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Mathematical skills have been recognised as a core competence for engineering and science 
students. However, learning mathematics has been recognised as a difficult and challenging 
task for most students, in particular, calculus for first-year students in university. 
Consequently, the development of effective learning strategies and environments for 
mathematics courses has become an important issue. To this end, a mathematics learning 
system based on an instant diagnostic and guiding strategy is proposed to enhance students’ 
calculus learning outcomes. Moreover, an experiment has been conducted in a university 
calculus course to evaluate the effectiveness of the proposed method. The experimental 
results show that the proposed approach not only improved the students’ learning 
performance, but also improved their confidence in learning calculus. Further findings are 
also discussed. 

 
Introduction 
 
Mathematical skills have been recognised as a core competence for engineering and science students in 
university. Unfortunately, many mathematics, science, and engineering departments have observed a 
qualitative decline in the mathematical readiness of their first year students (Burton, 1989). Moreover, 
several studies have reported that many university students have great difficulty learning mathematics 
(Jourdan, Cretchley, & Passmore, 2007; Lawson, 2003). Consequently, researchers have argued the 
importance of exploring effective instructional approaches to teaching mathematics, such as new tools, 
pedagogical approaches, and models or methods (Lopez-Morteo & López, 2007; Pettersson & Scheja, 2008; 
Szendrei, 1996). Developing effective strategies or tools for teaching mathematics courses has become an 
important and challenging issue, especially for calculus at the higher education level (Le, Joordens, 
Chrysostomou, & Grinnell, 2010). 
 
In the past decade, several attempts have been made to develop effective strategies to help students improve 
their mathematical skills (Roth, Ivanchenko, & Record, 2008), in particular, the use of online testing, which 
is an increasingly popular assessment approach in higher education for teaching mathematics (e.g., Ellis, 
Ginns, & Piggott, 2009). Scholars regard online testing as an effective and efficient way of improving 
students’ learning performance by identifying their weaknesses and providing instant feedback to promote 
their motivation and their confidence in the subject (Gikandi, Morrow, & Davis, 2011). 
 
Meanwhile, the problem of applying conventional online testing, which uses multiple-choice questions to 
evaluate students’ learning performance, has been noted. It is quite possible that the students who correctly 
answer a multiple-choice question only have partial understanding of the relevant mathematical concept, 
or may even totally misunderstand the concept (Sealey, 2014); that is, it is difficult to use conventional 
online tests to precisely examine students’ understanding. Researchers have further argued the importance 
of diagnosing students’ misconceptions and delivering remedies rather than merely evaluating their learning 
achievement (Nyachwaya et al., 2011; Panjaburee, Triampo, Hwang, Chuedoung, & Triampo, 2013). 
Accordingly, two-tier testing has been recommended and widely adopted as an approach to diagnosing 
students’ misconceptions, owing to both its efficiency and effectiveness (Chu, Hwang, Tsai, & Tseng, 2010; 
Wang, 2014). Incorporating the two-tier test mechanism in a learning guidance system allows us to not only 
examine students’ reasoning processes so as to accurately diagnose their learning problems or 
misunderstandings, but also to provide corresponding feedback and remedies to help them overcome the 
problems. Therefore, this study aimed to provide an online mathematics learning system based on a two-
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tier test strategy for improving students’ learning, and to evaluate the effectiveness of the proposed approach 
by answering the following questions: 
 

• Do the students who learn with the proposed approach show better learning achievement in 
mathematics than those who learn with the conventional online learning approach? 

• Is there a difference in the confidence, motivation and anxiety of the students who learn with the 
proposed approach and those who learn with the conventional online learning approach when 
learning mathematics? 

 
Literature review 
 
Online learning and testing systems for mathematics 
 
Previous research has indicated that there is a need to improve university students’ mathematical skills; for 
example, Lawson (2003) noted a significant drop in university pre-calculus diagnostic scores; Jourdan, 
Cretchley and Passmore (2007) reported that students experienced substantial challenges in algebra, 
functions, and trigonometry. Kay and Kletskin (2012) further noted the decline in students’ ability in basic 
algebra, trigonometry, exponents, and logarithms in higher education. To cope with these problems, various 
teaching strategies and learning activities have been applied in mathematics courses using computer and 
network technologies. For example, Lopez-Morteo and López (2007) created an online practicing 
environment for learning mathematics; Roth et al. (2008) reported the benefits of employing an online 
testing and feedback system for helping graduate students learn calculus. Le et al. (2010) also demonstrated 
the positive effects of an online learning environment on students’ mathematics learning performance. 
 
