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Introduction

In science, technology, engineering, and mathematics (STEM) education, 
scientific reasoning has gained increasing attention recently from science 
educators and researchers. In general, the scope of scientific reasoning en-
compasses various thinking and reasoning skills involved in inquiry, experi-
mentation, evidence evaluation, inference, and argumentation that support 
the formation and modification of concepts and theories about the natural 
and social world (Zimmerman, 2007). It plays a crucial role in the development 
of students’ creative thinking and problem -solving skills, which are necessary 
when managing real-world situations in professions beyond the classroom 
(iSTAR Assessment, 2010; Zhou et al., 2016). In K-12 education, it has been 
reported that effort in improving scientific reasoning skills has  a profound 
impact on students’ academic performance (Adey & Shayer, 1990), and a 
positive correlation has been reported between students’ scientific reason-
ing abilities and course achievement (Coletta & Phillips, 2005). Furthermore, 
it has been shown that the level of students’ scientific reasoning skills is a 
better indicator of their success in biology learning, comparing with their 
prior knowledge (Johnson & Lawson, 1998). These results prompt the need 
for students to develop a strong set of scientific reasoning skills, alongside a 
solid foundation of content knowledge.

A number of studies have been conducted to determine the mechanism 
of acquiring scientific reasoning skills, as well as effective teaching strategies 
that aid students in learning, retaining, and transferring these skills (Dunbar 
& Klahr, 2012; Joep, et al., 2019). In a review on scientific reasoning, Zimmer-
man claimed that investigation skills can interact with science knowledge 
to create a relationship that promotes scientific reasoning development 
(Zimmerman, 2007). It has also been reported that scientific reasoning re-
quires a complex set of cognitive skills, the development of which follows 
a prolonged path, and students’ performance varies as they progress along 
this path (Zimmerman, 2007). 
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In order to quantitatively measure the development of students’ scientific reasoning skills, several assessment 
instruments have been developed and employed by education researchers, such as the group assessment of logi-
cal thinking test (GALT), the test of logical thinking (TOLT), and the Lawson’s Classroom Test of Scientific Reason-
ing (LCTSR) (Lawson, 1978). The LCTSR is a popular assessment instrument that investigates students’ scientific 
reasoning skills from primary school to university (Bao et al., 2009), and the validity of its current version has been 
analyzed in detail (Xiao et al., 2018). Nevertheless, multiple scoring methods of the two-tier LCTSR test have been 
proposed, and generated different interpretations (Xiao et al., 2018). More specifically, two-tier multiple-choice item 
pairs with different difficulties are generally not distinguished. However, this dimension of difficulty can provide 
insights regarding students’ scientific reasoning progress. This work details a cross-sectional study using data from 
students in both the United States and China on the correlation between students’ answer patterns and their level 
of scientific reasoning for different grade levels and difficulty levels, which further extends the application of LCTSR 
on measuring the development of students’ scientific reasoning skills.

Literature Review on Lawson’s Classroom Test of Scientific Reasoning (LCTSR)

The development of LCTSR

Historically, the Piagetian tasks were considered to be a standard method of measuring students’ scientific 
reasoning skills, which, however, are time-consuming and required experienced interviewers, special materials, and 
equipment (Goldschmid, 1967; Lawson & Blake, 1976; Lawson et al., 1975). In 1978, Lawson designed an assessment 
instrument that measures students’ level of scientific reasoning development, called the Lawson’s classroom test of 
formal reasoning (CTFR-78). The paper and pencil style of the CTFR-78 addressed the need for a reliable, convenient 
assessment tool that would be more practical for classroom use, compared to the Piagetian tasks.

A paper and pencil test, compared to clinical interview tasks, not only requires the ability to read and 
write, but also provides little motivation for the test takers from the materials or equipment being used, since 
it is not as personal or relaxed. Taking these challenges into consideration, Lawson aimed to strike a balance 
between the convenience of paper and pencil tests and the interaction of interview tasks in CTFR-78. CTFR-78 
involves an instructor performing a demonstration in front of a class, after which the instructor would pose 
a question to the entire class, and the students would mark their answers in their test booklets. The booklets 
contain the questions followed by several answer choices. For each of the test items, students had to choose 
the correct answer and provide a reasonable explanation in order to receive credit for that item, forming the 
two-tier test design. In order to establish the validity of the test, Lawson administered CTFR-78 to 513 students 
from 8th through 10th grade, and selected 72 of them to participate in clinical interviews with Piagetian tasks 
that reflected the three established levels of reasoning (concrete reasoning, transitional reasoning, and formal 
reasoning) (Lawson, 1978). After comparing the test scores with students’ response to interview tasks, Lawson 
found that the results from CTFR-78 and the clinical interviews had a good agreement, while CRFR-78 might 
have a tendency to underestimate students’ scientific reasoning ability slightly. The validity of CTFR-78 was 
further established by other researchers (Pratt & Hacker, 1984; Stefanich et al., 1983), with item analysis and 
principle-components analysis.

