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Abstract

In this study, it is aimed to show how student achievement can be monitored by using the cognitive diagnosis
models. For this purpose, responses of the 6th, 7th, and 8th grade Mathematics subtests of High School Placement
Tests (HSPT) in 2009, 2010, and 2011, which provide longitudinal data, were used, respectively. There were
49933 examiners’ responses in data sets. The attributes examined by these tests were determined by the
Mathematics experts, and the Q matrix consisting of five attributes was developed. As a result of the analysis, it
was seen that the largest latent class for all three years consisted of those non-master for any attribute. It was
observed that the probability of attribute mastery increased in the 7th grade and decreased in the 8th grade. The
high classification accuracy seen as a result of the analysis applied to HSPT, which is not intended for the cognitive
diagnosis, shows that the results can be used for monitoring student achievement.
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INTRODUCTION

Education includes the efforts made to gain individuals the pre-determined and necessary behaviors
related to the cognitive, affective, and psychomotor areas. Gaining targeted behaviors are not
operationsthat happen at once, but require a process. It can be said that this situation is also reflected in
measurement and evaluation. Although, in measurement and evaluation practices,it is very common to
collect data on the extent to which the product reached at the end of the process meets the expected
qualifications, contemporary educational approaches accept that products are not independent ofthe
processes and interactions in the process (Kutlu, Dogan & Karakaya, 2010). Therefore, it is necessary
to measure the processes and interactions in the training process as well as the products at the end of the
training process.

It is observed that as the importance is given to revealing the development of individuals in the process,
practices and researches aimed at this purpose increase. If it is accepted that measurement practices
related to the process are generally for monitoring the development, it can be said that the studies for
gathering information about the process are carried out through both national and international exams
(Ministry of NationalEducation [MoNE], 2017;Organisation for Economic Co-operation and
Development [OECD], 2019). For example, through international exams such as PISA, TIMSS, and
PIRLS,national-level development is tried to be monitored by making use of international comparisons
in areas such as mathematics, science and technology, and reading comprehension. Although
international exams give indirect information about the educational process in general, they do not
provide information about the status of individual students who are the subjects of the process and cannot
provide detailed information about the effectiveness of educational programs. In this regard, it is
observed that in many countries, information about the process is collected through exams held at
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different stages of education (OECD, 2019). For example, in the past Detection Exam of Student
Achievement and today Monitoring and Evaluating Academic Skills exams aim to reveal the
developments in main coursesin Turkey (MoNE, 2017). In addition to these, although the past High
School Placement Exam (HSPT; “Seviye Belirleme Sinavi1”), which students took three times in
secondary school, is not an application for monitoring, it can be said that it is a test that provides
information in terms of student development due to its multiple implementations (MoNE, 2008).

It is seen that research models based on repeated measurements come to the fore in order to determine
the development of individuals in the process. In order to reveal whether the development of individuals
is sufficient or not in research models based on repetitive measurements, the measurement results made
at least two different times are compared using various statistical techniques. However, since the results
obtained from such applications are based on the comparison of the average of the measurement results
obtained attwo different timesat least, it does not give information about the development of individual
students as well as neglecting the acquisitions and subject dimension. These techniques are criticized in
this respect (Lohman, 1999).

In addition to traditional statistical techniques, cognitive diagnosis models (CDM), which is an effective
technique to reveal the fine-grained ability parameters of individuals, can demonstrate level
developments in repeated measures. It is stated that CDM, which will be discussed in this study, has
become widespread, especially with the beginning of the 2000s, and its main purpose is to give cognitive
feedback to teachers and families about their students (Embretson, 1998).

CDM is based on latent class analyses, which are used to identify subgroups and determine which
individuals belong to these subgroups using multivariate categorical data and interrelated situations
(Cheng, 2010). In this way, it is possible to calculate the structure of certain knowledge or the
development of a skill in the student by taking into account the strengths and weaknesses of the student
at the cognitive level (Leighton &Gierl, 2007). According to de la Torre (2009), with a test developed
using CDM, it can be determined which skills the students have, which are predetermined by experts,
and therefore, what their shortcomings are. Taking advantage of this feature of CDM, it may be possible
to see the development of students in terms of relevant skills if the same skills are measured at different
times.

By using CDM, psychological structures with more than one interrelated cognitive attributes can be
measured with a single test. In practice, it is accepted that each item in the test measures one or more
cognitive attributes. In CDM analyses, the Q matrix is used to determine which item measures which
cognitive attribute. In the Q matrix, each column represents a cognitive attribute, and each row
represents an item. The Q matrix is created by field experts by coding as 1 if the cognitive attributes
specified in the column are measured with the item specified in the row, and 0 if not (de la Torre &
Minchen, 2014). By the Q matrix used in CDM, 2 latent classes are formed for k cognitive attributes
defined by experts. There will be eight latent classes for k = 3; the latent class (000), indicating an
individual who is non-master for any attributes; latent classes (100), (010), (001) indicating individuals
with master one of the attributes; latent classes (110), (101), (011) indicating individuals with master
two of the attributes and (111) latent class indicating individuals with master all the attributes. In
addition to showing what attributes individuals have and which they do not, the latent classes also give
an idea of which questions they are expected to answer correctly. CDM makes it possible to identify
individuals in terms of cognitive attributes.

There are many CDM available; Deterministic inputs noisy and-gate (DINA,; Junker and Sijtsma, 2001),
Deterministic inputs noisy or-gate (DINO; Templin & Henson, 2006), re-parameterized unified model
(R-RUM,; Hartz, 2002), general diagnostic models (GDM; von Davier, 2008), generalized DINA Model
(G-DINA; de la Torre, 2011), etc., that take different assumptions and parameters into account. Besides
the various test and item parameters, the mastery probability of cognitive attributes in the Q matrix is
calculated to determine which of the latent classes individuals will be included in, in these models. If
the probability values calculated for a cognitive attribute are 0.5 and above, mastery of attribute is shown
with "1"; if it is less than 0.5, it is indicated with "0". This process aims to make it easier to reveal the
latent cognitive structures that individuals have.
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Considering the example given above, it can be said that individuals in the "101" latent class have the
first and third cognitive attributes and their probability of mastery of these attributes is 0.5 or above. On
the other hand, it can be said that these individuals do not have the second cognitive attribute and their
probability of mastery of the second cognitive attribute is less than 0.5. Therefore, while latent classes
are obtained by rounding the probability value to 0 or 1, the differences between the probabilities of
individuals are neglected. For example,an individual who has mastery probability of the first, second,
and third cognitive attributes, respectively 0.55, 0.10 and 0.60; and an individual who has probability
mastery 0.90, 0.45, and 0.95 are in the same latent class, which coded with "101". The fact that the
transformation of mastery of attribute probability into binary category causes loss of information can be
seen as the negative side of this transformation process.

