Summary of PhD dissertation

KRISZTINA TOTH

THE COMPARATIVE ANALYSIS OF PAPER-AND-PENCIL AND
COMPUTER-BASED INDUCTIVE REASONING, PROBLEM SOLVING
AND READING COMPREHENSION TEST RESULTS OF UPPER
ELEMENTARY SCHOOL STUDENTS

Supervisor
Dr. Gyongyvér Molnar
habilitated associate professor

University of Szeged
Faculty of Arts
Doctoral School of Education
Doctoral Program of Information and Communication Technologies in
Education

Szeged
2015



INTRODUCTION

In the past four decades several institutes dealing with educational measurement and
assessment have started to adapt their paper-and-pencil tests into computerized environment
(Csapo, Ainley, Bennett, Latour & Law, 2012). Several factors motivate the transfer of paper-
and-pencil tests to an online environment (Bennett, 2003; Bodmann & Robinson, 2004; Choi
& Tinkler, 2002; Csapo, Molnar & Toth, 2008; Horne, 2007), for example the simplification
of administration, the long-term cost efficiency, the possibilities provided by the computer-
based measurement and assessment such as new item types (76th, Molnar, Wiistenberg, Greiff
& Csapo, 2011), the use of test algorithms (Scalise & Gifford, 2006; Schroders & Wilhelm,
2011), and log-file analysis (Goldhammer, Naumann, Stelter, Toth, Rolke & Klieme, 2014;
Toth, Rolke & Goldhammer, 2012a, 2012b; Toth, Rolke, Greiff & Wiistenberg, 2014; Toth,
Rolke, Naumann & Goldhammer, 2012; Toth, Wiistenberg, Rolke & Greiff, 2012).

Even though computer-based testing has been around in several forms for many
decades (A4suni, 2009) and it is applied in more and more areas, it makes educational
researchers face several challenges (Paek, 2005) even at the level of presenting their paper-
and-pencil tests in an online environment. With the introduction of a new testing environment
some research questions arise. The first question is whether the change of test environment
exerts an influence on students’ achievement and the second question is whether it is assured
that the learner is not advantaged or disadvantaged by using a computer-based instrument
instead of a paper-and pencil one (Paek, 2005). No definite answer can be given to these
research questions (1) because technology is constantly developing, thus technological and
test interface parameters are changing and (2) because of individual differences of learners
participating in the testing and (3) because the assessed domain and the assessment instrument
might influence students’ achievement. Therefore, when data are derived from two different
testing environments, they must be interchangeable in order to draw scientific conclusions.

THEORETICAL BACKGROUND

Several international guidelines deal with the equivalence of results achieved at the paper-
and-pencil and electronically administered tests (Bartram & Coyne, 2005). The equivalence
of test scores achieved in paper-and-pencil and computerized environments needs to be
justified in an empirical way (Paek, 2005). If the same test taken in paper-and-pencil or
computerized environment does not result in equivalent student achievements (Leeson, 2006),
the mediating tool affects test results. This phenomenon is further referred to as the mode
eftect (Clariana & Wallace, 2002). In case the equivalence of the test and the test results are
assured, students’ achievements are test mode independent.

Research on the influence exerted by the testing environment on achievement has been
at issue since the 1970s (Gaskill & Marshall, 2007). Thus, the examination of the
achievement differences caused by the testing environment and the identification of the
underlying causes have been in the scope of more than 300 international studies carried out
and published in the past decade (Wang, Jiao, Young, Brooks & Olson, 2008). Some studies
focusing on the examination of mode effect do not find significant differences between the
results achieved in paper or online (Bodmann & Robinson, 2004; Horkay, Bennett, Allen,
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Kaplan & Yan, 2006; Johnson & Green, 2006; Poggio, Glasnapp, Yang & Poggio, 2005;
Puhan, Boughton & Kim, 2007; Wang et al., 2007, 2008). On the other hand, other mode
effect studies justify significant differences between the achievements in the two testing
environments (Bennett, Braswell, Oranje, Sandene, Kaplan & Yan, 2008; Csapo, Molnar &
Toth, 2009, 2010; Csapo, Molnar, Pap-Szigeti & Toth, 2009; Higgins, Russell & Hoffmann,
2005; Jeong, 2014; Toth & Hodi, 2011).

