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ABSTRACT 

The Performance Expectations described in the Next Generation Science Standards (NGSS) 

pose significant challenges for assessment design. Multiple models of assessments, including 

paper-and-pencil and hands-on based performance assessments, can be utilized to assess student 

competency while applying scientific and engineering practices, in the context of disciplinary core 

ideas and crosscutting concepts. However, the unique features of different assessments may lead 

to test mode effects. Accordingly, there is an urgent need for empirical studies on the 

comparability and score equivalency of these different test modes. 

This study aims to develop a measurement instrument involving two test administration modes 

(i.e., a paper-and-pencil test and a hands-on based test), for measuring students' proficiencies in 

science, as expected in the NGSS (Achieve, 2013). Additionally, this study aims to validate the 

instrument measures, and to investigate the test administration mode effects, as well as interaction 

effects between trait and mode, gender and trait/mode. 

The instrument was developed through pilot-testing, followed by field-testing. The field 

testing took place in Jiangsu, China, and involved 2604 ninth graders from four Jiangsu-area junior 

high schools. Each participant completed both the paper-based test and the hands-on based test. 

The Many-Facet partial credit Rasch model was applied to the field test data, in order to establish 

evidence of the validity and reliability of the instrument measures, and to investigate the test 

administration mode effects and interaction effects. 

The results indicated that measures from this instrument are reasonably valid and reliable, 

and thus are appropriate for assessing students' competencies in science, reflecting the integration 

of the three dimensions envisioned by the National Research Council Framework and the NGSS. 

The findings also indicated that there are significant test administration mode effects and 
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interaction effects between mode and trait, gender and mode/trait. Students' preference for a 

certain test mode, and their prior experience in taking hands-on based tests, can also significantly 

impact their hands-on based test performance. 

The implication for assessment designers is that providing students with varied opportunities 

through multiple modes of assessment is a necessity, if they are to demonstrate their three

dimensional integrated knowledge. But while designing the assessment, designers not only need 

to pay attention to the equivalency and comparability among different modes of testing modes -

they also need to keep in mind that certain concepts, core ideas, or practices might only be 

appropriately measured by certain test modes, as opposed to all of the test modes. We also 

recommend using Many-facet Rasch modeling measurement, which has advantage of keeping 

student and item estimates independent of the test modes. As to the implications for educators: 

they should provide students with opportunities to conduct inquiry-based activities, such as 

spending time in the laboratory doing experiments, and they should ensure that students be given 

a variety of assessments - including both paper-and-pencil and hands-on assessments- to 

evaluate their science competencies. 
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CHAPTERl 

Introduction 

Science is a critical aspect of the lives of all world citizens. A high-quality science education 

enables students to develop in-depth understandings of content, and to develop key skills

such as communication, collaboration, inquiry, problem solving, and flexibility-which will 

serve them throughout their educational and professional lives (NRC, 2013). Developing 

student proficiency in science has become one of the essential goals of science education. As 

envisioned in the U.S. National Research Council (NRC) Framework for K-12 Science 

Education (NRC, 2012), proficiency in science is defined, through Performance Expectations, 

as what students at various levels of educational experience should know and should be able 

to demonstrate, in terms of intertwined practices of scientific and engineering reasoning, 

crosscutting concepts, and core or "big" ideas within disciplinary areas (Pellegrino, 2013). The 

advent of the new generation of science standards, the Next Generation Science Standards 

(NGSS) (Achieve, 2013), has signaled an important shift, from assessing knowledge and 

practice components separately, to assessing integrating science practices with disciplinary 

core knowledge and crosscutting concepts (Harris, et al., 2016). Accordingly, for the sake of 

promoting student science proficiency, there is an urgent need for various and reliable 

assessments, providing students with opportunities to demonstrate their knowledge and skills 

in relation to scientific content, practices, and thematic understanding, particularly as they 

reflect the integration of the three dimensions envisioned by the National Research Council 

Framework and the NGSS (Sondergeld, Peters - Burton, & Johnson, 2016). 

Over the past few decades, performance assessment has emerged as an alternative to the 

paper-and-pencil test in many disciplines (i.e., reading, writing, Mathematics, Science, and 
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Social studies). In the late 1980s and early 1990s, at least one national commission advocated 

for the replacement of multiple-choice tests with performance assessments (National 

Commission on Testing and Public Policy, 1990). Five states- California, Connecticut, 

Kentucky, Maryland and Vermont----developed and implemented performance assessments to 

assess student performance (Khattri & Sweet, 1996). The National Assessment ofEducational 

Progress conducted extensive pilot testing of hands-on based assessment tasks in science and 

mathematics (Educational Testing Service, 1987). Designed for grades 3, 5 and 8, the 

Maryland School Performance Assessment Program (MSP AP) used interdisciplinary tasks to 

assess students' problem solving, reasoning, and evaluation skills, and provided information 

for school accountability and improvement (Maryland State Board of Education, 1995). 

Currently, performance assessment is widely used as a reliable method to assess student 

learning, especially in mathematics and science (Potter, Ernst, & Glennie, 2017). Compared 

with other assessments, there are many benefits associated with performance assessments; this 

manner of test is said to assess students in more authentic and meaningful ways, employing a 

consideration of both outcome and process in evaluation, an assessment of higher order 

thinking skills, and the use of more appealing materials (Frechtling, 1991). 

Performance assessment encompasses a very wide range of activities. In science, 

performance assessments are usually hands-on based tasks or activities conducted by students, 

enabling them to demonstrate their understandings of scientific knowledge and skills, as well 

as how they process and reason with information (Flynn, 2008). Engaging in those hands-on 

tasks or activities, students design and conduct investigations, formulate hypotheses, record 

phenomena, collect and analyze data, generate explanations, draw conclusions, and 

communicate their solutions with others. As proposed by Chabalengula et al. (2009), hands-on 

based performance assessments can improve inquiry-based science education, promote the 
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development of21 st century skills, involve students in the assessment process, provide teachers 

with valuable information to adjust instruction, and can be used as powerful tools for 

professional development. In alignment with the new framework (NRC, 2012) and standards 

envisioned in the NGSS (Achieve, 2013), hands-on based performance assessments can assess 

students' competencies in applying their knowledge and cognitive thinking and reasoning skills 

to solve substantive and meaningful authentic tasks (Lane, 2010). 

As additional test modes have been created for assessments (i.e., paper-based tests, 

performance assessment), concerns have accordingly been raised regarding the significance of 

comparability and equivalency between different modes of testing administration (Kim & 

Huynh, 2008). As the Standards for Educational and Psychological Testing (American 

Educational Research Association, American Psychological Association, & National Council 

on Measurement in Education, 1999) suggests: "Support should be provided for any assertion 

that scores obtained using different items or testing materials, or different testing procedures, 

are interchangeable for some purpose" (p. 57). 