Among various approaches implemented in online learning environments, assessment-based learning 
strategies have been widely adopted (Gikandi et al., 2011). Cox, Imrie, Miller and Miller (2014) indicated 
that assessment could be of various forms, such as achievement tests, artwork evaluation, or learning 
portfolio assessment. Many researchers, such as Rod and Allan (2006) and Karaman (2011), have pointed 
out that online testing is an efficient approach to identifying students’ knowledge levels and learning 
problems. Kay and Kletskin (2012) further reported the advantages of using online testing in calculus 
courses for facilitating practice and providing instant feedback. 
 
On the other hand, the study of Sealey (2014) revealed that most students were able to find answers using 
mathematics formulae, but were unaware of the physical meanings of the calculations. In other words, 
evaluating students’ understanding of a course by only judging their answers and scores possibly fails to 
reflect their actual understanding, revealing the limitation of conventional online test systems. In addition, 
researchers have indicated several factors that might affect students’ online learning outcomes, such as 
computer literacy (DeBoer et al., 2014), online learning strategies (Zlatović, Balaban, & Kermek, 2015), 
and attitudes towards online testing (Stratling, 2015). Chu (2014) further pointed out the limitations of 
testing in terms of improving students’ ability to solve real-world problems. Therefore, it is necessary to 
develop effective online testing systems by considering these factors. 
 
The two-tier test approach 
 
Diagnostic testing is an approach to examining students’ learning problems or misconceptions via well-
designed tests (Black & Wiliam, 1998). Black and Wiliam (1998) as well as other scholars (e.g., Treagust, 
1995) have addressed the effectiveness of diagnostic tests in helping teachers evaluate individual students’ 
learning status, and providing them with appropriate assistance. 
 
Two-tier testing is a widely adopted diagnostic testing approach proposed by Treagust (1988). It involves 
tests consisting of a set of two-tier multiple-choice questions. The first tier assesses students’ descriptive or 
factual knowledge of the phenomenon to be assessed, while the second tier investigates the reasons for their 
choice made in the first tier. Treagust, Jacobowitz, Gallagher and Parker (2001) indicated that, via exploring 
students’ in-depth explanations of factual knowledge, teachers or researchers are able to assess in-depth 
understanding of the learning content. In the past decade, several applications of two-tier tests have shown 
the benefits of this approach. For example, Chou, Chan and Wu (2007) employed two-tier testing in an 
online learning system to assess students’ understanding and alternative conceptions of cyber copyright 
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laws, and reported the feasibility and efficiency of the approach. Chu et al. (2010) further employed two-
tier testing in a natural science course and reported the positive impacts of the approach on students’ 
learning achievements. 
 
Researchers have pointed out that solving a mathematics problem usually requires a certain breadth of 
knowledge such as knowing the content, generating relationships, and analysing claims (Ball, Thames, & 
Phelps, 2008; Webb, 1977), as well as showing the importance of examining the problem-solving logic. 
Andrade-Aréchiga, López and López-Morteo (2012) also emphasised the need to examine what students 
think about their solutions to mathematics problems. Zandieh, Roh and Knapp (2014) further indicated that 
examining students’ reasoning plays a key role in calculus courses as it can precisely diagnose their learning 
problems. 
 
To address this problem, the approach in this study did not fully engage with Treagust’s work on two-tier 
testing, which was mainly proposed for assessment purposes. The approach adopted in the current study is 
a test-and-feedback learning guiding mechanism based on Treagust’s two-tier tests. An online test and 
guidance system was developed based on this proposed approach. Previous studies (e.g., Hwang, Yang, & 
Wang, 2013; Ibabe & Jauregizar, 2010) have reported the potential of such a testing system for improving 
students’ learning achievement, and attitudes (e.g., confidence, motivation, and anxiety), as well as 
perceptions (e.g., perceived usefulness and perceived ease of use). Therefore, to evaluate the efficacy of the 
proposed approach, an experiment was conducted to investigate students’ learning achievements, affective 
factors of learning calculus, and their perceptions of the system for learning calculus. 
 
Development of a mathematics learning system with a diagnostic and 
guiding mechanism 
 
Based on the two-tier test approach, a web-based mathematics learning system was developed as shown in 
Figure 1. The system consists of the online test subsystem (OTS), the diagnosis subsystem (DS), and the 
learning content interactive subsystem (LCIS). The system also includes three databases: a test-item 
database, a diagnosing rule database, and a learning materials database. The OTS provides students with 
web-based exercises, practice, and tests corresponding to the class content. Accordingly, in the 
experimental group, the diagnosis subsystem judges students’ answers and reasons to clarify their 
misconceptions or misunderstandings. The LCIS then generates feedback including answers to the test, 
suggestions and corresponding learning content. Moreover, the system enables students to browse their test 
results and related learning materials whenever they want. Each subsystem is described as follows. 
 