The inconsistency of the research results stem from the fact that the cited studies tested
students in different assessment domains with various types of instruments with distinct
softwares and software installations. They often focused on various samples of students and
applied various data collection types and data analysis methods.

GOALS AND RESEARCH QUESTIONS OF THE EMPIRCAL RESEARCH

The objective of the empirical research presented in the dissertation is to examine the
prevalence of mode effect in three assessment domains (inductive reasoning, reading
comprehension and problem solving). This research attempts to provide a detailed
examination on the effects of the characteristics of the assessment domain, sample and item.
The dissertation does not aim at measuring the effect of infrastructural factors as the
infrastructure available at Hungarian schools is constantly changing, renewing. Furthermore,
through the development of online tests it was assured that every piece of information is
presented in the same way both on the smallest and largest monitors available at schools.

When examining the characteristics of the assessment domains we aimed at comparing
students’ test achievements at test and subtest levels following international guidelines and
recommendations (see e.g. Bartram & Coyne, 2005). Comparative analyses were carried out
to examine the prevalence of the mode effect in each of the assessment domains. We
compared the reliability of the paper-and-pencil and computer-based tests in order to show
that students’ performance may be measured with the same reliability in both test
environments (Lottridge, Nicewander, Schulz & Mitzel, 2008).

This work presents comparative analyses concerning the sample characteristics
drawing on students’ background variables (e.g. school-grade, gender, place of living,
socioeconomic status) and the variables related to computer use (computer familiarity,
computer attitude and computer skills). We purpose to examine the mode effect assessments
with the variables related to paper-and-pencil test results in which we supposed that the
students with different abilities will react differently to the modification of the testing
environment.

The empirical research was motivated by the need to take into consideration not only
the mean test performance of students at test and subtest level, but also at item level. The
reasons for this are as follows. (a) If there is evidence for mode effect of whole test or subtest
level, the cause of mode effect can be revealed by the item level assessments; (b) Even in case
of score equivalence, certain items may behave differently in the two environments (see Gu,
Drake & Wolfe, 2006; Poggio et al., 2005; Sandene, Horkay, Bennett, Allen, Braswell, Kaplan
& Oranje, 2005).



THE METHODS OF THE EMPIRICAL RESEARCH
Instruments

For this research we selected tests from the tests of the Hungarian Educational Longitudinal
Program (Csapo, 2007), which were earlier validated and used on a large sample and could be
digitalized without or with minimal modification. For the purposes of the mode effect study
the validated inductive reasoning test developed by Csapo (1994) was selected in the first data
collection. In the second empirical study, the reading comprehension test developed by Eva
Molnar and Gyongyvér Molndr’s (2010) problem solving test were involved in the analyses.
Besides the cognitive tests a background questionnaire was devised.

The inductive reasoning test

The inductive reasoning test (58 items) consisted of three subtests: number analogies (14
items), word analogies (14 items) and numerical series (16 items) (Csapo, 1994). The subtest
of number analogies and numerical series contains short answer items whereas the subtest of
word analogies contains simple choice items.

Reading comprehension test

Two parallel test versions of the reading comprehension measurement were applied. The two
test versions contained the same instructions and the same item types. Both tests comprised 36
simple choice items (see 7oth & Hodi, 2011), had the same structure and both tests consisted
of two subtests. The first subtest was a continuous text; the second one contained various non-
continuous document types (tables, maps and diagrams).

The problem solving test

The problem solving test (28 items) presented a realistic situation in which the problems
related to the vacation of a five-member family had to be solved by the students taking the
test. The test contained simple choice and short answer items that required counting for the
solution.