While there are guidelines and standards for comparability and equivalency between 

different modes of testing administration, researchers have pointed out that there are "test mode 

effects" among different test administration modes (i.e., computer-based assessments, paper

based assessments) (Clariana & Wallace, 2002; Gallagher, Bridgeman, & Cahalan, 2002; 

Jeong, 2014). Bunderson et al. (1989) argued that the chance of a particular student obtaining 

equivalent results on paper and computer is only about 50% (cited in Clariana & Wallace, 

2002). However, previous findings of investigations of test mode effects were not always 

consistent. Taking the computer-based tests and paper-based tests as examples: some 

researchers argued that scores from computer-based tests and paper-based tests are not 

equivalent, due to such factors as mode order, appearance of items, the number of items on 
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computer-based instruments, item order, input devices, paging, item review, item response 

format, design ofcomputer-based tests instruments, subject, grade and interaction ofmode with 

test-takers' characteristics (Bennett et al., 2008; Cerillo & Davis, 2004; Choi & Tinkler, 2002; 

Evans, Tannehill, & Martin, 1995; Fitzpatrick & Tricari, 2005; Ito & Sykes, 2004; Johnson & 

Green, 2004; Keng et al., 2008; Macedo-Rouet et al., 2009; Mead & Drasgow, 1993; Neuman 

& Baydoun, 1998; O'Malley et al., 2005; Pommerich, 2007; Pomplun et al., 2002; Russell & 

Haney, 2000; Wang, Newman, & Witt, 2000; Way et al., 2006). Others proposed that the 

results from those two test modes could be used interchangeably (Akemir & Oquz, 2008; 

Boeve et al., 2005; Clariana & Wallace, 2002; Eid, 2004; Higgins et al., 2005; Kingston, 2002; 

Nichols & Kirkpatrick, 2005; Pommerich, 2004, Pommerich & Burden, 2000; Sterling, 2012; 

Vispoel, Boo & Bleller, 1999; Wang, 2004). For instance, Mead and Drasgow (1993) 

conducted a meta-analysis of 29 previous studies on the equivalence of computerized and 

paper-and-pencil cognitive ability tests. Their findings indicated that computerized tests are 

only slightly more difficult for students than paper-and-pencil tests (with an overall cross-mode 

effect size of -.04), and that there is no medium effect for carefully constructed power tests, 

and no effect for adaptivity. Kingston (2008) synthesized the results of 81 studies of the 

comparability scores of computer-administered and paper-administered tests performed 

between 1997 and 2007, and found that subject, rather than grade (elementary, middle, or high 

school) affected comparability, with computer administration appearing to provide a small 

advantage in English Language Arts and Social Studies tests (with effect sizes of .11 and .15, 

respectively), while paper administration appeared to provide a small advantage in 

Mathematics tests (effect size of -.06). 
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Research Problem 

As called for in the NGSS (Achieve, 2013), students reqmre multiple and varied 

opportunities to demonstrate their competencies, as guided by the Performance Expectations 

for a given grade level (NRC, 2014). Hands-on based performance assessments can be used 

to assess student competency in applying scientific and engineering practices, in the context of 

disciplinary core ideas and crosscutting concepts. Nevertheless, there may be test mode effects 

between hands-on based tests and traditional paper-based tests. Accordingly, there is a need 

for empirical studies on the comparability and score equivalency of hands-on based tests and 

paper-and-pencil tests of the student science proficiencies as expected by the NGSS. Many 

studies have investigated the effects of test administration mode on the various achievements 

and ability measures ofK-12, postsecondary, and adult learners (Wang et al., 2008). However, 

research specifically focused on assessments designed to capture three-dimensional science 

learning, as defined in the NGSS (Achieve, 2013), has been limited. Furthermore, due to the 

poor design and comparison criteria, the existing findings of investigations of score 

equivalence (i.e., between the computer-based tests and the paper-based tests) are always 

contradictory (Sangmeister, 2017). Finally, the mode effect between hands-on based 

performance assessment and the other test administration mode, and the interaction effect 

between trait and mode, gender and trait/mode, remains unknown. 

In order to fill the above-stated research gap, this study's goal was to develop a 

measurement instrument involving two test administration modes (i.e., a paper-and- pencil test 

and a hands-on based test) for measuring students' proficiencies in science, as envisioned in 

the NGSS (Achieve, 2013), while also validating the instrument, and investigating the test 

administration mode effects, and interaction effects between trait and mode, gender and 

trait/mode. Specific research questions include: 
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1. Are measures produced by the instrument reliable and valid for assessing students' 

proficiencies in science, as specified in NGSS? 

2. How can item difficulties and student ability estimates be invariant of test 

modes, i.e., hands-on based tests and paper-and- pencil tests? 

Significance 

The purposes of this study are as follow 1) to develop an instrument involving two test 

administration modes (i.e., a paper-and- pencil test and a hands-on based test), measuring 

student proficiencies in science; this instrument in particular integrates the practices of science 

and engineering, cross-cutting concepts, and core ideas envisioned by the National Research 

Council Framework (NRC, 2012) and the NGSS (Achieve, 2013); 2) to explore, using Many

facet Rasch modeling, test mode effects, trait-by-mode bias and gender-by-mode/trait bias; 3) 

to investigate, using multiple regression analysis, associations between students' experience of, 

and preference for, taking hands-on based tests, the frequency of inquiry-based activities in 

their schooling, and hands-on based test performance. In doing so, this study will make a 

contribution to the development of valid and reliable assessments, providing students with 

varied opportunities to demonstrate their integrated knowledge, as envisioned by the National 

Research Council Framework (NRC, 2012) and the NGSS (Achieve, 2013), while taking into 

consideration the effects of mode of test administration. This study will also fill the gap in the 

current literature, concerning test mode effects and interactions between trait and mode, and 

gender and mode/trait, in terms of hands-on based performance assessments as compared to 

paper-and-pencil tests. Finally, this study will explore effective instructional strategies as they 

relate to performance assessment, and will suggest possible directions for improving science 

curriculum and instruction. 
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Theoretical Framework 

As more and more test administration modes - such as computer-based assessment and 

hands-on based assessment - come to play greater roles in educational assessment, 

equivalence among those different test administration modes, making examinees' test scores 

comparable and interchangeable, should be ensured. As the Guidelines for Computer-Based 

Tests and Interpretations (APA, 1986) emphasized: 

"Scores from conventional and computer administrations may be considered equivalent 

when (a) the rank orders of scores of individuals tested in alternative modes closely 

approximate each other, and (b) the means, dispersions and shapes ofthe score distributions 

are approximately the same, or have been made approximately the same by rescaling the 

scores from the computer mode" (p. 18) 