 
Figure 1. Structure of the two-tier test-based mathematics learning system 
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Online test facility 
 
In order to prompt the students to use the system, after learning a unit or concept, they were asked to 
complete at least one test before continuing on to the next unit. The highest quiz scores were recorded as 
their homework grades. The online test subsystem generated two kinds of test: (1) conventional multiple-
choice questions selected from the test item database; and (2) a two-tier test in which every test item had 
three or four choices in the first tier, followed by three or four reasons for each choice in the second tier. 
Table 1 and Table 2 show an example of a two-tier test item for a chain rule in calculus. Table 1 shows the 
first-tier multiple-choice item, which provides three choices (i.e., 3a3−3 cos2 x sin x, 3cos2x, and -3 cos2x 
sin x). Table 2 shows the second-tier items developed based on the first-tier choices. As three additional 
choices are used to assess the reasons for each item, a total of nine choices were developed for the second-
tier items. 
 
Table 1 
Illustrative example of a conventional multiple-choice item 

First-tier item Choices 

If y = a3 + cos3 x, a is a constant, then dy
dx

=? 
3a3−3 cos2 x sin x 
3cos2x 
-3 cos2x sin x 

 
Table 2 
Illustrative example of the second tier options (i.e., identifying the reason for the answer) 

Second-tier item Choices 
Why did you choose 
3a3-3cos2x sin x? 
 

(1) The derivative of a constant is the same rule as for functions. 
(2) The derivative of a constant is zero. 
(3) The derivative of a constant is still a constant. 

Why did you choose  
3cos2x? 

(1) The derivative of x3 is 3x2 
(2) The derivative of a constant is zero. 
(3) The derivative of Y3 is 3Y2Y’’. 

Why did you choose 
-3 cos2x sin x? 

(1) Because of the chain rule. 
(2) Because (cos 3x)’=3 cos2x 
(3) Because (cos 3x)’=3 cos2x sin x 

 
To prevent students from memorising the answers, the sequence of the choices in the test items was changed 
when generating test sheets. That is, few identical test sheets were generated during the learning process. 
When making choices in the second tier, the students were allowed to view the corresponding first-tier item 
to identify the reason for making their choice. The scope of the tests was related to the weekly course 
content. However, the students were able to extend the test scope by including more previously learned 
concepts or units. Figure 2 shows the system interfaces of the conventional (multiple-choice) online test 
and the two-tier test. Figure 3 shows the test results and feedback from the learning system. 
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Figure 2. A comparison of a conventional online test and a two-tier test item 
 

 
Figure 3. Illustrative example of a test result and feedback 
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Learning diagnosis and feedback facility 
 
In the diagnosis and feedback subsystem (DFS), the first-tier item is used to assess the students’ descriptive 
or factual knowledge of calculus, while the second tier probes the students’ reasons for their choices made 
in the first tier. Hence, the choice made in the second-tier item not only confirms whether the students have 
fully understood a concept, but also helps them to explore their misunderstandings and misconceptions if 
incorrect reasons are selected. On this basis, a set of rules in a decision-tree is used in DFS for diagnosing 
students’ misunderstandings or learning problems. 
 
According to the decision-tree rules, the DFS can precisely ascertain students’ learning status (e.g., 
misunderstanding, alternative concepts, and learning problems). An illustration of the diagnosis processing 
for judging the students’ learning problems based on their answers is given in Figure 4. In this example, 
two concepts were tested, namely, the chain rule and constant differentiating. If students choose the first 
item, 3a3-3 cos2 x sin x, it means they understand the chain rule but do not notice, or do not understand the 
concept of constant differentiating. If they choose the first item in the second tier, that is, if they think the 
symbol constant is differentiated as with functions, they may have a misconception of the meaning of 
symbol constants. If they choose the second item in the second tier, it means they know the differentiating 
of a constant is 0, but may have wrong concepts about the symbol constant. If they choose the third item in 
the second tier, it means they have wrong concepts about the differentiating of the constant. In other words, 
if students fail to answer a question correctly, the diagnosis subsystem not only identifies the misconception, 
but also exactly what the reason for the misconception is. 
 