Background questionnaire

In order to map the characteristics of students we developed a questionnaire, in which we
gathered information about background (e.g. age, gender, socio-economic status, number of
books) and computer related variables. The questionnaire was grouped into two main
components: background data (9 items) and factors related to the use of computers (56 items):
computer familiarity, computer attitude and computer skills.

The computer experience sub-questionnaire (based on Jones & Clarke, 1995
definition) intended to reveal how long students have been using a computer, the frequency of
computer use, how many hours students spend using a computer daily and for what purposes.
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In order to assess students’ attitude towards computers we adapted the first part of the
Computer Attitude Questionnaire (Knezek, Christensen, Miyashita & Ropp, 2000), as part of
which we mapped computer importance, computer enjoyment and computer anxiety with 18
items.

The computer skill sub-questionnaire contained 17 items. In this part we focused on
the acquisition levels of the various computer operations.

Sample

The sample of the empirical studies comprised 5th_7t graders. Its composition and the method
of sample selection are summed up in Table 1. Research was conducted by paper-and-pencil
instruments of the MTA-SZTE Research Group on the Development of Competencies in the

framework of the Hungarian Educational Longitudinal Program.

Table 1. Main characteristics of the studies presented in the dissertation

Date of data collection

Assessment domain  Grade Design N
PP CB

Inductive reasoning 5 2008 2008 Repeated 843
Inductive reasoning 5 2008 2010 Matched pair 702
Inductive reasoning 6 2005 2010 Matched pair 262
Inductive reasoning 7 2010 2014 Matched pair 410
Reading comprehension 6 2009 2009 Repeated 449
Problem solving 6 2010 2010 Matched pair 342

Note: PP: paper-and-pencil; CB: computer-based test

The comparison of the online and paper-and-pencil test results was done through two
different sampling methods: (a) the same student took the paper-and-pencil and online version
of the same test (in the table we refer to it as repeated measure design); or (b) we compared
the achievements in a computerized environment to results achieved earlier in the longitudinal
measures with matched pair design.

Data collection

The paper-and-pencil data collection took part between 2008 and 2014. The computer-based
data collection was carried out by means of the TAO (Testing Assisté par Ordinateur —
computer-based testing; Farcot & Latour, 2008; Toth, Molnar, Latour & Csapo, 2011)
platform. Along with the online tests, the background questionnaire was also administered
with the TAO CAPI platform (Devosa & Vizvari, 2011).



Methods for data analyses

The data analyses were carried out with classical and probabilistic test theory methods.
Furthermore, we extended our comparative analysis with a data mining method. We used the
SPSS data analysing software, the Conquest and R program package and the WEKA data
mining software to analyse the data.

RESULTS

The results are presented in the three main dimensions of the empirical research: (1) the
domain, (2) the sample and the (3) item characteristics.

Measuring mode effect in various domains

In accordance with Lundy’s (2008) study, the comparative analysis of the paper-and-pencil
and computer-based test results in the three assessment areas did not identify notable
reliability differences at test level (see Molnar, Toth & Csapo, 2011). The results obtained
from the subtest level analysis show that the verbal analogy subtest containing simple choice
items had the same reliability in both testing environments. But significant difference was
realized between paper-and-pencil and computer-based Cronbach-a values on subtests, which
contained short answer items; the paper-and-pencil tests had higher reliability than the
computer-based test (7oth, 2014).

Based on the subtest level results achieved in reading comprehension, the non-
continuous texts had the same reliability in both environments, whereas the continuous text
had higher reliability in printed format than online (76th & Hodi, 2010). The problem solving
test cannot be split into subtests, thus, we did not involve it in the subtest level comparison.