However, numerous studies have indicated that the existence of test mode effects cannot 

be eliminated (Bennett, 2003; Bennett et al., 2008; Bodmann & Robinson, 2004; Bridgeman, 

Lennon, & Jackenthal, 2003; Buerger, Krohne, & Goldhammer, 2016; Clariana & Wallace, 

2002; Heerwegh & Loosveldt, 2002; Higgins, Russell, & Hoffmann, 2005; Kim & Huynh, 

2008; Kingston, 2009; Mazzeo & Harvey, 1988; Kroehne & Martens, 2011; Pearson 

Educational Measurement, 2005; Parshall et al., 2010; Parshall et al., 2012; Poggio, Glasnapp, 

Yang, & Poggio, 2005; Pommerich, 2004; Schroeders & Wilhelm, 2010; Schwarz, Rich, & 

Podrabsky, 2003; Sireci & Zenisky, 2006; Wang et al., 2008). According to Buerger, Krohne, 

and Goldhammer (2016), taking comparisons of the paper-based test versus computer-based 

test as an example, on the basis of empirical evidence from previous studies, test mode effects 

can be caused by the following properties: input devices (e.g., pen, mouse, touchscreen), test 

and item layout (e.g., presentation of items on a page on paper or one item at a time on the 

screen of a computer), scrolling (e.g., scrolling or paging with a mouse or touchpad), item 
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review (e.g., inability to review and revise test response), item response format (e.g., 

assignment tasks or constructed responses, the complexity of an item), and interaction of mode 

with examinees' characteristics (e.g., a person's general familiarity with computers). 

Regarding the investigation of the appropriateness of comparisons in equivalence studies, 

and empirical designs for analyzing test mode effects, Buerger, Krohne, and Goldhammer 

(2016) proposed that the assignment of persons to mode (see Figure 1-1) needed to be first 

thoroughly taken into consideration when comparing different modes. They argued that, as 

compared with between-subject design (meaning that each examinee participates in the test in 

only one mode), the within-subject design (wherein each examinee participates in all the tests 

in different modes) has advantages, such as higher statistical power. 

Changing Mode 

Between subject Within subject 

[IJ random 12] self 

/ 
[31 fixed 

selected order 

[4] ~elf [51 random 
selected 

Figure 1-1. Design for Mode Effect Study. Mode changing between subjects with 
randomization to the mode or by self-selection; or within subjects with fixed or variable order 
of the test parts. Source: Buerger, Krohne, & Goldhammer (2016, p. 602). 

Then, Buerger, Krohne, and Goldhammer presented three important criteria of 

equivalence between different test administration modes, in accordance with the intended use 

of test scores and test score interpretations. The first criterion of equivalence is construct 

equivalence, which requires that the construct being measured by the test is the same in 
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different modes. The second criterion of equivalence is the same level of test reliability in 

different modes. Particularly in the context of IR T modeling, reliability is a function of item 

difficulty and item discrimination parameters, which represents another criterion for evaluating 

mode differences. The third criterion is the equality of item parameters, such as difficulty and 

discrimination (depending on the measurement model). To Buerger, Krohne, and Goldhammer, 

mode-related differences reflected in item parameters can be classified as a) homogeneous 

effects on the test level that affect all items in a similar manner, orb) heterogeneous effects on 

the item level. 

Developed by Linacre (1989), the Many-facet Rasch measurement is a member of a 

growing family ofmodels which all have roots in the dichotomous Rasch model (Eckes, 2011). 

The dichotomous Rasch model is a two-faceted model used to model the relation between the 

examinee's ability and his or her response to a test item (Zhu et al., 1998). Many-facet Rasch 

measurement extends the two-faceted Rasch model, and can be used to investigate the impact 

of multiple variables or facets, in addition to person ability and item difficulty on the 

assessment outcomes. This may include facets such as rater severity, scoring criteria, 

interviewers and potentially many others (Eckes, 2011). According to Sahin, Teker and Giller 

(2016), as compared with the classical test theory, the Many-facet Rasch model has following 

advantages: a) it helps to move out bias problems arising in the direction of scores close to the 

average, and against extreme scores; b) estimations for each facet are made independently of 

the other facets in the model; c) a separate reliability coefficient is calculated for each facet in 

the model, and the unexpected situations in each facet can be revealed, one by one, through fit 

tests; d) it forms a joint scale, in which the parameter estimations for each facet are included, 

and thus it provides great flexibility in interpreting the facets. 
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Informed by Buerger, Krohne, and Goldhammer, this current study took into thorough 

consideration the assignment of examinees and three criteria of equivalence. Specifically, this 

study conducted within-subject design; the construct equivalence, test reliability and equality 

of item parameters were thoroughly investigated by using Many-facet Rasch measurement. In 

this study, test administration modes refer to paper-based tests and hands-on based 

performance tests. 
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CHAPTER2 

Review of Literature 

The Next Generation Science Standards (NGSS) 

Released at a pivotal time, as science education is facing a dramatic change (Lee & 

Januszyk, 2014), the Next Generation Science Standards (NGSS) (Achieve, 2013) are the 

culmination of a three-year, multi-step process, jointly undertaken by the National Research 

Council (NRC), the National Science Teacher Association, and the American Association for 

the Advancement of Science and Achieve, Inc., with the support of the Carnegie Corporation 

of New York. The NRC, the operating arm of the National Academy of Science (NAS) and 

the National Academy of Engineering (NAE), began the process by releasing A Framework 

for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas (hereafter 

referred to as "the framework") in July 2011. The new framework, and the Next Generation 

Science Standards: For States, By States, are designed to guide educators in significantly 

altering the way science is taught-from kindergarten through high school (K-12). Based on 

influential documents about science education for K-12 students, including the National 

Science Education Standards (National Research Council (NRC), 1996) the Benchmarks for 

Science Literacy: A Tool for Curriculum Reform (American Association for the Advancement 

of Science, 1993, 2009), and the Science Framework for the 2009 National Assessment of 

Educational Progress (National Assessment Governing Board, 2009), the framework offers a 

new vision for science education. This vision, rooted in scientific evidence, outlines the 

knowledge and skills that students need to learn from kindergarten through high school (K-12): 

"that all students-not just those who intend to pursue science beyond high school-will learn 

core scientific ideas in increasing depth over multiple years of schooling" (NRC, 2014, p.11). 

It provides the foundation for new science education standards published the following year 
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(Achieve, 2013), and aims to make science education more closely mirror the way science is 

practiced, and applied in the way scientists actually work and think. Significantly, the 

framework emphasizes that cumulative learning opportunities are required to ensure that: 

[By] the end of12th grade, all students have some appreciation ofthe beauty and wonder 

of science; possess sufficient knowledge of science and engineering to engage in public 

discussions on related issues; are careful consumers of scientific and technological 

information related to their everyday lives; are able to continue to learn about science outside 

school; and have the skills to enter careers oftheir choice, including (but not limited to) careers 

in science, engineering, and technology (National Research Council, 2012, p. 1). 