It is one of the most important features of CDMs that they reveal the attributes they have in smaller parts
instead of the holistic approach when diagnosing individuals. In this way, CDMs enable individuals to
be diagnosed from different angles. The latent classes and attribute mastery probability outputs that are
created with the help of the Q matrix input representing fine-grained small measurement units in CDMs
provide detailed information for individuals. The fact that monitoring the cognitive characteristics of
students in fine-grained skill with CDMs can provide more specific and relevant information compared
to the general monitoring of students' cognitive level reveals that CDMs will be more useful in
monitoring students' progress.

Considering that the main purpose of CDMs is to provide feedback to education stakeholders
(Embretson, 1998), a detailed and fine-grained picture of the current situation can be taken through
CDMs. Formative assessment, in which feedback is at the forefront, cannot be used adequately due to
the high class size, the need for time and effort (Bennett, 2011). In this case, it is important to include
high-stakes exams, which are not normally intended for formative assessment, in the feedback
mechanism. In addition, the longitudinal feedback to be given for the same parts with the same method
will be of great importance in terms of revealing the change and making the education even better.

Interest in CDMs is increasing both in the world and in Turkey. It can be said that the field of study of
CDMs is mostly focused on simulation since the subject area is new with increasing interest. In some of
these studies (Huang, 2017; Kaya &L eite, 2017; Wang, Yang, Culpepper & Douglas, 2018; Zhan, Jiao,
Liao & Li, 2019), models are presented for the use of longitudinal data in CDMs. However, these studies
are insufficient to show how the change in a large population is revealed by CDMs. The actual data in
these studies consist of smaller datasets suitable for model use only. This study, on the other hand, is
important by separating it from other studies in terms of targeting a wide audience.

In this study, it was aimed to apply cognitive diagnosis models to HSPT, which are repeated measures,
and to monitor the development of students through their attributes. For this purpose, answers to the
following sub-problems were sought;

1) What is the prevalence rate of the latent class patterns of students by years?
2) What is the rate of change in the students' mastery of each attribute by years?
3) What is the rate of change in the number of attributes mastered by students over the years?

4) What is the level of reliability and validity of the findings obtained?

METHOD

In this study, which aims to monitor the achievement of students with CDM, survey method, one of the
guantitative research methods, was used.

Sample

The population of the study consists of approximately 1 million middle school students who started
secondary school in 2009 and joined HSPT in 3 years. The answers of 131068 of these students in the
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SBS every three years were given to the researchers by the MoNE. The data of 49933 students, who had
complete data in allthree years, formed the sample of the research.

Data Collection Instruments

High Schools Placement Exams (HSPT) was organized by the Ministry of National Education (MoNE),
Turkey. The data were obtained from the General Directorate of Measurement, Evaluation, and
Examination Services of the MoNE upon the request of the researchers. HSPT was a central system
high-stake exam which was held after the course period in every year in June, organized by the MoNE,
and measures the level of achievement of the students related to the learning outcomes determined for
the 6th, 7th, and 8th grades. The exam consisted of Turkish language, mathematics, science, social
sciences, and English courses items within the scope of the middle school. The exam was prepared as
multiple-choice tests based on the learning outcomes and is sufficient to measure the student's
interpretation, analysis, critical thinking, predicting, and problem-solving skills, etc. (MoNE, 2010).

HSPT was an exam held once a year between 2008 and 2013 at the end of the spring term, and its scores
are used to place students in high school. Approximately 1 million students had entered HSPT for each
grade level each year. HSPT differs from the other old/new exams in terms of being held in 6th, 7th,
and 8th grades among the exams held for transition to high schools. With this feature, HSPT is an
important resource to examine the development of students over the years. Although the exam is not
practiced today, HSPT was deemed suitable for this study because it has been measured more than twice,
the answers of many students across the country have been obtained, and the study is on a theoretical
and practical basis.

In the study, in which student progress was examined through math test items, 16, 18, and 20 math items
were asked to students in the 6th, 7th and 8th grades, respectively.

Descriptive statistics regarding the test scores of the data used in the study are calculated and given in
Table 1.

Table 1. Descriptive Statistics for Tests

Grade Item Mean Std. Dev. Mean Item Difficulty d
6 16 5.40 2.93 0.338 -.82
7t 18 7.62 4.44 0.423 -4
gt 20 6.65 5.10 0.333 -.97

Table 1 shows that it was observed that the highest number of correct answers was in the 7t grade, while
the lowest was in the 6™ grade. It was seen that 8™ grade students had correct responses on average 1.25
more questions than 6™ grade. However, when the mean item difficulty, which indicates rates of correct
responses, are examined, it is seen that the 6™ and 8™ grades are very close to each other due to the
increasing number of questions over the years. Considering the relative variation coefficients showing
the ratio of the standard deviation to the mean, it can be said that the groups become more heterogeneous
from the sixth to the eighth grade. When the difficulty level of the tests is evaluated, the tests applied
for the 6th and 8th grades have a similar difficulty, and the tests applied to the seventh grade are
relatively easy. In the analysis for the item response theory, it was seen that all three data sets were two-
dimensional. When the averages of the item difficulty parameters (d) obtained as a result of the analysis
are examined, it can be said that the items in the 8th grade are easier. Although the 7th grade items are
a little more difficult than the 8th grade, it is concluded that they are easy. It was seen that the 6th grade
items were more difficult than the other grades but still close to the easy level.
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Procedure

Defining Attributes

In the primary mathematics teaching program, problem-solving ability is one of the basic skills that are
stipulated to be provided to the students. Within the scope of the program, the problems are discussed
under two headings as routine and non-routine. In general, problems are considered as questions, of
which solutions are not foreknown and obvious, and in such questions, it is claimed that the students
will reach a solution by making reasoning through their current knowledge(Sezen Yiiksel, Saglam Kaya,
Urhan, & Sefik, 2019).In brief, problems that can be solved by using the information directly are
described as “routine” problems, whereas problems that can be solved by interpreting existing
information and by operations that are more complex are described as "non-routine problems".