In 2000, building on previous work, Lawson developed an improved version of the assessment instrument, 
named Lawson’s Classroom Test of Scientific Reasoning (LCTSR). It is a two-tier, multiple-choice test with 24 items 
(Lawson, 2000). A two-tier multiple-choice item pair contains a question with some possible answer choices, fol-
lowed by another question proving some possible reasons for the response to the previous question. All the answer 
choices were designed based on previous studies on student misconceptions with free response tests, interviews, 
and relevant literature (Treagust, 1995).

The scoring methods of LCTSR

In accordance with the LCTSR design, both questions in a two-tier, multiple-choice item pair must be correct 
in order for the students to receive credit (Lawson, 2000). According to Lawson’s method, getting both questions 
wrong in an item pair indicates the lowest level of scientific reasoning, and getting both correct indicates the high-
est, but the level is not distinguished when getting only one of the questions correct (only the answer, or only the 
reasoning) (Lawson, 2000; Treagust, 1995).
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However, two latent traits are embedded in the two-tier multiple-choice item pairs: answering the question 
is for knowing the result in the first tier, and choosing the reason is for explaining the reason in the second tier 
(Tsai & Chou, 2002). A number of studies have shown that explaining the reason represents a higher skill than 
answering the question correctly using the classical test theory (CTT) (Bayrak, 2013; Caleon & Subramaniam, 
2009; 2010; Chang et al., 2007; Xiao et al., 2018). This implies that students may know the answer before they 
have developed the capability of explaining the reason for the answer. Therefore, there exist intermediate levels 
of understanding that correspond to different response patterns. For a two-tier, multiple-choice item pair, there 
are four different response patterns of correct and incorrect answers. Among these, “00” represents getting both 
answer and reasoning incorrect as the lowest level of student performance on the two-tier item pair, while “11” 
represents getting both answer and reasoning correct as the highest level. For the two intermediate patterns, 
“01” corresponds to incorrect answer with correct reasoning, which is often interpreted as guessing. On the 
other hand, “10”, which corresponds to correct answer with incorrect reasoning may represent a higher level of 
understanding than guessing.

In general, three scoring methods are commonly employed for evaluating two-tier multiple-choice items 
in the previous studies: individual scoring method, pair scoring method, and partial credit scoring method. 
Individual scoring method treats two questions in a two-tier item pair as individuals and assigns score for each 
tier question independently (Chang et al., 2007; Chu et al., 2009). Pair scoring methods treats two questions in a 
two-tier item pair as a combined entity, and assigns credit only for answering both questions correctly, zero point 
for all other response patterns (Bayrak, 2013; Chandrasegaran et al., 2007; Lin, 2004). Following the assumption 
that students may know the answer to a question before they can fully articulate the reasoning based on their 
response, partial credit scoring method may assign 2 points for the pattern of “11”, 1 point for the pattern of 
“10”, and 0 point for patterns of “00” and “01” (Xiao et al., 2018), or assign 3 points for the pattern of “11”, 2 point 
for the pattern of “10”, 1 point for the pattern of “01” and 0 point for the pattern of “00” (Satriana et al., 2018; 
Xiao et al., 2018). Xiao et al. (2018) pointed out that individual scoring method rewards the intermediate levels, 
but it may also assign credit for guessing, while pair scoring method avoids guessing rewards, but ignores the 
possible intermediate learning stages by underlining the relationship of knowing the answer and explaining 
the reason. Rasch analysis was then used to explore different scoring methods on the data of LCTSR, and the 
results confirmed that for the partial credit scoring method, the pattern “10” represents a higher level of scientific 
reasoning than the pattern “01”, which should be treated as guessing. 