The framework structures science learning around three dimensions (Table 2-1 ): the 

Scientific and Engineering Practices through which scientists and engineers do their work; the 

key Crosscutting Concepts that link the science disciplines; and the Disciplinary Core Ideas of 

the disciplines of life sciences, physical sciences, earth and space sciences, and engineering 

and technology. To be more precise, what follows is a complete description of the dimensions: 

Dimension 1: Scientific and Engineering Practices-----describe what scientists do to 

investigate the natural world, and what engineers do to design and build systems. The practices 

better explain and extend what is meant by "inquiry" in science, and the range of cognitive, 

social, and physical practices that it requires. Students engage in practices to build, deepen, and 

apply their knowledge of core ideas and crosscutting concepts. Dimension 2: Crosscutting 

Concepts--help students explore connections across the four domains of science, including 

Physical Science, Life Science, Earth and Space Science, and Engineering Design. When these 

concepts, such as "cause and effect", are made explicit to students, they can help them develop 

a coherent and scientifically-based view of the world around them. Dimension 3: Disciplinary 

Core Ideas--are key ideas in science which have broad importance within, or across, 
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multiple science or engineering disciplines. These core ideas build on each other as students 

progress through the grade levels, and are grouped into the following four domains: Physical 

Science, Life Science, Earth and Space Science, and Engineering. The framework emphasizes 

that science and engineering education should support the integration ofdisciplinary core ideas 

and crosscutting concepts with the practices needed to engage in scientific inquiry and 

engineering design (NRC, 2014). An important goal of science learning for students is their 

flexible and effective use of these practices, crosscutting concepts, and disciplinary core ideas 

as tools when addressing new problems, as well as transfering learning into new contexts (NRC, 

2000, 2007). 

Table 2-1 
Three Dimensions ofthe Framework 

The Three Dimensions of the Framework 

Scientific and Engineering Practices 
1. Asking questions (for science) and defining problems (for engineering) 
2. Developing and using models 
3. Planning and carrying out investigations 
4. Analyzing and interpreting data 
5. Using mathematics and computational thinking 
6. Constructing explanations ( for science) and designing solutions ( for 

engineering) 
7. Engaging in argument from evidence 
8. Obtaining, evaluating, and communicating information 

Crosscutting Concepts 
1. Patterns. Observed patterns of forms and events guide organization and 

classification, and they prompt questions about relationships and the factors 
that influence them. 

2. Cause and effect: Mechanism and explanation. Events have causes, sometimes 
simple, sometimes multifaceted. A major activity of science is investigating 
and explaining causal relationships, and the mechanisms by which they are 
mediated. Such mechanisms can then be tested across given contexts and 
used to predict and explain events in new contexts. 

3. Scale, proportion, and quantity. In considering phenomena, it is critical to 
recognize what is relevant at different measures of size, time, and energy, and 
to recognize how changes in scale, proportion, or quantity affect a system's 
structure or performance. 
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4. Systems and system models. Defining the system under study-specifying its 
boundaries and making explicit a model of that system-provides tools for 
understanding and testing ideas that are applicable throughout science and 
engmeermg. 

5. Energy and matter: Flows, cycles, and conservation. Tracking fluxes of energy 
and matter into, out of, and within systems helps one understand the systems' 
possibilities and limitations. 

6. Structure andfunction . The way in which an object or living thing is shaped, 
and its substructure, determine many of its properties and functions. 

7. Stability and change. For natural and built systems alike, conditions of stability 
and determinants of rates of change or evolution of a system are critical 
elements of study. 

Disciplinary Core Ideas 
Physical Sciences 

PS 1: Matter and its interactions 
PS2: Motion and stability: Forces and interactions 
PS3 : Energy 
PS4: Waves and their applications in technologies for information transfer 

Life Sciences 
LS 1: From molecules to organisms: Structures and processes 
LS2: Ecosystems: Interactions, energy, and dynamics 
LS3: Heredity: Inheritance and variation of traits 
LS4: Biological evolution: Unity and diversity 

Earth and Space Sciences 
ESS 1: Earth's place in the universe 
ESS2: Earth's systems 
ESS3: Earth and human activity 

Engineering, Technology, and Applications ofScience 
ETS 1: Engineering design 
ETS2: Links between engineering, technology, science, and society 

Source: NRC (2012, p. 3). 

Within the NGSS (Achieve, 2013), the following three important dimensions are combined 

to form each standard--Performance Expectations ( example shown in Table 2-2), which are 

statements about what students should know and be able to do at each grade level; they include 

descriptions of the ways in which students at each grade level are expected to use the practices 

and crosscutting concepts, combined with the knowledge they are expected to have of the core 

ideas. Each dimension works with the other two, facilitating students' understanding of how 

the way in which scientific phenomena are modeled may influence conceptual understanding 

(NRC, 2014). In other words, Scientific and Engineering Practices are coupled with various 
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components of the Disciplinary Core Ideas and Crosscutting Concepts to make up the 

Performance Expectations (NRC, 2013). As stated in the Framework: 

Standards andperformance expectations that are aligned to the framework must take into 

account that students cannot fully understand scientific ... ideas without engaging in the 

practices of inquiry and the discourses by which such ideas are developed and refined. At the 

same time, they cannot learn or show competence in practices except in the context ofspecific 

content (NRC, 2012, p. 218). 

Table 2-2 

Example ofa Performance Expectation in the NGSS 

Matter and its interactions for students in 2nd Grade 

2-PSl Matter and Its Interactions 
*The performance expectations marked with an asterisk integrate traditional science content 

with engineering, through a Practice or Disciplinary Core Idea. The section entitled 
"Disciplinary Core Ideas" is reproduced verbatim from A Framework for K-12 Science 
Education: Practices, Crosscutting Concepts, and Core Ideas. Integrated and reprinted with 
permission from the National Academy of Sciences. 

Students who demonstrate understanding can: 

2-PSl-1. Plan and conduct an investigation to describe and classify different kinds of 
materials by their observable properties. [Clarification Statement: Observations could 
include color, texture, hardness, and flexibility. Patterns could include the similar properties 
that different materials share.] 

2-PSl-2. Analyze data obtained from testing different materials to determine which 
materials have the properties that are best suited for an intended purpose.* 
[Clarification Statement: Examples of properties could include strength, flexibility, 
hardness, texture, and absorbency.] [Assessment Boundary: Assessment of quantitative 
measurements is limited to length.] 