In addition, to provide feedback and suggest materials, a learning content recommending rule (LCRC), 
adapted from the Lossy Counting Algorithm (Manku & Motwani, 2002), was implemented, as shown in 
Figure 5. The algorithm is a data mining approach which aims to identify frequent patterns from a set of 
data that records the mistakes the students have made in chronological order. The concepts related to each 
test item that the students failed to answer correctly were provided as data for the LCRC. Due to the limited 
number of test records, the threshold of LCRC was set to 2 in this study. According to the rule, if a student 
failed a concept more than two times during a test, or failed more than three times in two consecutive tests, 
the concept would be recognised as a frequent mistake or misconception. As such, the learning content 
related to the misconception could be precisely selected and subsequently presented in the feedback with 
strong recommendations that the student read it. Otherwise, if there were no frequent mistakes or 
misconceptions flagged, those concepts which the student failed but which were not identified as frequent 
misconceptions, were presented in the feedback as review suggestions. 
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Figure 4. An example of a decision-tree for identifying the status of students’ understanding 
 

 
Figure 5. Illustration of the learning content recommending rule 
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To ensure the reliability of the test items for the two-tier test, two postdoctoral researchers with more than 
3 years’ experience teaching calculus were employed to construct the test items for the system. 
Subsequently, all test items were reviewed by two university professors who had been teaching the calculus 
course for more than 5 years. Further, all ambiguous sentences were revised in order to enhance the 
efficiency of the test. 
 
Learning content organising and presentation facility 
 
The learning content interactive subsystem (LCIS) is mainly used to present the learning content based on 
the students’ requirements. A list of concepts was provided to allow the students to select and compose 
some units as an e-book in PDF or webpage format. Thus, the students were able to review the relevant 
contents based on their requirements. Moreover, based on the students’ learning status as evaluated by the 
DFS, the LCIS could highlight concepts they may not be familiar with and remind them to read the 
recommended learning materials. After doing so, students may overcome their misconceptions by studying 
relevant learning materials suggested by the system. In sum, the LCIS provides corresponding feedback 
and learning contents for students based on their learning status. Figure 6 shows an illustrative example of 
providing learning materials to individual students based on their test results and needs. 
 

 
Figure 6. Illustrative example of providing personalised comments and learning materials 
 
Experiment design 
 
The experiment was conducted on the learning activities of the Introduction to Calculus course of a 
university in northern Taiwan. In the following sections, the details of the experiment are presented. 
 
Participants 
 
A total of 55 university students participated in the online programming activity. The average age of the 
students was 19. They were randomly divided into an experimental group and a control group. Eventually, 
43 students completed all of the activities. There were 22 in the experimental group, and 21 in the control 
group. All the students were taught by the same teacher and used the same learning materials. 
 
Experiment procedure 
 
A first year university calculus course was taken as the research context for this study. The learning 
objectives included understanding functions and limits, derivatives, applications of differentiation, integrals, 
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application of integration, inverse functions, etc. 
 
A total of 119 two-tier test items were administered in this study, covering functions and limits, derivatives, 
applications of differentiation, integrals, application of integration and inverse functions. To encourage 
students to participate in the online learning activity, the learning contents in class (i.e., book and examples) 
were segmented into many learning content units based on the corresponding concepts. Moreover, a 
checkbox list of the learning content units was provided to the students, who could select the units they 
wanted to read. These selected units were then composed as e-books in PDF format or as webpages. In 
addition, the test items were periodically modified to prevent generating identical test sheets during the 
learning process. 
 
After taking the quiz, a diagnostic subsystem was employed to provide feedback to the students based on 
their quiz results. We believed that providing up-to-date content and useful information could help maintain 
the students’ attention during the online course. Figure 7 presents the experimental procedure of this study. 
Both groups of students first received instruction on the basic knowledge of calculus, and then took a pre-
test and completed a questionnaire to analyse their knowledge and perceptions (i.e., their confidence, 
motivation, and anxiety) of calculus before interacting with the proposed system. 
 
In the first stage of the activity, both groups of students received face-to-face classroom instruction. The 
teacher provided instruction on the basic knowledge of calculus. The students were then asked to complete 
exercises based on what they had learned in the classroom. 
 
In the second stage, both groups of students were asked to take a test on the system after each class. In 
general, they completed at least five exercises and one test each week. In this stage, the experimental group 
learned with the two-tier test-based learning system. On the other hand, the students in the control group 
learned with the conventional online learning approach; that is, they browsed the same learning materials 
and did the same exercises, but took conventional tests (multiple-choice) and received feedback in the web-
based learning system. The learning activity was conducted for a period of 6 weeks for both groups after 
which both groups took a post-test. They were then asked to fill in the same questionnaire to measure if 
their attitudes towards calculus had changed. 
 