Research Questions

Among the previous studies on analyzing two-tier, multiple-choice items, some were limited to analyzing 
individual two-tier, multiple-choice item pair (Chang et al., 2007; Satriana et al., 2018; Xiao et al., 2018), while others 
treated different two-tier, multiple-choice item pairs as independent combinations, assigning scores for individual 
items pairs, and simply adding them together for a total score of all items (Lawson, 2000; Luo et al., 2020). However, 
the possible inclusion of several item pairs that probe the same aspect of scientific reasoning yet with varying dif-
ficulties is ignored. Neither examining the item pairs individually nor simply adding all their scores fully explores 
this dimension of item difficulty.

 From the theory of cognitive development (Inhelder & Piaget, 1958; Piaget, 1971), the development of rea-
soning follows a process that evolves from simple to complex (Watson, 1975). Students are likely to understand 
simple phenomena, concepts, and laws of the nature first before some of the more difficult ones that are in the 
same domain. Similarly, students are likely to gain the ability to solve simple problems first before complicated 
problems in the same domain. Therefore, students’ performance on item pairs of varying difficulty in the same 
domain can provide important information on student’s scientific reasoning development.

Building on previous works, this research aimed to establish a method of pattern analysis for assessing two-
tier item pairs in LCTSR. The method of pattern analysis was chosen for the research, as it is a common technique 
in data mining, where processes, algorithms, and mechanisms are investigated to retrieve potential knowledge 
from data collections (Norton, 1999). In this case, pattern analysis is an intuitive and straightforward method 
to investigate students’ performance on item pairs of different difficult levels. Through the pattern analysis 
in student responses, the finer details of students’ scientific reasoning development levels can be probed by 
examining a cross-section of all the student data with different grade levels. Specifically, this research aimed to 
answer three research questions:
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1. Do intermediate response patterns represent different reasoning levels in terms of grade levels?
2. Do intermediate response patterns represent different reasoning levels in terms of students’ overall 

development?
3. Are combined response patterns to item pairs of different difficulty good indicators of reasoning de-

velopment levels?

Research Methodology

The Difficulty Characterization of Two-tier Item Pairs in LCTSR

When LCTSR was first designed, the items typically fell into three levels of difficulty: concrete reasoning, 
transitional reasoning, and formal reasoning (Lawson, 1978). For instance, for the test items designed to measure 
student reasoning on the subskill of Control-of-Variable (COV), two item pairs have been shown to have signifi-
cant difference in difficulty (Lawson, 2000). These two item pairs are presented in Figure 1, and the individual 
items are labeled as P1 (pendulum answer), P2 (pendulum reasoning), F1 (flies in a tube answer), and F2 (flies 
in a tube reasoning).

The two responses for P1 and P2 are listed as the first pair, while those for F1 and F2 are listed as the second 
pair. Each pair has an answer item and a reason item. The truth value of the answer is the first digit in each pair, 
and that of the reasoning is the second digit. As a basic indicator of difficulty, the percent correct was calculated 
from the performance among students from middle school (grade 6-7), high school (grade 9-10), and college, us-
ing individual score method for these four individual items, and the results are shown in Table 1. As can be seen 
in Table 1, it is evident that students from all grade levels performed better on the first item pair (P1 and P2) than 
the second (F1 and F2), thus it can be assumed that the first item pair (P1 and P2) is easier than the second (F1 and 
F2). The present research focuses on students’ performance on these four items (P1, P2, F1, and F2) when analyzing 
student reasoning on the subskill of Control-of-Variable (COV) of LCTSR.

Table 1
Percent Correct on the Two Item Pairs in LCTSR across Different Grade Levels

Item Context
Percent correct (%)

Difficulty 
level

Grades 6-7 Grades 9-10 College

1st item pair
P1 Pendulum – answer 34 66 79

Easy
P2 Pendulum – reasoning 29 57 78

2nd item pair
F1 Flies – answer 16 29 50

Difficult
F2 Flies – reasoning 16 17 30

Sample

Since students’ scientific reasoning development levels were important to the present research, the partici-
pants were constituted as students in different grade levels. One part of the participants consisted of students 
in grade 4-12 in both the United States and China, and the other part included college first-year students from a 
large Midwestern university in the United States. The student responses from the United States and China were 
not distinguished in the analysis, since it has been shown that scientific reasoning levels of the two sets of popula-
tion are effectively similar (Bao et al., 2009). Therefore, there were a total number of 10707 students enrolled into 
the present research with the number distribution of participating students shown in Table 2. Specifically, in the 
primary level, there were 336 students from grade four, 547 students from grade five and 588 students from grade 
six. In the junior school level, there were 868 students from grade seven, 606 students from grade eight, and 1489 
students from grade night. In the secondary school level, there were 1520 students from grade ten, 2083 students 
from grade eleven, and 847 students from grade twelve. In addition, 1823 college first-year students participated 
in the present research. 
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Table 2
The Number Distribution of Participating Students

