survey instrument thus varies
the statics content in the form of 120 items across all four
process dimensions of the EM Model. Based on the typi-
cal requirements in EM courses the tasks are preponder-
antly open ones. Because of the large number of items
needing to be tested, all 120 statics items are arranged in
15 test booklets in a Balanced Incomplete Block Design
(BIBD, see, for example, [39]) which each contain 32
items. The four different dimensions are equally repre-
sented within each test paper with eight items each.

B. Data

The results presented below are based on cross-
sectional data collection from pilot studies, conducted at
the end of the first departmental semester in the Winter
Semester 2012/13 at two universities (n=258) and a tech-
nical college (n=20). Since the sample yield was markedly
lower than expected, the total sample consists of 278 en-
gineering students of mechanical engineering. Because of
the BIBD and individual missings, every test item was
attempted 19 to 77 times.
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C. Methods
1) Rater Reliability

The foundation for a validation analysis is, firstly, the
highest degree of analytical objectivity possible; in other
words, there should be a high degree of agreement be-
tween the individuals responsible for the correcting of the
tests. The tasks in the test were corrected by a total of nine
responsible individuals. For this purpose, a correction
scheme that had been checked by EM experts was used.
This scheme contained 2 to 4 categories depending on the
task in question, in order to represent the ‘correctness’ of
the solutions in an ordinal sequence. Approximately a
third of the test papers worked on were independently and
doubly evaluated. In the selection of papers which were to
be corrected twice, each of the 15 different test papers
should be present with equal probability. (p= 1/15) At the
same time, the papers selected should represent the lowest
as well as the highest skill range of the participants. The
random drawing that is stratified in such a way (by test
paper and according to skill level) is realized by:

* The number of test tasks which were answered en-
tirely correctly was determined, on the basis of the
first ratings, as a first approximation of the respective
levels of skill of the students, and the sampling was
divided into two halves (median split) .

* From the two sub-samples which resulted, three were
randomly chosen for each of the 15 different test pa-
pers. (n=2x3 x 15 = 90 papers)

On the basis of this data, the ICC1 for the guesser con-
formity and the ICClk for the reliability of the overall
assessment are calculated (see [47]).

2) Scaling

In order to validate the competence model, the data are
scaled according to the psychometrical requirements of
the Rasch Model [40] the Partial Credit Model (PCM)
[41] respectively. This is usually carried out by means of
Maximum Likelihood Estimation Methods (for example,
as in [42]). If only few cases are available, and where
countless values are missing, the identification of the
maximum of the Likelihood Function can be problematic,
and the exactness of calculation can be reduced, under
certain conditions [43]. This was the case with the pilot
study data used here, because of the BIBD as well as un-
expectedly low participant numbers. In addition, the test
papers, with their 32 questions, proved to be too exten-
sive, so that on average only two thirds of the tasks were
attempted. Thus, the multiple-level answer format was
recoded into a dichotomous format (true/false) and scaled
with help of explicit parameter calculation following the
principle of pairwise comparison of contingent solution
probabilities. (see [44]). Here, the frequency of solution of
item j, under the condition of item i not being solved, is
calculated for all items. After further reconfiguration of
the symmetrical matrix resulting from this, the item pa-
rameter of the dichotomous Rasch Model can be calculat-
ed [45]. This approach proved to be less susceptible to
high percentages of missing data when compared to the
Maximum Likelihood Method [46]. The scaling is carried
out with the use of R Software and the package ,,pairwise®
[47].

iJEP — Volume 4, Issue 1, 2014

3) Model Validity

As an initial, still-to-be-deepened approach to testing
the validity of the Rasch Model, a graphical model test
was carried out. The scaling of the data was done inde-
pendently on two sub-samples, testing if the resulting item
difficulty corresponds in both samples. This criterion for
model validity, known as person homogeneity, is a re-
quirement of the Rasch Model. The total sample has been
randomly divided into two subsamples.

In order to preliminary test the dimensionality of the
EM Model in the content area of statics, person ability
parameter were determined as weighted likelihood esti-
mates (wle) and were correlated according to the four
cognitive process dimensions. The scaling was realised
using the pairwise estimates for item parameters.