 
Figure 7. Experimental procedure 
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Instruments 
 
Pre-test and post-test 
Four types of test item were used to evaluate the students’ learning performance; namely, finding or 
evaluating a value of an equation, correctly using a rule, proving an equation, and inducing a 
line/curve/equation. In order to further compare the learning performance of the students in the two groups, 
the revised Bloom’s taxonomy of the cognitive process dimension (Bloom, Engelhart, Furst, Hill & 
Krathwohl, 1956) was employed to classify the four question types. The former two were concerned with 
the students’ understanding of concepts. To answer these two types of question, the students needed to recall 
or recognise the concepts or principles in the learning content, or interpret the learning contents based on 
their prior learning. According to the revised taxonomy, finding an answer to these types of question using 
specific principles is referred to as the remember (e.g., recalling principles), understand (e.g., 
comprehending information) and apply (e.g., selecting and using principles) abilities, which are recognised 
as the basic mathematical knowledge in this study. Figure 8 shows an illustrative example of answering 
these types of calculus question. 
 

 
Figure 8. An example of a test item for evaluating the basic knowledge of calculus 
 
To answer the latter two types of question, students need to reorganise their prior knowledge and select 
appropriate principles by considering the criteria for solving the problems, which are relevant to the analyse 
(e.g., organise) and evaluate (e.g., check and critique) competences, and are recognised as advanced 
mathematical skills in this study. Figure 9 shows an illustrative example of a test item for evaluating 
advanced mathematical skills in calculus. 
 
The pre-test consisted of 15 items with a total score of 105. It aimed to evaluate the students’ basic 
knowledge of calculus (e.g., functions and limits, derivatives) before the learning activity. The post-test, a 
further achievement test for calculus, also consisted of 15 items with a perfect score of 105, of which 10 
items were to evaluate basic knowledge such as finding the value of a limit, while the other 5 examined 
further mathematical skills such as applying definitions for proving an equation. Both the pre- and the post-
test were developed by the Calculus Centre of the university, which specifically teaches calculus and 
evaluates the calculus learning performance of all first year students. 
 
An analysis of covariance (ANCOVA) was used to compare the two groups’ test scores with regard to their 
learning performance while controlling for the pre-test scores. That is, the impact of the pre-test scores can 
be excluded when comparing the two groups’ post-test scores. Before applying ANCOVA, the Levene’s 
test for equality of variances was used to confirm the homogeneity of the samples. 
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Figure 9. An example of a test item for evaluating advanced mathematical skills in calculus 
 
 
Questionnaires 
 
Previous studies have highlighted that online testing could improve students’ motivation and confidence 
(Denvir & Brown, 1987; Nguyen & Kulm, 2005) as well as reduce their anxiety in learning mathematics 
(Nguyen, Hsieh, & Allen, 2006). In this study, the questionnaire developed by Fennema and Sherman (1977) 
was adopted. It consisted of three dimensions, that is, confidence (e.g., I am sure that I can learn math), 
motivation (e.g., I would like to think about the exercise that I cannot resolve in the class) and anxiety (e.g., 
I feel good when I’m in the math class) in learning mathematics. Each dimension consisted of 12 items. 
Another questionnaire adopted in this study was the questionnaire of technology acceptance developed by 
Hwang et al. (2013). It included two dimensions, perceived usefulness and perceived ease-of-use, each of 
which consisted of 14 items. 
 
A 5-point Likert scale was used to rate the items in the two questionnaires, where 5 meant strong agreement 
or positive feedback, and 1 represented high disagreement or negative feedback. Moreover, the Cronbach’s 
alpha value of the questionnaire was 0.89, showing the good reliability of this questionnaire in internal 
consistency. 
 
In addition, the students were asked to answer an open-ended question, “Do you think the online test system 
benefits you in terms of learning calculus? If so, please write three sentences to describe how. If not, please 
also give your reasons.” Via collecting these qualitative data, the researchers could obtain additional 
information related to whether the students agreed that the system was helpful to them in learning calculus, 
as well as their perceptions of learning with the proposed system. 
 