Grade Level 4 5 6 7 8 9 10 11 12 College

N 336 547 588 868 606 1489 1520 2083 847 1823

Figure 1 
Two-Tier, Multiple-Choice Item Pairs from LCTSR Used in this Research

  

 

F1

F2

P1

P2

 

Notes: P1:pendulum answer, easy; P2: pendulum reasoning, easy; F1: flies in a tube answer, difficult; F2: flies in a tube reasoning, 
difficult.

Data Collection

All students volunteered to take the LCTSR. For the administration of the test, students in the United States 
used the English version, while those in China used the Chinese version. To ensure the consistency between the 
two versions, the test was carefully translated and evaluated by a group of six faculty members who are proficient 
in both languages. All students were given sufficient time to finish the test. Students from lower grade levels took 
about 45 to 50 minutes for the test, while college students needed about 30 minutes. Prior to the formal imple-
mentation of the test, a sample test was conducted with both primary students and college freshmen to ensure 
that the time provided was appropriate. 

Data Analysis

This research focused on students’ performance on the four chosen items (P1, P2, F1, and F2) from LCTSR when 
analyzing student reasoning on COV. In each item pair, students choose an answer to the question in the first tier, 
and choose a reason of explanation in the second tier. Responses are coded using “0” for an incorrect answer and 
“1” for a correct answer. Thus, the code 00-00 means all responses are incorrect, while a code of 11-11 means all 
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responses are correct. A code of 11-10 means that the student provides correct responses to P1, P2, and F1, but 
an incorrect response to F2. Since each of the four items can be answered correctly or incorrectly, there are a total 
of 16 possible response patterns: 00-00, 00-01, 01-00, 01-01, 00-10, 01-10, 00-11, 01-11, 10-00, 10-01, 11-00, 11-01, 
10-10, 10-11, 11-10, and 11-11. 

As previous research studies have suggested that explaining the reason represents a higher level of reasoning 
than answering the question correctly (Bayrak, 2013; Caleon & Subramaniam, 2009; 2010; Chang et al., 2007; Xiao 
et al., 2018), students are likely to have the ability to provide a correct answer before they can clearly articulate 
correct reasoning. Therefore, students’ intermediate levels of scientific reasoning may be expressed within the 
different response patterns on the four items chosen from LCTSR.

Another factor that can be examined to indicate students’ level of scientific reasoning development is the 
item difficulty. Since P1 and P2 are considered to be easier than F1 and F2, students who can answer F1 and F2 
correctly are considered to have a higher level of reasoning.

Based on the above assumptions, the 16 response patterns were analyzed and matched with different levels 
of reasoning. According to Piaget’s cognitive development theory, children’s cognitive development can be divided 
into four stages by age group (Inhelder & Piaget, 1958; Piaget, 1971): sensorimotor stage (ages 0-2), preoperational 
stage (ages 2-7), concrete operational stage (ages 7-12), and formal operational stage (ages 12 to adult). Therefore, 
a higher level of a particular subskill is more likely to be observed among students from higher grade levels and 
higher overall scientific reasoning skill levels. This assumption serves as the basis of the student performance 
analysis across different grade levels and overall scientific reasoning development levels.

Research Results 

Intermediate Response Patterns Change with Students’ Grade Levels

Student response patterns of the four COV items from grade 4 through college were collected and organized. 
Since the first item pair (P1 and P2) is easier than the second (F1 and F2), four intermediate response patterns are 
compared first, which include 01-00, 10-00, 11-01, and 11-10. The percentage of these four patterns at different 
grades are listed in Table 3.