Within the scope of this study, it was tried to determine the attributes of HSPT math items. For this
purpose, the 6th, 7th, and 8th grade items were discussed primarily within the context of the problem
types and then the mathematical skills that they require. While determining these skills, first of all, Math
Taxonomy (Smith, Wood, Coupland, Stephenson, Crawford, &Ball, 1996) and "Mathematical content
and process skills" (Tatsuoka, Corter, &Tatsuoka, 2004) in the literature were examined, and the
operations required by the HSPT mathematics questions were grouped by the field expert researchers of
the study. Operations (such as the application of a well-known algorithm, visual perception) that could
not be classified into any of the existing skills were determined by field experts, gathered under common
categories, and renamed. Five attributes have been created by making these skills more specific in
accordance with the processes and subjects required by the items. The names and characteristics of these
attributes are as follows:

Table 2. Defined Attributes’ Code, Name and Definitions

Attribute Attribute Name Definition

Code

Attribute 1~ Operational Applications Application of Basic Features of Numbers

Attribute2 ~ Mathematization Mathematization of a Word Problem
Applications

Attribute 3 Concept Calculations Computational Application of Concept

Attribute4  Concept’s Advanced Application of the concept, in a different context in relation to other
Applications concepts, in a problem

Attribute 5 Geometric Manipulation Application for Manipulation of Geometric Shapes

Attribute 1 covers the processes of "Routine operations by recalling a definition or a term, application
of the formula, recalling the rules knowledge, classification knowledge, applying an algorithm, length
measurement, numbers (fractions, decimal numbers, and percentages) and determining the number
representations and making number conversions”, which includes application of the basic features of the
numbers.

Attribute 2 covers the mathematization of a word problem. In other words, it is the process of problem-
solving through the use of mathematical representations of verbal expressions containing mathematical
structures and taken from daily life.

Attribute 3 includes the processes regarding the computational applications of concepts. This stage is
the application of the processes required by the mathematical concept given in the problem expression.

Attribute 4 is operations of applying concepts in a different context and associated with other concepts.

Attribute 5 covers applications for the manipulation of geometric shapes. These applications involve the
use of different forms of geometric shapes provided in the problem.

It would be beneficial to examine Table 3 to make the information on the attributes more understandable:
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Table 3. Example Items Which Examined Attributes
Attribute No  Example Items

Attribute 1 What is the result of the operation (—2)73.42 ?

Attribute 2 “Ayse has 440 pieces 1 TL coins in her penny bank. Ayse spent all her money to buy 5 dolls. In that case,
what is the price of a doll?”

Attribute 3 How many unit squares is the area of a circumscribed circle of the square with a side length of 4 cm?
2 5
3
3
Attribute 4
2 5

2 triangular, 2 trapezoidal, and 1 equilateral rectangular regions are drawn in the rectangular region of the
figure. When Ela throws a stone, what is the probability of the stone striking the triangular regions given
in the figure?

A I A

Which one of the figures given in the above cannot be obtained by rotating the leftmost shape?

Five field experts were consulted for the mathematical attributes determined by the researchers. The
field experts consisted of two academicians with specialisation in mathematics education and three
mathematics teachers who were working in schools affiliated to the Ministry of National Education at
the time of the study. Initially, their opinions about the names and contents of the attributes were elicited.
The definitions and content of some attributes were modified based on these opinions. For example, due
to the fact that the skills of the application of the basic features of the numbers given in the content of
the Attribute 1 were perceived as four operations at first glance, an error was identified as considering
that this attribute was included in all problems. In order to eliminate this error, it was decided to use
more specific concepts in the definition of Attribute 1. Therefore, Attribute 1 was expressed as
applications related to the basic characteristics defined on the number sets. Another correction
suggestion encountered at this stage was related to the items of geometric shapes. Geometry has its own
specific framework, and it is possible to solve some questions by known algorithms as such in
mathematical questions. In accordance with the feedback taken from the experts, Attribute 5 was
renamed as “Geometric Manipulation” because it did not address all geometry questions because the
skills required by the solution of some geometry questions were the applications of the known algorithm.
This led to the tagging of geometry items with other attributes, although the word geometry was not
used in the attribute. Subsequently, the revised mathematical attributes were re-shared with the field
experts in concern. In consequence, a consensus was reached on the attributes in accordance with the
opinions received, and the attributes and their explanations were finalized accordingly.
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Creating of Q-matrix

In general, the problems in mathematics differ from each other in the context of the mathematical skills
required by their content and solution. This was taken into account when tagging the items according to
the attributes established within the scope of the study. The lack of a hierarchical structure among
mathematical skills leads to the lack of a hierarchy between the mathematical attributes prepared
according to these skills. These facts played a significant role in the formation of the Q-matrix. For
instance, a problem tagged as Attribute 4 may not contain other attributes. On the other hand, an item
can be tagged with more than one attribute. For example, we may consider the problem of "Each one of
the T-shirts purchased for TL 4,50 is printed on TL 1,25. When these t-shirts are sold to TL 9,50, which
of the following is the algebraic expression of the profit earned from x unit?". This problem is tagged
with Attributes of 1-2-3 because it includes basic operations with decimal numbers, mathematization of
a word problem, and computational application of the concept of "profit". The four operations used on
any problem are not always required to refer toAttribute 1, though.

In the process of obtaining the Q-matrix, the researchers firstly formed matrices individually. Then, they
came together to compare the matrices. In this process, when the items were tagged with different
attributes, the researchers finalized the matrix by reaching a consensus byrevising the mathematical
skills included in the gquestions.