Results and discussion 
 
Learning achievement 
 
The Levene’s test for equality of variances showed that the groups were homogeneous with F (1, 42) = 
0.051, p = .822, confirming the homogeneity of the regression coefficient. The ANCOVA result shows that 
the students in the experimental group had significantly better learning performance than those in the 
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control group, as shown in Table 3, implying that the two-tier test approach benefits students learning 
calculus. One possible reason is that those students who learned with the two-tier test approach were asked 
to provide reasons for their choices, meaning that they were not only prompted to recall what they had 
learnt, but that they also had to evaluate their solutions. Thus, they developed advanced knowledge via the 
guidance of the approach, and demonstrated better learning achievement than the students in the control 
group. Along the same lines as earlier research (Gálvez, Guzmán, & Conejo, 2009), such meaningful and 
efficient feedback benefits students in terms of understanding the learning content and overcoming 
misconceptions. Another possible reason is that the students were guided to recall what they had learnt and 
to reorganise their knowledge. In the meantime, the feedback mechanism of the system provided hints; 
therefore, the students who used the two-tier test system improved their learning performance. This finding 
has also been argued by previous research in this field (e.g., Gaytan & McEwen, 2007). That is, such a self-
evaluating test approach and the guidance strategy possibly had an interactive effect on the students’ 
learning outcomes. The results also echo previous studies in this field, which found that such learning 
guidance or prompts benefit students in science or mathematics courses (Chu et al., 2010; Panjaburee et al., 
2013). 
 
Table 3 
ANCOVA result of the post-test scores of the two groups 

Group N M SD Adjusted Mean SE F d 
Experimental group 22 84.64 11.97 84.33 2.45 4.79* 0.56 
Control group 21 76.53 16.45 78.84 2.39   

*p ＜ .05 
 
In addition, the students who learned with the two-tier test approach showed significantly better learning 
performance at a higher cognitive level (i.e., inducing equations or target functions) than those who learned 
with the conventional approach, because providing the correct reason for the answer not only requires 
understanding a rule or definition, but also correctly explaining and using it. On the basis of the 
aforementioned, the learning performance of the two groups was further compared. The score of each post-
test item was divided into two parts with regard to the comprehension level (i.e., items 1, 4, 6, 8, 9, 10, 11, 
12, 13, and 14) and the application level (i.e., items 2, 3, 5, 7, and 15), as shown in Figure 10. Moreover, 
an ANCOVA with the pre-test as the covariate was employed to compare the learning performance of the 
two groups based on the comprehension level and application level. 
 
According to the ANCOVA results shown in Table 4, the experimental group demonstrated higher learning 
performance at the application level than the control group. In other words, the two-tier test approach had 
a significant effect on developing the students’ advanced mathematical skills in calculus (e.g., proving 
skills). This may be because both groups were provided with the same learning materials for the students 
to memorise and comprehend, which refers to the comprehension level, while the two-tier test further 
engaged them in not only frequently recalling the memorised concepts, but also in thinking about how to 
solve the problems by organising the concepts and rules. Therefore, those students who learned with the 
two-tier test approach exhibited better learning performance in solving application level problems. 
 
The findings of this study not only confirm that learning with online testing could provide opportunities for 
students to self-evaluate their knowledge, and that it benefits their learning in mathematics (e.g., Farrell & 
Leung, 2004), but also further demonstrates that the proposed strategy may improve students’ mathematics 
skills, in particular the high-level cognitive process skills required for solving mathematics questions. 
However, the effect size (Cohen's d) is 0.32, which indicates that the approach had minor effects on 
developing the students’ mathematical skills in calculus. There is thus a need to further investigate the 
influence of the two-tier test approach on improving high level cognitive ability (i.e., the application level). 
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Figure 10. A comparison of learning performance at the comprehension and application levels 
 
Table 4 
The ANCOVA results of the post-test for the control group and experimental group 
 Group N M SD Adjusted Mean SE F d 

Comprehension level Experimental group 22 5.67 0.75 5.66 0.16 1.20 0.15 
Control group 21 5.38 1.10 5.40 0.17   

Application level Experimental group 22 5.51 1.56 5.48 0.26 5.64* 0.32 
Control group 21 4.54 1.32 4.56 0.27   

*p < .05 
 
Perceptions of learning calculus 
 
Table 5 shows the ANCOVA result of the students’ perceptions of learning calculus. It was found that the 
experimental group students showed significantly higher confidence than the control group after the 
learning activity. This finding conforms to previous studies’ reports that effective learning guidance 
strategies or mechanisms are helpful to students in terms of improving their learning attitudes as well as 
their learning achievements (e.g., Chu et al., 2010; Hwang, Wu, Tseng, & Huang, 2011). Regarding the 
anxiety dimension, no significant difference was found between the two groups. This result is in agreement 
with previous research (e.g., Cassady, Budenz-Anders, Pavlechko, & Mock, 2001) which demonstrated that 
online testing did not have a significant impact on students’ level of anxiety. Such a finding suggests that 
despite the two-tier test seeming to be more complex than the multiple-choice test, it does not increase 
students’ anxiety. That is, the negative effect on students’ anxiety could be eliminated when applying a two-
tier test instead of a conventional multiple-choice test. However, there was no significant difference 
between the two groups’ motivation. As Nguyen et al. (2006) argued that online testing might improve 
students’ learning motivation, this issue could be further investigated in future research in this field. 
 