2-PSl-3. Make observations to construct an evidence-based account of how an object 
made of a small set of pieces can be disassembled and made into a new object. 
[Clarification Statement: Examples of pieces could include blocks, building bricks, or other 
assorted small objects.] 
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2-PSl-4. Construct an argument with evidence that some changes caused by heating 
or cooling can be reversed and some cannot. [Clarification Statement: Examples of 
reversible changes could include materials such as water and butter at different temperatures. 
Examples of irreversible changes could include cooking an egg, freezing a plant leaf, and 
heating paper.] 

Science and Engineering 
Practices 
Planning and Carrying 
Out Investigations 
Planning and carrying out 
investigations to answer 
questions or test solutions to 
problems in K-2 builds on 
prior experiences and 
progresses to simple 
investigations, based on fair 
tests, which provide data to 
support explanations or 
design solutions. 
• Plan and conduct an 

investigation 
collaboratively to produce 
data to serve as the basis 
for evidence to answer a 
question. (2-PSl-1) 

Analyzing and 
Interpreting Data 
Analyzing data in K-2 
builds on prior experiences 
and progresses to collecting, 
recording, and sharing 
observations. 
• Analyze data from tests of 

an object or tool to 
determine if works as 
intended. (2-PS 1-2) 

Constructing Explanations 
and Designing Solutions 
Constructing explanations 
and designing solutions in 
K-2 builds on prior 
experiences, and progresses 
to the use of evidence and 

Disciplinary Core Ideas 
PSl.A: Structure and 
Properties of Matter 
• Different kinds of matter 

exist and many of them 
can be either solid or 
liquid, depending on 
temperature. Matter can 
be described and 
classified by its 
observable properties. (2-
PS 1-1) 

• Different properties are 
suited to different 
purposes. (2-PSl-2, 2-
PSl-3) 

• A great variety of objects 
can be built up from a 
small set of pieces. (2-
PSl-3) 

PSl.B: Chemical 
Reactions 
• Heating or cooling a 

substance may cause 
changes that can be 
observed. Sometimes 
these changes are 
reversible, and sometimes 
they are not. (2-PSl-4) 

Crosscutting Concepts 
Patterns 
• Patterns in the natural and 

human designed world 
can be observed. (2-PS 1-
1) 

Cause and Effect 
• Events have causes that 

generate observable 
patterns. (2-PSl-4) 

• Simple tests can be 
designed to gather 
evidence to support or 
refute student ideas about 
causes. (2-PSl-2) 

Energy and Matter 
• Objects may break into 

smaller pieces and be put 
together into larger 
pieces, or change shapes. 
(2-PSl-3) 

Connections to 
Engineering, Technology, 
and Applications of 
Science 
Influence of Engineering, 
Technology, and Science 
on Society and the Natural 
World 
• Every human-made 

product is designed by 
applying some knowledge 
of the natural world and is 
built using materials 
derived from the natural 
world. (2-PSl-2) 
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ideas in constructing 
evidence-based accounts of 
natural phenomena and 
designing solutions. 
• Make observations 

( firsthand or from media) 
to construct an evidence
based account for natural 
phenomena. (2-PSl-3) 

Engaging in Argument 
from Evidence 
Engaging in argument from 
evidence in K-2 builds on 
prior experiences and 
progresses to comparing 
ideas and representations 
about the natural and 
designed world(s). 
• Construct an argument 

with evidence to support a 
claim. (2-PSl-4) 

Source: NRC (2014, pp. 34-35). 

Developing Assessments for the Framework and the NGSS 

The three-dimensional structure of the framework (NRC, 2012) signals an important shift 

for science education. It calls for new assessments which capture students' competencies in 

performing the practices of science and engineering by applying the knowledge and skills they 

have learned, in terms of the intertwined three-dimensional performance standards described 

in the NGSS (Achieve, 2013). According to NRC (2014), new assessment tasks for the NGSS 

(Achieve, 2013) should be guided by theory and research about science learning, to ensure that 

those assessment tasks 1) are consistent with the framework (NRC, 2012) and the NGSS 

(Achieve, 2013), 2) provide information to support the intended inferences, and 3) are valid for 

the intended use (p. 81 ). It would not be feasible to assess the entire performance expectations 

envisioned in the NGSS (Achieve, 2013) for a given grade level within only one assessment. 

As a result, for the sake of better assessing students' connected use of different scientific 
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practices in the context of interconnected disciplinary ideas and crosscutting concepts, multiple 

and varied assessment tasks, including multiple components, are needed. These would consist 

of different kinds of activities or questions - for instance, a multicomponent task may be 

comprised of a set of interrelated questions, selected-response questions, short-answer 

questions, extended-responses questions, performance tasks - providing students with 

opportunities to demonstrate their competencies, in line with the Performance Expectations. 

Moreover, the use of varied assessment formats will help to cover the Performance 

Expectations more completely than any assessment using only one format (NRC, 2014). 

To date, two contemporary approaches to assessment development have been 

recommended as most appropriate for designing individual assessment tasks, and collections 

of tasks, to evaluate students' proficiencies in science per the Performance Expectations 

envisioned in the NGSS (Achieve, 2013). They are Evidence-Centered Design (Almond, 

Steinberg, & Mislevy, 2002; Mislevy, Steinberg, & Almond, 2003; Mislevy & Riconscente, 

2006) and Construct Modeling (Wilson, 2005). 

Evidence-Centered Design emphasizes the process of reasoning, from the necessarily 

limited evidence ofwhat students do in a testing situation, to claims about what they know and 

can do in the real world (Zieky, 2014). For Evidence-Centered Design approach, an 

evidentiary assessment argument requires each target of measurement to be addressed as a 

claim about student learning that is supported by observable and defensible evidence relevant 

to the intended use of the assessment (Huff et al., 2010). 

The iterative and incremental process is composed of three essential components: claim, 

evidence, and task models. It starts with precise claims about what knowledge students should 

have, and the ways in which they are supposed to obtain this knowledge. Those claims are then 

linked to observable evidence, including which features need to be presented and how they are 
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weighted in any evidentiary scheme, which in tum provides support for those claims (NRC, 

2014). Once evidence has been identified, the design of the tasks can begin. The tasks are a 

collection of task features, each defined according to the evidentiary focus and intended 

cognitive demand, providing students opportunities to demonstrate their knowledge and skills. 

Overall, Evidence-Centered Design is practical and feasible; as it emphasizes what is 

taught and valued in the classroom, resulting score inferences are strongly supported by an 

evidentiary argument (Hendrickson, Ewing, & Kaliski, 2013). However, the implementation 

ofEvidence-Centered Design for test development is very challenging, and to this day, the use 

of Evidence-Centered Design is still quite limited ( e.g., Cisco [Behrens, Mislevy, Bauer, 

Williamson, & Levy, 2004]). 