V. PROVISIONAL RESULTS FOR MODEL VALIDITY

A. Rater Reliability

Since, through BIBD, every single test item appeared
four times in each test booklet (replication factor r=4),
each of the 120 items could have a maximum of 24 dou-
ble-valued solutions (3 random samplings x 2 competence
levels x4 repetitions). Actually, the number of cases per
item ranged from n=0 to n = 22 due to individual miss-
ings. Across all four dimensions the values ranged from
riccr = -.23 in ‘Abstract’ to rjcc; = 1 in the ‘Convert’,
‘Solve’ and ‘Evaluate’ dimension. The values for the
reliability of the overall assessment ranged from r;c¢cy =-.6
to 1;cci = 1. (An overview of the coefficients per task can
be found in ,,Supplementary File A*“.) These parameters
indicate severe violations of rating objectivity and conse-
quently for the instruments reliability. For this reason the
following calculations of model validity were carried out
with a reduced set of items; items with an ICCI of <0.5
have been excluded. Depending on the cognitive process
there remained between 16 (‘Abstract’) and 20 items
(Convert/Evaluate) for further analysis. In addition, the
‘Solve’ dimension needed to be reduced, because four
items were hardly not attempted by the students.

B. Hypothesis 1: Model Validity

Fig. 2 shows the results of the item parameter calcula-
tion for the dimension ‘Abstract’ following the ,,pairwise
method” (16 items). The x-axis represents the parameter
that result from scaling of random subsample 1 and the
y-axis shows the parameter based on random subsample
two. With good model fit, it would be expected that the
entire sequence of item parameters would not differ, and
that all points lie on the bisecting line.

While there are no outliers detectable for the items of
the ‘Abstract’ and the ‘Evaluate’ dimensions, (see Fig. 2
for the ‘Abstract’ dimension), for the ‘Convert’ dimension
and for the ‘Solve’ dimension, one and three items deviate
from the bisecting line, respectively, and these are outside
the 95 % confidence ellipse (see ,,Supplementary File B©).
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Figure 2. Graphical Model Check for the Statics Abstract dimension

This small amount of outliers can very carefully be in-
terpreted as a hint for the validity of the Rasch Model at
least within the dimensions ‘Abstract’, ‘Convert’, and
‘Evaluate’. The ‘Solve’ dimension, however, which deals
with the necessary mathematical capabilities to generate
numerical results for mechanical problems, shows serious
weaknesses and six further items needed to be excluded
because of bad fit to the Rasch model.

After deleting all items showing graphical misfit, be-
tween 12 (‘Solve’) and 20 items (‘Evaluate’) still remain
for determing the person ability parameters on each di-
mension.

C. Hypothesis 2: Dimensionality

Since the BIBD was not balanced for equal booklet dif-
ficulty, the booklets have been checked for systematic bias
in mean difficulty before person wle estimates were corre-
lated by each of the four dimensions of mechanical analy-
sis (see TABLE I).

TABLE L.
RANGE OF MEAN DIFFICULTIES OF THE 15 TEST BOOKLETS

Abstract Convert Solve Evaluate
Mean Booklet -1.43 129 2.03 -.87
Sigma (min)
Mean Booklet 1.53 81 231 84

Sigma (max)

The ‘Solve’ dimension in particular, suffered consider-
ably from the variation of mean difficulties between the
15 test booklets. Therefore, the wle estimates were cor-
rected according to the mean difficulty level of the book-
lets by adding the booklet difficulty parameter to the indi-
vidual wle estimate.

The correlations between the four dimensions ‘Ab-
stract’, ‘Convert’, ‘Solve’, and ‘Evaluate’ reach values
between r=-.16 and r=.44 based on uncorrected wle-
estimates (see TABLE 11, below the diagonal). The correla-
tion of the wle estimates when the values were corrected
for test booklets difficulty varied between r=-.28 and
r=.33 (see TABLE II, above the diagonal).

While correlations between the dimensions ‘Abstract’
and ‘Convert’ as well as between ‘Solve’ and ‘Evaluate’
come to comparable results independently of the method
of approach, considerable differences appear in the corre-
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lations between corrected and uncorrected values. Espe-
cially, the relations between ‘Abstract’ and ‘Solve’ or
‘Abstract’ and ‘Evaluate’ are not clear without ambiguity,
due to large absolute differences in correlation coeffi-
cients.