Table 3
Student Performance on P1, P2, F1, and F2 from Grade 4 through College

Grade Levels

Patterns

01-00
(%)

10-00
(%)

11-01
(%)

11-10
(%)

4 9.5 6.5 0.6 0.3

5 6.4 9.0 0.9 1.1

6 6.0 10.7 2.4 1.5

7 5.1 8.2 2.0 3.1

8 2.8 17.0 1.5 10.1

9 3.8 12.0 3.2 9.9

10 4.6 9.5 2.9 12.8

11 3.5 8.5 4.6 14.5

12 1.8 4.4 4.1 23.1

College 0.4 1.6 4.4 21.5

The results indicated that as the grade level increases, the percentage of student responses of “01-00” decreases 
gradually. As for student response of “10-00”, the percentage starts rising from grade 4, peaks in grade 8, and then 
falls gradually until college. From grade 4 to grade 8, the increase in the “10-00” pattern suggests an improving 
cognitive development with grade levels. The decease after grade 8 is due to a larger portion of the students 
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moving to higher developmental level (i.e. answering both P1 and P2 correctly), which is an indication of a major 
learning shift, and a critical point in students’ scientific reasoning development.

In the case where the students answer the first pair correctly, the percentage of student responses of “11-01” 
is relatively small and independent of grade levels. This is another evidence that “01” does not accurately reflect 
students’ level of scientific reasoning development, and is likely a result of guessing. As for student response of “11-
10”, the percentage rises steadily as the grade level increases, from 0.3% in grade 4 to 21.5% in college. It indicates 
“10” as some level of reasoning development, which is higher than “00” or “01”.

Putting all these together, this cross-sectional study of all students from grade 4 through college confirms 
that student responses of “11-10” and “10-00” represent higher levels of scientific reasoning development than 
“11-01” and “01-00”, respectively.

Intermediate Response Patterns Change with Students’ Overall Development

Student response patterns of the four COV items were analyzed based on their overall reasoning develop-
ment levels. In order to eliminate any variation due to the grade level, three subsets of the whole sample were 
chosen based on the grade level, with at least two-grade-level difference between each group: grades 67, grades 
9- 10, and college. 

Within each group, students were divided among three different overall reasoning development levels based 
on their total scores on the remaining 20 items of the LCTSR, excluding the four chosen COV items. These levels were 
defined based on Lawson’s original research (Lawson, 1978), which included bottom 30% for concrete reasoning, 
medium 40% for transitional reasoning, and top 30% for formal reasoning. In this research, these levels translated 
approximately into score cutoffs (out of 20 points) at 0 to 11 for bottom 30%, 12 to 16 for the intermediate 40%, 
and 17 to 20 for the top 30%. The final percentages and the number of students in each development level for 
different populations are shown in Table 4.

Table 4
Responses to Lawson Test Items P1, P2, F1, and F2 from Grades 6-7, 9-10, and College

Percentage of 
ranking

(%)
Score N

Patterns

01-00
(%)

10-00
(%)

11-01
(%)

11-10
(%)

Grades 6-7

Low 30 0-5 433 6.2 7.8 1.6 0.9

Mid 42 6-9 616 5.8 8.6 1.6 1.1

High 28 10-19 404 4.0 11.6 3.5 6.2

Grades 9-10

Low 33 0-8 991 7.8 11.3 2.4 3.1

Mid 40 9-13 1211 2.6 11.8 3.5 10.2

High 27 14-20 804 2.2 8.4 3.2 23.1

College

Low 29 0-11 523 1.1 3.4 4.2 9.2

Mid 40 12-16 724 0.1 1.4 6.2 20.8

High 31 17-20 573 0.2 0.2 2.3 33.6

Notes: Low (%) means the bottom part of students; Mid (%) means the intermediate part of students; and High (%) means the 
top part of students. 

Similar to the previous analysis on grade levels, the intermediate response patterns on the two pairs of COV 
questions were examined. The results are also included in Table 4, which indicate that the percentage of student 
responses of “01-00” and “11-01” are relatively low, across all grade levels. Within each group, these percentages 
are not significant, and independent of the overall reasoning development level. Both of these two observations 
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suggest that the “01” type response does not represent a meaningful level of reasoning development, and is likely 
due to guessing.

On the other hand, the percentage of student responses of “10-00” and “11-10” are relatively high, across all 
grade levels. Moreover, within each group, as the level of overall reasoning increases, the percentage of student 
responses of “11-10” increases accordingly, contrary to that of “11-01”. This relation is more pronounced in grades 
9-10 and college. These observations also well explain that the “10” response indicates a meaningful level of sci-
entific reasoning, while “01” response indicates guessing.

Putting all these together, the two pattern analysis on student responses of different grade levels and overall 
reasoning development suggest that a correct answer with incorrect reasoning indicates an intermediate level 
of reasoning development, whereas an incorrect answer with correct reasoning is likely a result of guessing. As a 
result, among the 16 answer patterns to the two-tier item pairs of LCTSR, the pattern “10-00” and “11-10” represent 
a higher level of scientific reasoning development that “01-00” and “11-01”, respectively. 