For the Q-matrix formed in the last case, the opinions of two academicians from the field experts who
took part in the beginning of the process were obtained. The Q-matrix and items were submitted to the
field experts together with the explanations of the attributes. The suggestions taken from both field
experts were evaluated together. In order to give an example of the correction suggestions, item 19 of
8th graders' HSPT can be examined. In this item, a ramp image and the height of this ramp were given
as 1 meter, and the slope was 10%, and if the slope was 8%, it was asked what point the ramp would
start from the visual point. The researchers tagged this question with attributes 1, 4, and 5. The feedback
received from the field expert was that this question did not include a geometric shape; therefore, it
would not be related to Attribute 5. The researchers emphasized that the ramp image contained in this
question covered a right triangle and that a solution could be reached through its manipulation. The field
experts reached a consensus on this issue. A similar method was followed for other suggestions, and the
Q-matrix was finalized by consensus with the field experts.

Some modification suggestions based on the results of the data-model fit of Q matrices, AIC (Akaike,
1974), BIC (Schwarzer, 1976), and the software package developed for Q matrix validation (Ma ve de
la Torre, 2019) were conveyed to experts. The relative fit indices before and after the last
recommendation are presented in Table 4.

Table 4. Relative Fit Indices Before and After the Last Recommendation

AlC BIC
Previous Last Previous Last
6 923572.8 923036.4 924322.4 923741.9
7 1013470 1012564 1014114 1013225
8 1018767 1014285 1019499 1014999

As seen in Table 4, AIC and BIC relative model data fit indices at all three grade levels indicate a better
fit for the Q matrices formed after the accepted recommendations. In line with the analyses and
suggestions, the Q matrices were given their final form in Table 5.

According to Table 5, in the last case, Attribute 1 was examined in ten items in the 6th grade, four items
in the 7th grade, and five items in the 8th grade. Attribute 2 was examined in six items in the 6th grade,
three items in the 7th grade, and four items in the 8th grade. Attribute 3 was examined in seven items in
the 6th grade, seven items in the 7th grade, and eight items in the 8th grade. Attribute 4 was examined
in three items in the 6th grade, three items in the 7th grade, and four items in the 8th grade. Attribute 5
was examined in two items in the 6th grade, five items in the 7th grade, and six items in the 8th grade.
In six of the 6th grade items, one attribute was examined, in nine of them two, and in one of them, four
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were examined. In 14 of the 7th grade items, one attribute was examined, and in four of them, two
attributes were examined. In 13 of the 8th grade items, only one attribute and inseven of them, two
attributes were examined.

Table 5. Q Matrix
6™ Grade 7 Grade 8" Grade

Item Al A2 A3 A4 A5 Item Al A2 A3 A4 A5 Item Al A2 A3 A4 A5
1 0 1 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0
2 1 0 1 0 0 2 1 0 0 0 0 2 1 1 0 0 0
3 1 1 0 0 0 3 0 0 0 1 1 3 0 0 1 0 0
4 1 1 0 0 0 4 0 0 1 0 0 4 0 0 1 0 0
5 1 0 1 0 0 5 1 1 0 0 0 5 1 0 0 1 0
6 0 0 1 0 0 6 0 0 0 0 1 6 0 0 1 0 0
7 0 0 1 0 0 7 0 0 1 0 0 7 1 1 0 0 0
8 1 0 1 0 0 8 0 0 0 1 0 8 0 0 1 0 1
9 0 0 0 0 1 9 0 1 0 0 0 9 0 0 0 0 1
10 1 1 1 1 0 10 0 0 1 1 0 10 0 0 0 0 1
11 0 0 0 1 0 11 0 0 0 0 1 11 0 1 0 0 0
12 1 1 0 0 0 12 0 0 1 0 0 12 0 0 1 0 1
13 0 0 0 0 1 13 0 0 1 0 0 13 0 0 1 0 1
14 1 1 0 0 0 14 0 0 1 0 0 14 0 0 1 0 0
15 1 0 1 0 0 15 0 0 0 0 1 15 0 0 0 1 0
16 1 0 0 1 0 16 0 0 1 0 0 16 0 1 0 0 0
17 0 1 0 0 0 17 0 0 0 1 0
18 1 0 0 0 1 18 0 0 1 0 0
19 1 0 0 1 0
20 0 0 0 0 1

Data Analysis

In the selection of the model to be used in order to determine the cognitive classes of the students, the
criterion of the model having the best fit at the item level was taken into consideration. For this purpose,
the data sets and the Q matrices they were related to were subjected to model comparison analysis with
the GDINA (Ma and de la Torre, 2018) package in the R software program. It was tested with Wald test
that shows which of the G-DINA in the package or the restricted forms of G-DINA, DINA, DINO,
ACDM, LLM (Maris, 1999), R-RUM (DiBello, Stout, & Liu Roussos, 2007) fit better. If there was no
significant difference at the p=.05 level between the fit indices of G-DINA and its restricted forms, the
restricted model with the simplest structure was chosen; otherwise, G-DINA was chosen as the model
to be used for the relevant item. As a result of the analysis, in the 6th grade, LLM for the 3rd item, DINA
for the 4th item, and R-RUM for the 10th and 12th items were determined as the most appropriate model.
And in 8™ grade, LLM for the 7th item and the R-RUM model for the 8th, 12th, and 19th items were
determined as the most appropriate model. The GDINA model was determined as the most appropriate
model for all the items in the 7th grade and for the other items in the 6th and 8th grades.

Analyses were performed using the R software program using the GDINA (Ma and de la Torre, 2018)
package. Expected a Postieori (EAP) method was used to obtain individual parameters. For the first
research question, the probability of mastering each attribute by years and the prevalence rates of the
latent classes to which they were assigned as a result of the analysis were given. For the second sub-
problem, the rates of change according to the years of mastery of each attribute are given. In the third
sub-problem, the changes in the number of attributes of the students according to the years were
reported. In the last sub-problem, the correct classification rates were examined for the reliability of the
analysis results (Ciu, Gierl, Chang, 2012). For this, the accuracy of latent classifications was determined
by laconangelo (2017), and the accuracy of classification by attribute was determined by Wang et al.
(2015) with the help of indexes in the same package. In the examination of the validity of the analysis
results, the proof of convergent validity was used. The correlation between the correct response rate and
the probability of mastery of the attribute was examined as proof of convergent validity (Li, etal., 2020).