Developed by Wilson and his colleagues, Construct Modeling has also been considered 

an important and valid approach to assessment development. Wilson (2005) proposed four 

building blocks as a guide to the assessment design process: 1) Construct Map: on the basis of 

the existing literature and a task analysis, propose a construct map that consists of working 

definitions ofwhat is to be measured, arranged in terms of consecutive levels ofunderstanding 

or complexity; 2) Item Design: generate possible forms of items and task that will be used to 

provide evidence about students' knowledge and skills, as embodied in the constructs, and 

systematically create an assessment target for each knowledge level in the construct map; 3) 

Outcome Space: create a scoring guide that links the qualitatively different levels of responses 

to items and tasks that are associated with different levels of the construct; 4) Measurement 

Model: use a measurement model (in particular, Rasch analysis and Wright maps) to evaluate 

and revise the construct map and assessment. These building blocks are described in a linear 

format, yet the construct modeling approach encourages iterative refinement of the theoretical 

construct map, in response to empirical findings (Rittle-Johnson et al., 2011). 
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These four building blocks have been increasingly used to develop assessments of both 

science content (Briggs et al., 2006; Claesgens et al. , 2009; Dawson-Tunik, Commons, Wilson, 

& Fischer, 2005; Wilson & Sloane, 2000) and science practices (Brown et al., 2010); they are 

also applied to design and test models of typical progression of understanding of certain 

concepts (see Acton et al., 2005; Black et al., 2011; Masse, Heesch, Eason, & Wilson, 2006; 

Wilson, 2008; Wilson, 2009), and to knowledge progression (Rittle-Johnson et al., 2011). 

According to the National Research Council (2014), both Evidence-Centered Design and 

Construct Modeling approach the process of assessment design and development by: 

• analyzing the cognitive domain that is the target ofan assessment; 

• specifying the constructs to be assessed, in language detailed enough to guide task design; 

• identifying the inferences that the assessment should support; 

• laying out the type ofevidence needed to support those inferences; 

•designing tasks to collect that evidence, modeling how the evidence can be assembled and 

used to reach valid conclusions; and 

• iterating through the above stages to refine the process, especially as new evidence becomes 

available (p. 52). 

To ensure that assessments of a given performance expectation in the NGSS (Achieve, 

2013) provide the evidence necessary to support the target inference about the constructs 

measured, and to elicit student performances demonstrating their proficiencies, the National 

Research Council recommended that assessment developers take a methodical and systematic 

approach to designing assessment tasks. Evidence-Centered Design or Construct Modeling, 

which are considered useful in developing assessment tasks which effectively measure content 

intertwined with practices, are examples of such an approach (NRC, 2014). Furthermore, as 

the framework (NRC, 2012) provides sketches of possible progressions for achieving each 

practice or cross-cutting concept, it calls for assessment to be sensitive both to grade-level 
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appropriate performances, and to intermediate performances that may be appropriate at 

somewhat lower or higher grade levels (Pellegrino, 2013). 

According to Pellegrino (2013), five important elements should be taken into consideration 

when designing assessment items and tasks related to the Performance Expectations: 1) the 

kinds of conceptual models and evidence with which we expect students to engage, 2) grade

level appropriate contexts for assessing performance expectations, 3) options for task design 

features (e.g., computer-based simulations or animations, writing or drawing), and which of 

these are essential for eliciting students' ideas about the performance expectations, and 4) the 

types of evidence which will reveal levels of student understanding and skill (p. 321 ). 

Performance Assessment 

Performance assessment, which has also been called alternative assessment, authentic 

assessment, performance evaluation, or performance task (Herman, 1992), often implies "A 

more formal assessment of a student as he or she engages in a performance-based activity or 

task. Students are often provided with apparatus and are expected to design and conduct an 

investigation and communicate findings during a specified period of time. For example, 

students may be given the appropriate material and asked to investigate the preferences of sow 

bugs for light and dark, and dry or damp environments" (NRC, 2001, pp. 60-61). When 

engaged in performance tasks or activities, students apply their knowledge, use different 

approaches to solving real situation problems, and provide reasoning for their solutions (Lane, 

2010). Stecher (2010) addressed four important elements comprising the performance 

assessment: structured situation, stimulus material or information, explicit directions indicating 

the nature of the desired response, and standardized scoring rubrics. Freda and Koplin (2011) 

furthermore concluded that performance assessment task should encompass: 1) an overarching 

complex task which is broken down into sub-tasks for/by the students; 2) a task encouraging 
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students to make connections to wider work and/or life issues, and to their experiences; 3) tasks 

which are supported by the provision of many resources, from multiple sources; 4) tasks which 

are collaborative and elicit multiple perspectives; 5) tasks which provide enough scope to 

critically engage with the discipline and its field; 6) tasks which allow connection between a 

student's current understanding and "new" information being presented (pp. 64-65). 

Performance-based assessment is an effective way to assess students' higher-level 

cognitive abilities, such as analysis, synthesis, problem solving, reasoning, and critical thinking, 

integrating and demonstrating their understandings of multiple subjects by creating responses 

or performing the tasks (Baker, 1997; Tsagari, 2004; VanTassel-Baska, 2013). In addition, 

performance assessments can measure learning progression, both quantitatively and 

qualitatively (Mislevy, 1996). In science, performance-based assessments are often applied to 

measure changes in conceptual and content understanding across all levels of ability (Kim et 

al., 2014). For instance, the California Golden State Examination for laboratory-performance 

tasks focuses on mastery of scientific methods, problem solving, and understandings of 

scientific concepts (California Department of Education, 1993). The Connecticut Academic 

Performance Test emphasizes science-process skills, including the ability to define a problem, 

design an experiment, reason logically, make inferences and conclusions that are consistent 

with observations or misconceptions, and communicate clearly (Greig, Wise, & Lomask, 1994, 

cited in Colley, 2008). 

Performance-based assessment evaluates not only the final outcome, but also the 

procedures and strategies conducted to achieve the outcome (Espinosa, 2015); not only the 

students' mastery of scientific knowledge, but their competency in applying their knowledge 

and skills in solving problems, or in transferring learning in new contexts (Glisan et al., 2007; 

Herrera et al., 2013). Moreover, because performance-based assessment allows students to 
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demonstrate their competency in ways compatible with their own learning experience, it is 

suitable for assessing nearly all types oflearning, and is particularly useful in assessing science

process skills, such as critical thinking, problem solving skills, scientific reasoning, and 

investigation conducting (Colley, 2008; Okey, 1995; Timmerman et al., 2013). For instance, 

inquiry can be included in performance-based tasks requiring students to design certain 

experimental procedures (Colley, 2008). 