Combined Response Patterns to Item Pairs of Different Difficulty as Good Indicators of  
Reasoning Development Levels

As discussed previously, the response patterns of “01” and “10” represent different levels of development. Ac-
cordingly, students’ development in COV can be divided into different levels based on their responses to the four 
chosen COV items. The pattern “00-00” represents the lowest level, whereas “11-11” represents the highest. The 
intermediate levels are ordered based on the rules shown below:

1. Students are able to provide a correct answer before they can provide the correct reasoning for the 
same item;

2. Students are able to answer the easy items correctly before they can answer the difficult ones correctly;
3. The “01” response (correct answer, incorrect reasoning) is likely a result of guessing.

Following these considerations, all 16 possible response patterns are grouped into six levels.
Level 1 (00-00) includes students giving all incorrect answers, and is the lowest level of reasoning development.
Level 2 (0x-xx) includes students giving an incorrect response to P1, which expands into 7 patterns: “00-01”, 

“01-00”, “01-01”, “00-10”, “01-10”, “00-11”, and “01-11”. If a student cannot answer P1 correctly, according to the rules, 
it is likely that any other correct answers from other items are due to guessing. This level also includes the students 
giving incorrect responses to both P1 and P2 incorrect but correct one(s) to either or both of F1 and F2. Since the 
first item pair (P1 and P2) is easier than the second (F1 and F2), these responses are also considered as the results 
of guessing. Although level 2 is mostly comprised of guessing responses, it is still considered as a level higher than 
level 1, because a correctly guessed response may indicate some level of reasoning, however little or implicit. For 
instance, a student can eliminate some answer choices, and make an informed guess. On the other hand, the “00” 
response could indicate a misconception, which should be separated from guessing.

Level 3 (10-0x) includes students giving correct responses to P1, incorrect to P2, and incorrect to F1: namely, 
“10-00” and “10-01”. The “10-01” response is included in this level, as the correct response of F2 is likely due to 
guessing. This level is considered higher than level 2 because the response to P1 is correct.  

Level 4 (11-0x, 10-1x) includes students giving correct responses to both P1 and P2 or P1 and F1: “11-00”, “11-
01”, “10-10” and “10-11”. These responses are grouped together, as it is unclear which of these responses indicates 
a higher level of reasoning. The “10-11” response is included in this level because there is a possibility that students 
miss P2 while still fully understand F1 and F2. Also, it is unlikely that a student would guess both F1 and F2 correctly.

Level 5 (11-10) includes students giving correct responses to P1, P2, and F1, and incorrect responses to F2: 
“11-10”. It means that students fully understand the easier item pair (P1 and P2), and are in midway to understand 
the more difficult item pair. 

Level 6 (11-11) includes students giving correct responses to all items, which represents the highest level of 
development.
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Table 5
Percentage of Response Patterns from Students in Different Developmental Stages of Scientific Reasoning

Stages of reasoning 
development

Response Patterns

1 2 3 4 5 6
Row Sum

(%)Stages
Overall 
Score

(%)
00-00
(%)

0x-xx
(%)

10-0x
(%)

11-0x, 10-1x
(%)

11-10
(%)

11-11
(%)

1 0.0 46.5 38.2 8.7 6.0 0.5 0.2 100.0

2 10.0 42.6 30.0 11.7 13.5 1.5 0.6 100.0

3 20.0 36.4 23.1 11.9 24.2 3.0 1.4 100.0

4 30.0 29.5 16.2 12.5 35.4 4.6 1.8 100.0

5 40.0 20.8 13.3 11.5 41.1 8.5 4.8 100.0

6 50.0 14.0 12.8 10.5 43.0 11.9 7.9 100.0

7 60.0 9.5 8.0 9.7 46.5 15.4 10.8 100.0

8 70.0 3.9 5.9 5.7 41.3 24.7 18.5 100.0

9 80.0 1.5 5.2 3.2 33.0 35.1 22.0 100.0

10 90.0 1.9 4.8 1.7 26.6 31.2 33.8 100.0

11 100.0 1.0 5.4 3.4 11.3 35.3 43.6 100.0

In order to explore the development of COV skills, all students were divided into 11 developmental stages 
according to the percentage of correct answers of the remaining 20 items in LCTSR. For each of the developmental 
stages, the percentages of students responding with the different patterns are calculated and given in Table 5. The 
changes of the patterns across different developmental stages are plotted in Figure 2.  