ISSN: 1309 - 6575 Egitimde ve Psikolojide Olcme ve Degerlendirme Dergisi
Journal of Measurement and Evaluation in Education and Psychology 310



Yakar, L., Dogan, N., Dost, S., Sezen Yiiksel, N. / Monitoring Student Achievement with Cognitive Diagnosis Model

RESULTS

Findings are given in order under sub-headings according to the sub-problem titles.
Students' Attributes by Years

The average of the students' attribute mastery probability for each year (grade level) was calculated and
given in Table 6.

Table 6. Means of Attribute Mastery Probability

Attribute 1 Attribute 2 Attribute 3 Attribute 4 Attribute 5 Mean
6" Grade 0.22 0.17 0.13 0.12 0.16 0.16
7 Grade 0.23 0.31 0.22 0.17 0.37 0.26
8t Grade 0.17 0.27 0.16 0.34 0.25 0.24

According to Table 6, it is seen that all attribute mastery probability increased with the transition from
6™ to 7" grade. The probabilities of all the 8" grade attributes except attribute 1 were also found higher
than the 6™ grade levels. When the 8™ grade probabilities were compared with those of the 7™ grade, the
values revealed closer to each other, but it is seen that the probabilities in the 7t" grade were higher for
all the qualities except attribute 4.

In the sixth grade, the most common attribute was attribute 1, followed by the 2"and 5™attributes with
similar rates. The least attribute mastery probability in the sixth grade was observed in attributes 4 and
3. In addition, the probability value of attribute 4 in the sixth grade was seen to have the lowest value
among all the attribute probabilities covering three years. The highest attribute mastery probability in
the seventh grade was inattribute 5, followed by attribute 2. In the 7t grade, attribute 4 had the lowest
probability. The highest attribute mastery probability in the 8" grade was in attribute 4. In the 8" grade,
it is seen that attributes 1 and 3 had the lowest probability average. The attribute mastery probability
and the correct response rate for each class are given in Figure 1.
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Figure 1. Correct Response Rate and Attribute Mastery Probability Means across Years

Figure 1 shows thevariation of attribute mastery probability and correct response rate and their relation
by years, clearly. It can be concluded that while the correct response rate and the mastery probability of
attributes 2, 3, 4, and 5 increase visibly, the mastery probability of attribute 1 did not change much at
the time ofthe transition from the 6" grade to the 7*" grade. When transitioning from the 7™ grade to the
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8™ grade, a decrease was observed in the rate of correct response and all attribute mastery probability
except attribute 4. Among the attributes, attribute 4 had the lowest probability average in the 6" and7"
grades and the highest probability average in the 8" grade.

The average probability of having attributes may not provide sufficient information about the attribute
patterns of students. For this, the latent attribute classes were examined. Table 7 shows the rate of
students in latent attribute classes for 3 years.

Table 7. Prevalence of Latent Classes

Latent Class 6" Grade 7" Grade 8" Grade Latent Class 6" Grade 7" Grade 8" Grade
00000 0.75 0.62 0.67 11100 0.00 0.00 0.00
10000 0.07 0.00 0.00 10110 0.00 0.00 0.00
01000 0.02 0.00 0.00 11010 0.00 0.00 0.00
00100 0.00 0.00 0.00 11001 0.00 0.01 0.00
00010 0.01 0.01 0.04 10110 0.00 0.00 0.00
00001 0.00 0.07 0.00 10101 0.00 0.00 0.00
11000 0.01 0.00 0.00 10011 0.00 0.00 0.00
10100 0.00 0.00 0.00 01101 0.02 0.01 0.00
10010 0.00 0.00 0.00 01011 0.00 0.00 0.06
10001 0.02 0.00 0.00 00111 0.00 0.00 0.00
01100 0.02 0.00 0.00 11110 0.00 0.00 0.00
01010 0.00 0.00 0.04 11101 0.01 0.08 0.00
01001 0.01 0.06 0.00 11011 0.00 0.00 0.01
00110 0.00 0.00 0.00 10111 0.00 0.00 0.00
00101 0.00 0.00 0.00 01111 0.00 0.00 0.01
00011 0.00 0.00 0.01 11111 0.07 0.13 0.15

For five attributes, 32 (2"= 2°) latent classes can be created. The highlighted characters in Table 7, which
includes the rates of students' presence in the latent classes, indicated the most common fivelatent classes
for each grade. When the table is examined, it is seen that the rate of students in the “00000” latent class,
in other words, who had non-mastery for all attributes, was very high and close to each other for all
three years. It was observed that approximately % in 61" grade, in 7" and 8" grades2/3 of the students
were in the "00000" latent class. At the 7t and 8t grades, the second largest latent class is "11111", with
rates of 13% and 15%, respectively. This latent class consists of students who mastered all attributes.
At the 6™ grade level, those with all the attributes constituted the 6 largest group. Considering the ratios,
it is seen that the number of students who mastered all the attributes was far behind the group sizes of
those without any attributes. It is seen that the ratio was 0.00 in many latent classes. Many of these latent
classes appeared to have no students due to the rounding process. However, it was observed that there
were no students in some latent classes before the rounding process. It can be said that the students were
not homogeneously distributed in the latent classes.

Rates of Change in Students' Mastery of Each Attribute

The latent class sizes contain a general result about the latent class in which students are included
according to the measurement made in the relevant year. It can be examined in Table 8 which attributes
of the students changed in the 7™ grade compared to the 6™ grade.

Table 8. Proportion of Students Whose Attribute Mastery Changes in 7" Grade According to 6 Grade
based on Attribute

Change Attribute 1 Attribute 2 Attribute 3 Attribute 4 Attribute 5
Gainer 0.11 0.18 0.13 0.08 0.25
Loser 0.05 0.02 0.02 0.02 0.01
Total Change 0.17 0.20 0.14 0.10 0.26
Unchanging 0.83 0.80 0.86 0.90 0.73
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When the attribute mastery status of the students as a result of the 7™ grade measurements is compared
with the results of the 6" grade from Table 8, it has been observed that the mastery status of
approximately 4/5 of the students on the basis of the attribute did not change. The biggest change in the
7™ grade was seen in attribute 5, in which 25% of the students gained the attribute and 1% lost. The
smallest change was seen in attribute 4, where 8% of the students gained the attribute and 2% lost. When
the changes are examined, it is seen that more students gained in all attributes. It can be examined in
Table 9, which attributed mastery status of the students changed in the 8™ grade when compared to the
7" grade.