The analysis of paper- and computer-based performance differences justified small or
medium mode effect in every measurement domain, and this finding implies that the test
environment affects students’ mean performance. Students’ paper-and-pencil test scores were
higher than the computer-based ones in every assessment domain (see Csapo et al., 2009;
Hodi & Toth, 2010; Molnar & Toth, 2008; Molnar, Toth & Toth, 2010; Toth, 2010, Toth,
Molnar & Csapo, 2009), which finding is consistent with findings of previous studies by Choi
and Tinkler (2002) and Pomplun, Ritchie and Cluster (2006).

The subtest level analyses had similar findings to the comparative reliability analysis.
The examination based on the subskills of inductive reasoning concluded that mode effect
exists on subtests that contain short answer items, which require counting for the solution.
Students achieved significantly higher scores on paper than online. But students’ performance
on the verbal analogy subtest containing simple choice items was test mode independent or
only low effect was measured.

The analysis of the reading comprehension results showed that students’ paper-and-
pencil achievement was higher in an online environment in both text formats. Furthermore, a
higher mode effect was found in the comprehension of the continuous text than in
understanding its non-continuous counterpart (7oth & Hodi, 2011).



The relationship between sample characteristics and mode effect

First we investigated the relationship between students’ grade (age) and mode effect. Our
conclusion is in accordance with Kingston’s (2009) result. The longitudinal analysis in three
school grades with matched pair design identified no change in mode effect neither at test
level nor at subtest level.

We failed to find significant relationship between socioeconomic status and mode
effect in the inductive reasoning domain. This finding is similar to the research conclusion
reached by Poggio et al. (2005), Sandene et al. (2005), and Horkay et al. (2005). But in the
problem solving domain we found a minor association between socioeconomic status and
mode effect.

The mode. effect analysis carried out based on gender showed that the digitalization of
paper-and-pencil instrument affects both boys’ and girls’ mean performance. Both boys and
girls achieved higher test scores on paper than online. The mean performance differences of
paper-and-pencil and computer-based assessment were equal at test and subtest level
regardless gender. So, neither boys nor girls are advantaged or disadvantaged by the
introduction of computer-based assessment.

The analysis of computer related variables revealed that the number of hours spent on
computer a day showed a weak relationship with the mode effect at test and subtest level.
However, those who had a computer at home — thereby had the possibility to use computer
several times — were not advantaged in computer-based testing. We found no significant
relationship between further computer experience variables (e.g. how long students have been
using a computer and how often they do it and what they use it for) and mode effect, so
students with various computer familiarity and skills reacted equally to the change of testing
environment in the study.

Computer attitudes and the test mode effect variables were independent from each
other, and the three subscales of computer attitudes (computer importance, computer
enjoyment and computer anxiety) were also not related to the mode effect in the three
assessment domains, which is consistent with the finding of Lissitz, Jiao, Xie, Li and Kang
(2011). Unlike computer attitude, computer knowledge had a slight influence on the extent of
mode effect in problem solving and inductive reasoning.

The results of the study among subgroups based on paper-and-pencil performance
demonstrated that students with different ability levels react differently when the test medium
changes (as experienced by Pomplun et al., 2006). Against our hypothesis and Pomplun et
al.’s (2006) finding, students with lower ability level achieve higher performance in
computerized environment than on paper on the same test in all three measurement domains
(inductive reasoning, reading comprehension and problem solving). The achievement of mean
ability level students was either test mode independent or the change of testing medium had
only a small impact on test performance. Regarding the direction of the mode effect, students
with average ability level performed slightly better in traditional paper-and-pencil
environment than in an online environment. However, high ability level students are
disadvantaged by digitalization of paper-based tests in all three measurement areas.



The results of item-level analyses

The aim of the item-level analyses was to examine the extent to which item type, item
difficulty and item solution/completion activity is related to mode effect. The item-level data
analysis revealed that the item difficulty indices of paper-and-pencil and computer-based tests
typically differ significantly from each other. The examination of item types reflected that
significant mode effect occurred on both (short answer and simple choice) item formats;
solving both types of items was easier in paper-and-pencil environment than on computer.
There is no notable difference between the extent of mode effects on short answer and simple
choice items, so the direction and rate of mode effect is equal. The analysis of the relationship
between item type and mode effect highlighted (in contrast with the findings of Russell, 1999
and Russel & Haney, 1997) that the typing of short answers associated with the familiarity of
using keyboards does not produce mode effect.