TABLE II.
CORRELATION MATRIX FOR COGNITIVE PROCESS DIMENSIONS
(CORRECTED ABOVE AND UNCORRECTED BELOW THE DIAGONAL)

Abstract Convert Solve Evaluate
Abstract .16 23 -.28
Convert 13 33 -.05
Solve 44 .39 -.01
Evaluate -.16 .07 -.04

On the one hand these differences underline the uncer-
tainty that can still be found in the sparse pilot data. On
the other hand, none of the correlations exceed an absolute
value of .44 which can still be deemed as relatively low,
compared to other studies in educational research
([50][51]). Thus, we would interprete this result as evi-
dence that EM Competence in the content area of statics
comprises discrete process dimensions rather than an
overall statics capability. Nevertheless, this interpretation
is a preliminary one, since it is likely that all correlations
are underestimated, due to the unsatisfactory rater reliabil-
ity up until this point.

VI. SUMMARY AND PERSPECTIVE

This article intended to present a competence model for
the subject matter of Engineering Mechanics and prelimi-
nary results of its empirical validation on the basis of pilot
data.

The developed measurement instrument shall deliver
information on “student responses [...that] can be used to
shape and improve the student's competence” ([52], p.
120). According to the EM Model, this information refers
to four sub capabilities that are supposed to be important
not only for the accomplishment of requirements within
academic courses, but also partially, also for meeting the
demands of the working environment. The model shall
reveal which subject matter should be taught and which
competences should be developed. The test items howev-

http://www.i-jep.org
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er, indicate what the students already have a command of,
what they still need to learn, and within which fields.

The presented instrument for measuring statics compe-
tences has not yet reached its applicability for psychomet-
rical reasons. Rater reliability in particular, turned out to
be lower than expected and necessary. For that reason it is
forseen to train the raters more intensively prior to the
main study in January/February 2014 using wrong and
partially right answers given by the students during the
study. This has not been possible to implement for the
analysis presented here, due to the tight time schedule.
Furthermore, improvements of the correction scheme are
supposed to lead to better reliability coefficients. Moreo-
ver, during the pilot study the insufficient test time could
been identified as a probable cause for the, generally too
high, item difficulty levels. It is therefore predictable, that
the validity of the model could be improved through an
abridgement of the test booklets.

From a theoretical perspective, however, the presented
analysis shows promising results. The competence model
assumes a fourfold dimensional structure. These dimen-
sions could be supported empirically and turned out to
correlate with each other to a moderate extent. This sup-
ports the validity of the EM Model, indicating that EM
competence in the content area of statics consists of four
distinct cognitive processes of mechanical analysis, rather
than of a unified capability in the content area of statics.

Another piece of evidence suppurting the validity of the
EM Model delivered [53]: They developed learning sets in
the sense of [54] which describe a hierarchical structure of
sub capabilities necessary to solve the items which are
assigned to each statics cell of the model. Reference [53]
demonstrate on the basis of the same data set that has been
used to test the dimensionality in this article that the em-
pirical item difficulty parameters depend significantly on
the extension of these theortically claimed learning sets.

Nevertheless, it has to be mentioned, that these results
need to be interpreted with caution for at least two more
reasons: Firstly, the test booklets could only be adminis-
tered to a very small sample of EM students, leading to a
sparse data set. Secondly, model deviations can be detect-
ed especially in the ‘Solve’ dimension and cannot be sole-
ly explained by the high level of missing data or insuffi-
cient rating objectivity. In general, ‘Solve’ items turned
out to be too difficult and it was this dimension in particu-
lar, which showed big differences in the mean booklet
difficulties and consequently in the corresponding correct-
ed respectively uncorrected wle estimates of person abili-
ties. Aside from this booklet effect, it has to be assumed
that item construction errors as misleading formulations or
erroneous formulars contributed to this result.

As a short summary of the experiences from this pilot
study it seems feasible to deal with the current psychomet-
rical shortcomings of the instrument. From a theoretical
perspective, there is a strong possibility that the measure-
ment instrument will enable assessment based teaching in
the future.
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