Table 9. Proportion of Students Whose Attribute Mastery Changes in 8" Grade according to 71" Grade
Based on Attribute

Change Attribute 1 Attribute 2 Attribute 3 Attribute 4 Attribute 5
Gainer 0.02 0.05 0.01 0.20 0.03
Loser 0.08 0.08 0.08 0.01 0.15
Total Change 0.10 0.13 0.09 0.21 0.18
Unchanging 0.90 0.87 0.91 0.79 0.82

When the attribute mastery status of the students as a result of the 8™ grade measurement was compared
with the results of the 7" grade Table 9, it was seen that the mastery status of more than 4/5 of the
students did not change on the basis of attributes. The biggest change was observed in the 8™ grade in
which 19% of the students gained the attribute and 1% lost. The smallest change was seen in attribute
3, in which 1% of the students gained the attribute and 8% lost. When the changes are examined, it is
seen that more students lost in all attributes except attribute 4.

The Rate of Change in the Number of Attribute Mastered by Students

In order to see the reflection of the changes given in Tables 7 and 8 to the number of attributes mastered,
the changes on student basis should be monitored. The rates of students gaining or losing the attribute
in the 7" grade according to their 61" grade results are given in Table 10.

Table 10. Attribute Mastery Change Rates in 7t Grade According to 6 Grade on Student Basis

No Gain Gain 1 Gain 2 Gain 3 Gain 4 Gain 5
No Lost 0.62 0.08 0.08 0.05 0.05 0.03
Lost 1 0.06 0.01 0 0 0
Lost 2 0.01 0.01 0 0
Lost 3 0 0 0
Lost 4 0 0
Lost 5 0

Values in Table 10 showed that 62% of the students remained in the same latent class in the 7! grade
when compared with the 6! grade. It is seen that 29% of the students gained attribute/attributes without
losing the attributes they have, while 7% lost one or two attributes without gaining attributes. It can be
said that the change in the attributes of students was more in the direction of gaining. The rate of attribute
changing from 7t to 8" grades on student basis is given in Table 11.

Table 11. Attribute Mastery Change Rates in 8" Grade According to 7" Grade on Student Basis

No Gain Gain1 Gain 2 Gain 3 Gain 4 Gain5
No Lost 0.66 0.07 0.03 0.02 0 0.01
Lost 1 0.06 0.02 0.03 0.01 0
Lost 2 0.05 0.01 0 0
Lost 3 0.01 0 0
Lost 4 0.01 0
Lost 5 0
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Values in Table 11 indicated that 2/3 of the students remained in the same latent class in the 8" grade
when compared with the 71" grade. It is seen that 13% of the students gained new attributes/attributes
without losing their attributes, while 13% lost their attributes/attributes without gaining attributes. It is
seen that the change was in the direction of gaining or losing attributes of the students was more limited
and balanced in the 8" grade. Table 12 shows the correlations between the correct response rate and the
attribute mastery probability of the students across years.

Arguments of Reliability and Validity Regarding the Analysis Results

Table 12. Correlations between Correct Response Rate and Attributes Mastery Probability by Years

Attribute 1 Attribute 2 Attribute 3 Attribute 4 Attribute 5
6-7 .63 .62 .65 57 57
7-8 g7 77 g7 61 71
6. CRR-A .78 .82 .82 .69 .84
7. CRR-A .87 .89 .87 g7 .87
8. CRR-A .87 .89 .86 .86 .89

Note: CRR-A Correlation between Correct Response Rate and Probability of Attribute Mastery

In the first two lines of Table 12, correlations between the attribute mastery probability of students
calculated in consecutive years for each attribute were displayed, and in the last three lines correlations
were found between the correct response rate and the attribute mastery probability of students in each
year. The correlations found in the table were calculated with the Pearson coefficient, and all
relationships were found to be significant at the p<0.01 level. When the first line is examined, it is seen
that the 6" and 7" grades attribute mastery probability was moderately correlated. The lowest correlation
coefficient found in the table was found to be between 0.47 belonging to the attribute 4 mastery
probability in these years. It is seen that the correlation coefficients regarding the attribute mastery
probability of 7" and 8™ grades are higher than 6™ -7, The correlation coefficient calculated for attribute
4 was again lower than the other attributes. Other correlations contained high levels of correlation
meanings.

When the correlations between the correct responserate and attribute mastery probability, which were
carried out to examine the convergent validity of the analysis results, are examined, it is striking that the
correlation coefficients were high.The correlation coefficients seen in the 6™ grade were highly
correlated. The values seen in the 7" grade were higher than the values seen in the 6" grade for all the
attributes. In the 7™ grade, it was observed that attribute 4 had lower than the other coefficients, again.
When eighth-grade values are examined, higher correlation coefficients were observed the ones in
previous years. It can be said that the relatively lower correlation coefficient observed for attribute 4
was not observed in the 8" grade values, and all correlation coefficients were close to each other. In
Table 13, correct classification rates of students in terms of each attribute and latent classes in each class
are given.

Table 13. Classification Accuracy

Overall Attribute 1 Attribute 2 Attribute 3 Attribute 4 Attribute 5
6™ Grade 73 .87 .92 .95 .94 .93
7t Grade .81 .96 .94 .97 .95 91
8 Grade .88 .98 .96 .98 .94 .97

Table 13 shows that the lowest classification accuracy which can be taken as the reliability of findings,
is in the 6" grade with 0.70; the classification accuracy increased to 0.81 in the 7™ grade and 0.88 in the
8™ grade. It was observed that the classification accuracy on the basis of attributes was higher than the
values obtained for the whole latent class as expected. The average classification accuracy of the
attributes was 0.91 for the 6 grade, 0.95 for the 7t grade, and 0.96 for the 8" grade. It is seen that the
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correct classification rates on the basis of attributes increased over the years. The fact that the value of
the 7™ grade for attribute 4 was slightly lower than the value of the 8™ grade is considered as an exception
for this information. The high rates given provided important information about the accuracy of the
classification resulting from the analysis.