The results show that as expected level 1 patterns start with high percentages in the low-end of reasoning 
development and decrease steadily as the stage of reasoning development increases. Similarly, the level 2 patterns 
also decrease as the reasoning development stage increases. This is also expected since the level 2 responses repre-
sent mostly the results of guessing, which should decrease as students’ reasoning skills develop into higher stages.

The level 3 patterns are relatively steady for students from the low-end through the middle of the reason-
ing development stages. These students usually can respond to P1 (the first answer) correctly but have incorrect 
answers to P2 (the reasoning), confirming that answer often precedes reasoning. On the other hand, students in 
higher reasoning stages have less level 3 patterns, which suggests that students at higher reasoning stages have 
developed both “knowing” and “reasoning”. 

The level 4 patterns first increase then decrease with the developmental stage. The results show that more 
and more students are able to answer P1 and P2 correctly as their reasoning kills develop, which accounts for the 
initial increase. Meanwhile students at higher overall reasoning stages begin to answer F1 and F2 correctly, which 
accounts for the decrease.

The level 5 patterns also increase with the reasoning development stage and somewhat plateaued at the 
highest stages. Meanwhile the level 6 patterns increase steadily with the developmental stage. The increases of 
both patterns are more dramatic after stage 7, which suggest that a thorough understanding of COV skills are 
achieved when students develop into the formal reason stage (top 30%). 
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Figure 2 
Percentage of Students From Low-End to High-End Overall Scientific Reasoning Abilities at the Six Performance Levels On P1, 
P2, F1, And F2 Of LCTSR

High Low 

 The results in Figure 2 illustrate the trends of how the different response patterns change with students’ 
stages of overall reasoning development. Among the six levels of response patterns, the most interesting one is 
level 4, which shows a clear concave down shape with a peak at around 60% of the overall reasoning score. The 
remaining five levels are mostly monotonically increasing or decreasing. This suggests that level 4 patterns can be 
an important transitional stage of learning that students may first develop into and then evolve beyond. Therefore, 
assessment of the level 4 patterns may provide useful indicators of substantive cognitive transitions during the 
progression of learning.   

Figure 3
Distribution of the Six Levels of Response Patterns across Different Grades

The same data can also be analyzed in terms of grade level. Student responses are combined into 5 groups 
based on their grade levels: grades 4-5, 6-7, 8-10, 11-12, and college. The percentages of different levels of re-
sponse patterns for different grade groups are plotted in Figure 3, which shows that the higher level of response 
patterns are more popular among advanced students. These results are consistent with those presented in 
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Table 5 and Figure 2. In particular, the level 4 patterns show a more pronounced peak among middle school 
to college students (grades 8-12 and college), which indicates that many of students in these grades are in the 
transitional stage of developing COV skills. This result also corroborates with previous analysis showing that 
the level 4 patterns can be indicators of significant learning transitions.   

Discussion

In this research, a method of combined pattern analysis was proposed for evaluating two-tier item pairs 
on students’ COV skills in LCTSR. To be able to measure students’ COV skills in finer detail, combined patterns of 
two item pairs responses were analyzed to show how they correspond to students both in different grade levels 
and in various stages of overall reasoning development. A few key results were uncovered in this analysis. The 
essential goal of the research was to identify if getting just the answer or just the reasoning correct indicated 
different skill levels, and which represented a higher skill level. On the one hand, the research of how inter-
mediate response patterns represent different reasoning levels in terms of grade levels supports that the “10” 
response indicates a higher level of scientific reasoning development than the “01” response by cross-sectional 
analysis of data from grade 4 through college. The result that the percentage of student responses of “01-00” 
decreases gradually as the grade level increases agrees with Piaget’s cognitive development theory, inferring 
that a higher level on a specific subskill development is more likely to be observed among students from 
higher grade levels (Inhelder & Piaget, 1958; Piaget, 1971).  On the other hand, detailed analysis of data from 
students in different overall reasoning development levels also suggests that a correct answer with incorrect 
reasoning indicates an intermediate level of reasoning development, whereas an incorrect answer with correct 
reasoning does not represent a meaningful level of reasoning development and is likely a result of guessing. 
These results support previous research studies that students are able to provide the correct answer before 
they can provide the correct reasoning (Bayrak, 2013; Caleon & Subramaniam, 2009; 2010; Chang et al., 2007; 
Xiao et al., 2018). This is a result that is often overlooked by traditional two-tier scoring methods, in which the 
“01” and “10” responses are not explicitly distinguished. The traditional scoring of the Lawson Test allows for 
only two levels of performance, both the answer and reasoning need to be correct or no credit is given. It has 
been proved in the present research that the traditional scoring method does not accurately reflect the pos-
sible levels of student understanding. Students who get just the answer correct should be at a higher level 
of understanding than those who get just the reasoning correct or who get both incorrect. It is believed that 
students’ skill levels should be identified at a finer grain size. This leads to a step-function in the scoring of a 
particular individual question or two-tier question.