In addition, performance-based assessment also provides a more authentic indication of 

student achievement, which can serve both formative and summative roles - unlike selected

response formats such as multiple-choice assessments (Gale et al., 2016) - because 

performance-based assessment directly elicits students' performance on authentic tasks 

approximating real-world science problems (Okey, 1995; Worthen, 1993). Wenning (2007) 

proposed that procedural knowledge be assessed only by means of performance tests. 

Furthermore, numerous studies have shown that performance-based assessments not only can 

predict students' abilities to apply knowledge learned, but also involve students directly and 

deeply in their learning process, increasing their confidence and motivation to learn (Ernst, 

2008; Stiggins, 2001). 

Although in some cases, computer simulations can replace actual materials and journals in 

which students would otherwise document results, interpretations, and conclusions, serving as 

proxies for observers (Shavelson, Baxter, & Pine, 1991, cited in NRC, 2001), in science 

education, performance assessment usually refers to hands-on based tasks which students must 

complete, individually or in small groups, by applying knowledge and skills relevant to real

world contexts (Sondergeld et al., 2016). 

Stressing students' hands-on laboratory experiences has been one of the main emphases of 

science curricula for decades (Schwartz, 2004). Hands-on laboratory activities encourage 
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students to make observations, define problems, formulate and test hypotheses, interpret data, 

formulate inferences, make generalizations and communicate their findings (Shulman & Tamir, 

1973; Sund & Trowbridge, 1973). Researchers have found that, when properly developed, 

laboratory activities have deep benefits for students, such as enhancing their meaningful 

learning, and their understandings of science concepts and the nature of science (Hofstein et 

al., 2005). For instance, the results of the study of Hofstein et al. (2004) indicated that 

providing students with opportunities to engage in inquiry-type experiments in the chemistry 

laboratory could improve their competencies in asking high-level questions, hypothesizing, 

and in identifying questions for further experimental investigations. 

Recently, hands-on based laboratory activities, requiring students to demonstrate their 

inquiry competencies in the laboratory-using authentic equipment and materials-have 

become a feature ofperformance assessments designed to assess scientific competencies (Kuo 

et al., 2015). For instance, in order to assess students' scientific inquiry competencies, Zachos 

et al. (2000) designed three one-hour inquiry tasks (Floating and Sinking, the Period of 

Oscillation of a Pendulum, and Equilibrium on a Beam Balance), allowing participants to 

engage in direct inquiry into a natural phenomenon, with authentic supplies, materials, and 

equipment for testing. Hofstein et al. (2005) developed a practical test (in the form of an 

inquiry-type experiment) examining students' ability to ask questions related to their 

observations and findings. In their test, students were required to conduct a simple experiment, 

in which they were instructed to mix two unknown powders with a small amount of water, 

which was subsequently placed in a small plastic bag; they were then asked to observe the 

changes carefully, and to record their observations. 

In alignment with the integrated learning called for in the NGSS (Achieve, 2013), hands

on based performance assessments can fulfill the intent of at least one disciplinary core topic, 
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or one crosscutting theme, and one science and engineering practice (Potter, Ernst, & Glennie, 

2017), e.g., "Asking students to demonstrate their own understanding of the implications of a 

scientific idea by developing their own explanations of phenomena, whether based on 

observations they have made or models they have developed, engages them in an essential part 

of the process by which conceptual change can occur" (NGSS, 2013, p. 11). 

However, there are still some concerns associated with hands-on based performance 

assessments (Clarke-Midura et al., 2011), such as the difficulty and high cost of assessment 

design and administration, the unreliability of scoring, the fact that they can be very time

consuming, the material requirements and associated costs, domain underrepresentation, and 

their lack ofpsychometrically sound qualities (Adair-Hauck et al., 2006; Baxter & Glaser, 1999; 

Colley, 2008; Dunbar, Koretz, & Hoover, 1991; Frechtling, 1991; Hambleton & Murphy, 1992; 

Hickey & Zuiker, 2012; Linn et al., 1991; Plucker, Callahan, & Tomchin, 1996; Shaw & 

Nagashima, 2009; Spector, 2015; Stiggings et al., 2007; Yildirim & Orsdemir, 2013). For 

instance, Baxter et al. (1992) found that the reliability of scores, and agreement on procedures 

for performance assessment (a notebook surrogate), varied by students' hands-on science 

experience. Their findings also indicated that two performance assessments ( a paper towel 

investigation and a notebook surrogate) correlated less with traditional ability than did a 

multiple-choice science achievement test. However, researchers also agree that, although all 

the challenges mentioned above are reasonable, most ofthem could be overcome ifassessments 

are appropriately designed (Baxter et al., 1992; Espinosa, 2015; Sarouphim, 2000). 

Furthermore, despite researchers' proposing that performance assessment has the potential 

to provide more equitable assessment, like other assessment forms, it still may measure 

construct-irrelevant features and may impact different groups of examinees differently (Lane, 

2010). For instance, Lane, Wang, and Magone (1996) examined differential item responses 
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between male students and female students in students' solution strategies, mathematical 

explanations, and mathematical errors. Their results suggested that female students performed 

better than their matched male peers, as they tended to provide more comprehensive conceptual 

explanations, and displayed their solution strategies more completely. 

Test Administration Mode Effect 

With the emergence of various assessments, increasing concerns have been raised 

regarding the equivalency of scores received from different test administration modes. Taking 

the computer-based test and paper-based test as examples, previous empirical studies have 

found many factors leading to test administration mode differences (Wang et al., 2008), such 

as how the items appeared, the number of items on computer-based instruments, item order, 

input devices, paging, item review, item response format, design of computer-based tests 

instruments, subject, grade, and interaction of mode with test-takers' characteristics, including 

computer anxiety and prior experience using technology (Bennett, 2003; Bennett et al., 2008; 

Beaton & Zwick, 1990; Bodmann & Robinson, 2004; Bridgeman, Lennon, & Jackenthal, 2003; 

Buerger, Krohne, & Goldhammer, 2016; Clariana & Wallace, 2002; Cizek, 1991; Choi & 

Tinkler, 2002; Coon, McLeod, & Thissen, 2002; Gaskill & Marshall, 2008; Gu et al., 2006; 

Hargreaves et al., 2004; Heerwegh & Loosveldt, 2002; Higgins, Russell, & Hoffmann, 2005; 

Kim & Huynh, 2008; Kingston, 2009; Mazzeo & Harvey, 1988; Kroehne & Martens, 2011; 

Pearson Educational Measurement, 2005; Parshall et al., 2010; Parshall et al., 2012; Poggio, 

Glasnapp, Yang, & Poggio, 2005; Pommerich, 2004; Pomplun et al., 2006; Schroeders & 

Wilhelm, 2010; Schwarz, Rich, & Podrabsky, 2003; Sireci & Zenisky, 2006). It has been 

shown that scrolling through reading passages interfered with taking the test (Bridgeman et al., 

2003). Similarly, although not statistically significant, Pommerich (2004) indicated that, for 

the science-reasoning test, examinees who moved through the passage by paging scored higher 
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than those who moved through the passage by scrolling. Paek (2005) concluded that mode 

effect indicates mixed results depending on item type and grade. The findings ofOECD (2007) 

and PEM (2001) indicated that score differences were influenced by gender. Wang et al. (2008) 

conducted a meta-analysis to synthesize the administration mode effects of computer-based 

tests and paper-and-pencil tests on K-12 student reading assessment. Their findings indicated 

that four moderator variables-study design, sample size, computer delivery algorithm, and 

computer practice-made a statistically significant contribution to the prediction effect size. 