DISCUSSION and CONCLUSION

In this study, it was aimed to monitor student achievement with cognitive diagnosis models (CDM). For
thispurpose, 2009 6™ grade, 2010 7™ grade, and 2011 8" grade HSPT mathematics test data were used.
Analyses were carried out with the help of Q matrix developed by the experts. When the students'
achievements are examined with their raw score in the exam, it is seen that there was an increase (0.34;
0.42) in the transition from the 6" to 7" grade, and a decrease in the transition from the 7" to the 8"
grade (0.42; 0.33). On the basis of the HSPT results of a year ago, the opposite changes were observed
in the study conducted by Yakar (2011). When acting according to the classical test theory and
monitoring student achievements, different results can be obtained due to the effect of the item difficulty.

When it is aimed to obtain qualified and in-depth information about students' achievements, the use of
cognitive diagnostic models can be a source of detailed information. The 6th, 7th, and 8th grade HSPT
mathematics items were examined during the Q-matrix creation stage by experts. They decided that
items require attributes called "Operational Applications” (Attribute 1), "Mathematization Applications"
(Attribute 2), "Concept Calculations” (Attribute 3), "Concept Advanced Applications” (Attribute 4), and
"Geometric Manipulation” (Attribute 5). Each exam may require specific attributes. Considering the
purpose and results of HSPT, it can be said that it is not designed for cognitive diagnosis. In order to
benefit from cognitive diagnosis at the highest level, there are many studies that pre-design questions to
reveal the existence of qualifications that students should have (Akbay, Terzi, Kaplan, Karaarslan, 2017;
de la Torre, van der Ark, & Rossi, 2017; Sorrel et al., 2016; Templin & Henson, 2006; Tjoe& de la
Torre, 2014). However, exams with different purposes (Chen & Chen, 2016; Liu, Huggins-Manley
&Bulut, 2018; von Davier; 2008) can be used later for cognitive diagnosis by retrofitting. It can be said
that while developing the Q matrix in retrofitting studies, examining the AIC and BIC model data fit
indexes, making decisions with consensus by experts, and examining the Q-matrix validity with
software, are the factors that make the use of the test for cognitive diagnosis functional and meaningful
in this study.

As a result of the analysis made using the Q matrices created, the attribute mastery probabilities were
generally low, an increase in the transition from the 6" to 7" grade (0.16-0.26) and a partial decrease in
the transition from the 7t to 8th grade (0.26-0, 24) were seen. It can be said that the direction of the
change (except for Attribute 4 in 8™ grade) was similar to the change in the correct response rates of
students over the years. It is thought that this situation may be related to the curriculum. Indeed, it is
seen that the concepts at the 7" grade were designed as the application of the concepts addressed in the
6™ grade, but there are concepts (irrational numbers, inequalities, etc.) that students encounter for the
first time at the 8™ grade. This opinion is supported by the study of Kablan, Baran, and Hazer (2013). In
this study, it is stated that the behaviors targeted according to grade levels were at the comprehension
level at the 61 and 8" grades and at the application level at the 7! grade.

In the trend of change in mastery probability of attribute 4, it was seen that the ratio increased slightly
in the transition from the 6" to 7" grade, and there was a noteworthy increase (0.17-0.34) in contrast to
the general change in the transition from the 71 to 8" grade. It can be thought that the items at the 7th
grade were mostly the basic applications of the 6" grade concepts, and the 8" grade items were designed
to cover previous learning.

CDMs basically classify individuals according to their attributes. Those with an attribute mastery
probability of 0.5 and above were classified as attribute master and those below 0.5 were classified as
non-master. When the attribute mastery probability obtained as a result of the analysis wastransformed
into the latent class, as expected, the largest latent class was realized as the "00000" group in which the
students non-master any attributes. More than 60% of the students took part in this latent class in three
years. This situation may mean that the students did not acquire the behaviors targeted in the curriculum
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or that the exam does not have the quality to measure these behaviors. The next largest latent class was
seen as the "11111" latent group in which the students had all the attributes. However, according to the
6th, 7th, and 8th grades, only 6%, 13%, and 15% of the students were in this latent class, respectively.
Although there was no linear hierarchy among the qualifications, it was anticipated that the qualification
in the higher group would correspond to a more advanced structure. Accordingly, due to our education
system, it is an expected result that as the grade level increased, the probability of having qualifications
and even higher-level qualifications would increase in students who encountered different concepts and
guestion types. However, the fact that a student appeared to have qualifications at a grade level should
not mean that the relevant student would maintain the same qualifications or have more of that
qualification as the grade level increased. Qualifications were not directly subject or curriculum based.
The nature of the questions, in which the learning outcomes required by the subject or curriculum were
tried to be determined, indicated the mathematical qualifications of the student. For this reason, the
properties of the questions selected to measure the learning outcomes in classifying students were
crucial. Within the scope of the exams examined in this study, it is noteworthy that the questions for
Qualification 1 in the 6th Grade, Qualification 3 in the 7th Grade, and Qualification 3 in the 8th Grade
were predominant. According to this situation, one of the most expected learning outcomes from 6th
grade students was to complete operational practices, whereas one of the most expected learning
outcomes from 7th and 8th grade students was to perform the operations for the computational
applications of the concepts. Considering the developmental characteristics of the students, although it
was appropriate to expect the applications of the basic qualities of numbers from the 6th grade students,
guestions that support mathematical thinking beyond the application of operations were expected at the
next grade levels. However, the current results did not reflect this expectation. Ugurel, Morali, and
Kesgin (2012) also support this result by stating that HSPT includes information transfer in 6th grade,
routine operations in 7th grade, and questions at both knowledge transfer and routine operations level
in 8th grade. It can be said that other latent group sizes differed according to grade levels. Sen and Arican
(2015) conducted a cognitive diagnosis analysis based on TIMSS 2011 8th grade mathematics responses
of Turkish students, and they found 13% mastery for all attributes and 1% non-mastery for all attributes.
When many variables such as the number of attributes defined for the test, the measurement frequency
of the attributes, the examination of the attributes in the same item, and the model used for analysis are
partially or completely different, the results to be obtained can vary significantly. Although the findings
obtained were specific to the study, the fact that the majority of the students had no attributes was one
of the prominent results of the study.