Table 5 
The post-questionnaire ANCOVA results of the experimental and control groups 
 Group N M SD Adjusted Mean SE F 

Confidence experimental group  22 3.73 0.67 3.73 0.07 8.71** 
control group 21 3.41 0.57 3.41 0.08  

Motivation experimental group  22 3.51 0.97 3.51 0.11 0.95 
control group 21 3.35 0.92 3.35 0.11  

Anxiety  experimental group  22 3.58 0.65 3.58 0.08 0.38 
 control group 21 3.51 0.68 3.52 0.09  
**p < .01 
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Technology acceptance for the proposed system 
 
The t-test result of the technology acceptance ratings revealed that the students in the experimental group 
perceived the system as being easier to use than did those in the control group, as shown in Table 6. It 
should be noted that the two-tier test approach may seem complex, but the students perceived it as being 
easy to use. One possible reason could be that the guiding method matched their learning strategies, and 
information was easy to find from the provided feedback and learning materials.  
 
Table 6 
The t-test results of the technical acceptance questionnaire for the control and experimental groups 
 Group N M SD t 

Perceived usefulness 
Experimental group 22 3.71 0.60 1.20 
Control group 21 3.38 0.64  

Perceived ease-of-use 
Experimental group 22 5.51 1.56 5.64* 
Control group 21 4.54 1.32  

*p < .05 
 
 
Benefits of the learning system 
 
The analysis results of the qualitative data showed that 17 (77.27%) students in the experimental group and 
15 (71.43%) in the control group agreed that the proposed online test system benefited their learning of 
calculus. Regarding the students’ perceptions, five were classified based on their responses, i.e., promoting 
practice, providing reviewing guidance, improving understanding of concepts, finding learning problems 
and promoting deep thinking. The proportion of each viewpoint is shown in Figure 11. 
 

 
Figure 11. Distribution of the students’ perspectives on the benefits of the system for the two groups 
 
According to the students’ responses, both the control group and the experimental group students shared 
the same perceptions that the online learning system engaged them in practice and helped them identify 
their learning problems. More specifically, more than one third of the students in both groups perceived 
that the learning approach could promote practice of what they had learnt. For example, one student said, 
“I can have a lot of practice”. Another student mentioned, “I will read the book on schedule and do more 
practice”, while one student stated, “By using this system, I can maintain my learning performance and get 
familiar with different types of questions”. Meanwhile, students in both groups shared a similar viewpoint 
regarding identifying their learning problems (27.27% for the experimental group; 28.57% for the control 
group). Typical responses included, “I can know which part I have to strengthen”; “I can know which part 
I have to improve”; and “This system helps me understand the problems I encounter”. 
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The students in the two groups also expressed some different perceptions, including providing reviewing 
guidance, improving understanding of concepts and encouraging deep thinking. Regarding providing 
reviewing guidance, 18.18% and 42.86% of students in the experimental group and the control group 
respectively indicated that the learning system provided a form of navigation for reviewing the learning 
contents. This finding shows that the students in the control group may have mainly considered the learning 
system as a reviewing tool. For example, one student in the control group indicated that, “I can review the 
lectures by doing quizzes”. 
 
Regarding improving understanding of concepts, 40.91% of the experimental group students commented 
that their understanding of calculus concepts was improved owing to the use of the learning system, while 
only 14.29% of the control group students shared the same perception. This may be reflected by the fact 
that the experimental group students had better learning outcomes in solving higher-level questions. They 
were engaged in evaluating their knowledge when giving reasons for their answers. By doing so, they may 
have had more opportunities to review the contents and clarify some confusing issues. Typical responses 
included “The system helped me clarify the learning concepts” and “This system helped me understand the 
learning materials”. That is to say, compared with the control group, students in the experimental group 
perceived that the two-tier test not only provided a chance for them to practice, but also helped them 
improve their understanding. A possible reason for this improvement is that the students needed to give 
reasons for their answers. By doing so, they were forced to practice and think about what they had learned. 
During the process, they may have faced a cognitive conflict. Subsequently, their misunderstandings could 
be corrected and their understanding of calculus hence improved. 
 