Based on the previous work, sixteen combined response patterns to the two-tier item pairs of LCTSR were 
ordered and six performance levels were established based on some proven rules. Aside from Piaget’s cogni-
tive development theory that students are able to answer the easy items correctly before they can answer the 
difficult ones correctly (Inhelder & Piaget, 1958; Piaget, 1971), the rules also included that students are able to 
provide a correct answer before they can provide the correct reasoning, and an incorrect answer with correct 
reasoning is likely a result of guessing. From the results, student performance resembles a developmental 
process from low to high skill levels, with level 1 in the low-end and level 6 in the high-end of reasoning devel-
opment. With the method of pattern analysis, a relation was obtained between students’ COV skill, grade level, 
and overall reasoning development. It can be found how the trends of the different response patterns change 
with students’ grade levels and their stages of overall reasoning development. Particularly, level 4 patterns can 
be an important transitional stage of learning that students may first develop into and then evolve beyond. 
The level 4 patterns with a pronounced peak indicate that many of students among middle school to college 
students are in the transitional stage of developing COV skills. It suggests that the level 4 patterns provide use-
ful indicators of significant learning transitions. As the data have shown, reasoning skills develop slowly, and 
there is an intermediate level that traditional scoring does not recognize. The present result is highly valuable, 
indicating that pattern analysis could reflect students’ ability more accurately than the traditional scoring of 
two-tier questions, contribute to better data analysis, and provide with a simple way to track learning progress. 

The research strives to strike a balance between the complexity of the data analysis and the simplicity 
of grading a multiple-choice assessment instrument. Through the above efforts, students can perceive that 
they still retain some valuable thinking even though they may not solve problems correctly in all aspects. This 
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would provide motivation and a sense of achievement for students in the process of developing cognitive 
progression. The results also enable teachers and students to intuitively realize the unique meaning between 
“knowing” and “reasoning”. As in Moraes et al. (2020)’ proposal of using Problem Based Learning (PBL) method 
to cultivate students’ scientific literacy and science concepts, the teachers first consider how students arrive at 
the conclusions to the questions and then how the sys te mi za tion of learning can be achieved. Even students’ 
scientific reasoning were demonstrated to be improved at high, moderate or low levels for different dimensions 
(Erlina et al., 2018), pattern analysis could be served as a technique to deeply excavate student performance 
of the intermediate level difference for each dimension. 

Conclusions 

The present research first conducted a cross-sectional analysis of data from grade 4 through college in 
both the United States and China to explore how intermediate response patterns represent different reasoning 
levels in terms of both students’ grade levels and overall reasoning development levels. The results showed that 
a correct answer with incorrect reasoning indicates an intermediate level of reasoning development, whereas 
an incorrect answer with correct reasoning is likely a result of guessing. Based on the combined response pat-
terns, six performance levels for the two-tier item pairs were established to reflect students’ developmental 
process from low to high skill levels. In particular, the level 4 patterns provide useful indicators of substantial 
cognitive transitions during the learning progression.

The pattern analysis method provides a new way to exploit the information embedded within the combined 
response patterns of two two-tier item pairs of different difficulties. The analysis outcomes are consistent with 
Piaget’s cognitive development theory that a higher level of a particular reasoning skill development is more 
likely to be observed among students from higher grade levels and higher overall scientific reasoning develop-
ment levels. The pattern analysis is an easily accessible method and provides a straightforward interpretation 
of the data. Therefore, this approach can provide a supplemental means to standard statistical tools, which 
can reveal useful information to enrich the interpretation of assessment data regarding students’ learning and 
development. Future work with this pattern analysis method can specialize in additional item pairs in LCTSR, 
as well as other scientific reasoning instruments for their potential power in defining the scientific reasoning 
learning progression.
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