On the basis of attributes, it has been observed not a big change was observed in students' attributes in
the 7" grade when compared to the 6th grade. It has been observed that approximately 80% of the
students in each attribute did not change. It was observed that the change in the students' attributes in
the 8th grade was less than the previous year. It was observed that the status of the attributes mastery
did not change between 80-90%. Another prominent result was that the change in attribute 4 in 8™ grade
was in the opposite direction with the changes in other attributes. Accordingly, while attributes 1, 2, 3,
and 5 moved together in terms of the direction of change according to the years, attribute 4 changed in
the opposite direction of the others.

When attribute mastery status changes over the years were examined on the basis of students, a little
more than half of the students who did not lose or gain any attribute in the 7th grade were compared
with the 6th grade. While 38% of the students gained/lost their attributes, it has been observed that most
of these students gained new attributes/attributes. When the attributes they mastered in the 8th grade
were compared with the 7th grade, it is observed that the change was more limited when compared to
the previous year. While no change was observed in 2/3 of the students, it was observed that the number
of students who gained and lost their attributes wasclose to each other. When the changes by years on
the basis of students and attributes are examined together, it is concluded that the change seen in the 7th
grade was more and more positive than the one seen in the 8th grade.

It has been observed that the attribute mastery probabilities had high correlation values for consecutive
years. The high correlation value confirmed the conclusion that the stability of the measurements and
the changes in attribute mastery probabilities were limited across years. The fact that the correlation
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values between the 7th and 8th grades were higher than the correlation values between the 6th and 7th
grades shows that the differentiation in the change by years was also reflected in the correlation values.

The correlation coefficients between the number of correct answers and the probability of having the
qualifications of the students can be seen as the convergent validity coefficient (Li et al., 2020). These
values were found to be high. Thus, it can be said that the obtained results have an argument of validity.
It is noteworthy that these correlation values, which could be observed for three different years,
generally increased over the years. The fact that the lowest values for all correlation values belonged to
attribute 4 continuously can be considered as a reflection of the direction of the change in this attribute’s
being in the opposite change direction when compared to the other attributes. The primary factor that
may cause this situation seems to be that the number of questions related to this qualification was higher
in the 8th grade compared to other grade levels. Another factor is the natural consequence of seeing an
advanced qualification such as advanced applications of the concept in 8th grade students. Another
factor is the natural result of 8th grade students’ having an advanced qualification such as advanced
applications of the concept. Along with the advanced grade level, the vast knowledge of the students
enables them to perform more complex operations on mathematical concepts beyond operational
applications.

For CDM, the Q matrix is considered to be the basic element that reflects the design of the assessment
tool and determines the quality of the feedback obtained from the assessment tool (Rupp & Templin,
2008). In order to increase the robustness of the CDM results, experts and statistical validation
opportunities were used in creating a Q matrix. The accuracy of the classification rates revealed at the
end of the analysis was 70% for the 6th grade, 81% for the 7th grade, and 88% for the 8th grade. The
accuracy rates on the basis of attributes were found between 87% and 97%. It can be said that the
analysis produces more accurate results over theyears. In the studies conducted (de la Torre, Yong, &
Deng, 2010; Madison & Bradshaw, 2015), no threshold value for classification accuracy is specified.
However, it is seen that the classification accuracy revealed in the study has a higher level than similar
studies based on real data (Cui, Gierl, & Chang, 2012; Li et al., 2020; Ma, laconangelo, & de la Torre,
2016). The high rates obtained reveal the accuracy of the analysis results and indicate that the comments
made on the results can be trusted.

It is among the limitations of this study that HSPT did not have a diagnostic purpose and therefore did
not have a predetermined Q matrix. Analysis of the data with a purpose or method other than its original
purpose or analysis method is called retrofitting, and potential problems such as model-data fit fatigue
may be encountered. Although it is desirable to prepare items based on the Q matrix, there are many
studies performed through retrofitting (Chen & Chen, 2016; Liu, Huggins-Manley &Bulut, 2018; von
Davier; 2008). The fact that the research data belongs to the previous years can be seen as a limitation.
However, the same person in the succession of tests is limited, and HSPT was the only repeated measure
high-stake exam for Turkey. There are suggested models in the analysis of longitudinal data with CDM
(Huang, 2017; Kaya &Leite, 2017; Zhan et al., 2019). However, it was not possible to use it in this study
since all of the suggested models are based on the common item.

It is one of the main advantages of CDMs that they provide detailed information about individuals. The
fact that this benefit is also for monitoring student development makes CDMs more functional in
evaluation. With the use of CDMs in large-scale exams, the knowledge that students get from the exams
will not be limited to the correct numbers they make. By determining what level of deficiencies in which
skill they have, the first step will be taken towards making up these deficiencies of students. Other
stakeholders in education, such as the school, decision-makers, and parents, will also have the option to
act on these deficiencies. When this feature is transferred to the exams held in series, student progress
can be examined over the years over common attributes, as shown in the study. In this context, CDMs
can be used for monitoring purposes in schools. Based on research results, suggestions for researchers
are as follows;

- The research had a design in which the Q matrix was subsequently determined. In future studies, if the
Q matrix is determined in advance and the items are created based on this, the classification accuracies
can be examined.
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- Analysis was done repeatedly due to the lack of a suitable growth model. In particular, existing models
can be developed to analyze data used in research at once.

- If such a model is developed, the research data can be analyzed again, and the attribute mastery
probabilities can be examined.

- The learning outcomes aimed within the scope of the curriculum are subject-curricular-based and
remain only within their own context, and it cannot be examined to what extent the students acquire the
skills required by these learning outcomes. For this reason, it is not possible to observe the qualifications
properly at all levels. 1t will be more meaningful to determine the skills expected from students in such
leveling exams in advance and to create questions in the context of these skills in order to determine the
gualifications of the student who will proceed to the next level.
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