There was a relationship between the item difficulty indexes of the paper-and-pencil
tests and the extent of the item-level mode effect in all of the measured domains. Thus, item
difficulty accounted for differential item functioning regardless of the domain.

The items were classified according to whether it was necessary to count in solving
tasks. Then we examined whether the activity of solving tasks had a significant effect on the
rate of mode effect. Based on the results, the items requiring no counting were test mode
independent but the items which were solved by counting showed notable mode effect.

We examined the mean performance differences realized on problem solving and
reading comprehension tests within text formats (e.g. table, figure). The items belonging to
various text formats showed various extent of mode effect. The smallest mode effect was
measured on items, which belong to non-continuous texts, more specifically, in
comprehending information presented in tables. On the other hand, data gained from the study
concerning problem solving showed the greatest mode effect in information retrieval tasks
from tables. The difference of the diverse findings can be explained by the difference in test-
taking activity. Students had to retrieve information in the reading comprehension test
whereas in the problem solving domain students had to count with the information (numbers)
retrieved from tables. These finding suggest that sixth graders are almost as capable of
retrieving information online as on paper. However, the additional cognitive demand on the
aspects (i.e. counting) may make answering the item more difficult and result in a greater
mode effect. The difference in mode effect found in reading comprehension and problem
solving imply that text format itself does not account for the mode effect.

In sum, the item type and the text format are not related with the rate of mode effect,
but the item difficulty and the activity during test taking (requiring counting or not) had an
impact on the extent of mode effect. But the question which variable has the highest
information gain in predicting differential item functioning is yet to be answered. Therefore,
in order to identify the attribute bearing the highest information gain in predicting differential
item functioning decision tree method (C4.5 data mining algorithm) was applied. The
variables (measurement area, sample design and item characteristics) involved in the study
could predict the differential item functioning with 68% accuracy. Based on the output of the
algorithm, the measurement area had the highest information gain. The item difficulty had
also a prominent role in both problem solving and inductive reasoning. Furthermore, the
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sample designs seemed to be an important factor in predicting differential item functioning as
well.

FINDINGS AND FURTHER RESEARCH

The greatest importance of this empirical research is that we examined mode effect from three
perspectives (the characteristics of the measurement area, sample and item) in order to be able
to build a linear transformation between paper-and-pencil and computer-based test results. A
key finding of the empirical research was that the data derived from the paper-and-pencil and
computer-based assessment had the same reliability, so they can be applied to further
educational research. The results of the thesis confirmed the finding of other international
mode effect studies, which identified significant mode effect (at test, subtest and item level) in
various measurement areas. Therefore, if we introduce online testing but we want to use the
results previously collected in a paper-and-pencil form at the same time, it is desirable to have
a linear transformation, which correspond the data/results of one test environment into the
data of the other test environment in order to minimize the difference in performance that is
caused by the change of test environments.

In sum, the studies introduced in the thesis aimed at carrying out analyses for a better
understanding of the difference in students’ performance when it comes to being tested in
different environments in different domains. Therefore, we extended our analyses to criteria
that are present and applicable in more or all domains. Our results may be generalizable and
may provide a good starting point for further studies and analyses. However, a great limitation
to our studies is that they do not provide an answer for the underlying theoretical issues of the
certain domains. Thus, it is recommended to carry out further research in the following areas.
Further experimental investigations are needed to study whether various types of problems
have the same ratio of mode effect. Additionally, further research might explore the reason
why students with various ability levels react differently when the test medium changes. It
would also be worthwhile to extend the mode effect study in more age groups to map out how
the introduction of computer-based testing influences students’ achievement. These studies
would advance the knowledge presently available in this domain.
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