Regarding encouraging deep thinking, 31.82% of the students in the experimental group shared the same 
view that the learning system encouraged them to think about the reasons for their answers, while only 
4.76% of the control group students indicated this point. This implies that the two-tier test approach engaged 
the students in deep thinking. In other words, they were encouraged to reflect on solving the calculus 
exercises. For example, one student emphasised that, “It helped me think about the questions critically and 
understand the questions”. Another student mentioned that, “solving problems in the right direction is the 
most important”. However, only 4.76% of the students in the control group shared the same perception. 
 
The influences of using the two-tier test-based learning system 
 
The aforementioned findings suggest that the students in the experimental group considered the benefits of 
the two-tier test-based learning system as improving understanding of concepts and prompting deep 
thinking, while those who learned with the multiple-choice test mainly considered it as promoting practice 
and providing reviewing guidance. This finding suggests that the two-tier test encouraged the students to 
think about what they had learnt rather than merely practice. It may also explain why those students who 
learned with the two-tier test performed better on the application level questions. 
 
According to the qualitative results, it is concluded that the two-tier test approach benefited the students by 
correcting their misunderstandings of calculus and guiding them to effectively improve their advanced 
mathematical skills in calculus during the learning process. On the contrary, the students who learned with 
the conventional online test approach mainly focused on practicing and getting high scores in the exercise. 
This may explain why students who learned with the two-tier test approach improved their confidence and 
demonstrated higher learning achievement than those who learned with the conventional online test. 
 
This finding suggests that the proposed learning system based on the two-tier test approach can improve 
students’ advanced mathematical skills via enhancing their logical reasoning, and by helping them make 
connections between their prior knowledge (e.g., the definitions and rules) and meta-knowledge (e.g., 
selecting principles for proving equations). More specifically, the two-tier test-based learning system had 
effects on the students’ learning, especially their learning perceptions and achievement. 
 
Conclusions 
 
In this paper, an interactive two-tier test diagnostic and guiding strategy is proposed, and a learning system 
with misconception diagnostics and a feedback mechanism was implemented based on the proposed 
strategy. To identify the influences of the proposed strategy, an experiment was conducted on a first year 
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university calculus course to evaluate the effectiveness of the proposed approach by comparing the learning 
performance of the students who learned with the two-tier test-based system and those who learned with 
the conventional technology-enhanced (multiple-choice test) learning approach. 
 
From the experimental results, it was found that the two-tier test approach significantly improved the 
students’ learning achievement, in particular, in solving the application level questions, showing the 
effectiveness of the proposed approach for helping students learn calculus at a higher cognitive level. In 
addition, by analysing the qualitative data, it was found that most of the students (77.27%) agreed that the 
use of the system benefited their learning of calculus in terms of improving their understanding of 
mathematics and encouraging them to think deeply about what they had learnt. Based on a prior study 
(Schoenfeld, 1988) which highlighted that high school and college students employ guess and test loops as 
a common problem solving strategy, the two-tier test approach seems to provide an alternative learning 
strategy for teachers to cope with this issue. In sum, the aforementioned findings suggest that the proposed 
learning system based on a two-tier test diagnostic and guiding strategy can enhance students’ learning in 
mathematics courses. 
 
Although the proposed system benefited the students in this application, there are some limitations to be 
noted. First, generalisation of the findings may be limited to populations of a similar nature, but may not 
be so applicable to other learner groups in different educational settings or with different cultural 
backgrounds. Second, the number of students is rather small, meaning that further studies need to be 
undertaken with a larger sample to provide stronger evidence in the future. Third, to provide feedback and 
judgment, the teachers need to spend time reviewing and refining the test items for evaluation purposes, as 
well as the digital learning materials for providing learning supports. Therefore, it is advisable to extend 
the approach to other learning areas, such as scientific and technological courses. It is also necessary to 
conduct long-term and large-scale experiments to evaluate the performance of the approach. Moreover, the 
provision of supporting systems for teachers could be helpful to them in developing two-tier test items and 
the related supplementary materials. 
 
In addition, beyond the advantages, online tests may have some constraints. For example, technical issues 
and IT support for students could be problems when accessing online tests (Buchan & Swann, 2007). 
Meanwhile, it is more difficult to ensure that an online test is valid, reliable and fair than it is with pen-and-
paper tests because students may cheat more due to feeling more distant, as indicated by Karman (2011). 
This study, however, did not uncover any effects of these issues. Thus, further research is needed which 
takes these issues into consideration when employing online test approaches. 
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