Sangmeister (2017) conducted a study to detect the differences between paper-based 

assessment and computer-based assessment at the item level; his study showed that both test 

formats can represent commercial competence in a valid and reliable way, but differences were 

found for certain items, in terms of the number of correct responses. The paper-based 

assessment showed a slight advantage, with respect to overall item and model fit. However, 

domain specific items were easier to solve in computer-based assessments than in paper-based 

assessment, whereas more general items were answered correctly more frequently in the latter. 

A substantial body of literature revealed that the test administration mode has an impact 

on test-taking motivation and examinee performance ( e.g., Mazzeo & Harvey, 1988; McKee 

& Levinson, 1990; Mueller & Wasser, 1977; Vispoel et al, 1992; Wenemark, et al., 2011; Wise 

& Plake, 1989). For instance, Park (2003) found that third graders responded more positively 

about their performance on the Web-based test, as compared with the paper-and-pencil version 

of the Oregon State reading exam, according to an informal survey of the students. Russell 

and Haney (1997) examined the effect of administration mode, in terms of computer tests 

versus paper-and-pencil tests, on middle school students' performance on multiple-choice and 

written test questions. They found that the mode effect was significant: for students 

accustomed to writing on a computer, responses written on the computer resulted m a 

27 



substantially higher performance than did those written by hand. Similarly, the findings of 

studies by Wolfe et al. (1996), Russell (1999) and Russell and Plati (2001) revealed that 

students accustomed to writing using a computer performed better on the open-ended tests 

when they wrote using a computer than when they wrote by hand. Coon, McLeod, and Thissen 

(2002) found that scores for both reading and mathematics scales were higher for paper tests 

than for computer tests, which were comprised of multiple-choice items. Some researchers 

also found that the computer-based assessment benefited higher-attaining students (Clariana & 

Wallace, 2002), but seemed more difficult for younger students, especially primary aged 

children, who have less keyboarding experience and practice using the Internet (Choi & Tinkler, 

2002; Horkay et al., 2006; Johnson & Green, 2004; Olsen et al., 1989; Pomplun & Custer, 

2004). Researchers also found that university students and high school students perceived 

computer-based tests to be easier than paper-based tests (Kim, 1999). Other studies found that 

there are significant relationships between students' assessment format preferences and their 

achievement (Whithaus, Harrison, & Midyette, 2008). For instance, van de Watering et al. 

(2008) found that students who preferred to take tests on screen typically achieved better results 

on computer-based tests. 

However, other researchers reported that there is no statistically significant effect relating 

to test administration mode (Akemir & Oquz, 2008; Boeve et al., 2015; Clariana & Wallace, 

2002; Eid, 2004; Higgins et al., 2005; Kingston, 2002; Nichols & Kirkpatrick, 2005; 

Pommerich, 2004, Pommerich & Burden, 2000; Sterling, 2012; Vispoel, Boo & Bleller, 1999; 

Wang, 2004). Russell and Haney (1997) found that the mode effect was not significant for the 

multiple-choice items. Jeong (2014) compared the scores of Korean students on computer

based and paper-based versions of the same test, and found that even though the Korean 

students who participated in this study had more exposure to advanced information 
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technologies (such as computers, the Internet and multimedia) than did students in other 

countries, they did not achieve higher computer-based test scores than paper-based test scores. 

He concluded that the familiarity with information technology and adaptation to computer

based tests is distinct. Wang et al. (2008) conducted a meta-analysis to synthesize the 

administration mode effects of computer-based tests and paper-and-pencil tests on K-12 

student reading assessment. Their findings indicated that the administration mode had no 

statistically significant effect on K-12 student reading achievement scores. Moreover, their 

study showed that the grade level, type of test, and computer delivery method did not affect 

differences in reading scores between test modes. 

In terms of the investigation of the comparability of different administration modes, 

different studies have focused on examining different psychometric properties at both test and 

item levels. The most common criteria at the item level are Item Response Theory (IR T) -

based differences, response distributions, and differential item functioning (DIF). Regarding 

the test level, the criteria involve content analysis, mean differences, IR T-based differences, 

response distributions, and differential test functioning (DTF) (Seo & De Jong, 2015). 

Additionally, T-tests (e.g., Boeve et al., 2005), Pearson Correlation, One-way Analysis of 

Variance (ANOVA) and Regression analysis have also been used to examine the equivalence 

of different administration modes (e.g., Jeong, 2014; Khoshsima & Toroujeni, 2017). 

One example is Russell and Haney (1997)' s examination of the test administration mode 

effect of computer-based tests, versus paper-based tests, on middle school students' 

performance on multiple-choice and written test questions. They conducted a between-subject 

experiment, using T-tests and Regression analyses to compare the mean scores, in terms of two 

modes of administration, and investigated the inter-correlations and binomial effect size of the 

experimental results. 
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Kim and Huynh (2007) examined the comparability of computer and paper-and-pencil 

versions of large-scale statewide Algebra and Biology final examinations, investigating scale 

scores, item parameter estimates, test characteristic curves, test information functions, Rasch 

ability estimates at the content domain level, and the equivalence of the construct. 

To explore the impact of test administration mode on eighth-grade performance, Sandene 

et al. (2005) analyzed the difficulty ofeach item, and how well it discriminated between higher

and lower-performing students. Comparisons were composed of the estimated item parameters 

across paper and computer delivery. In their studies, for each of the items, IRT a 

(discrimination) and b (difficulty) parameters were estimated as part of scaling, using the 

examinee response data from the two administration modes. Proportion-correct (p+) values 

were also computed. Two-tailed z-tests for independent samples were conducted, in order to 

determine whether the item's IRT difficulty and discrimination estimates differed significantly 

when the item was presented on computer versus when it was presented on paper. 

To investigate the reading test mode effect, Sterling (2012) conducted a mixed-method 

study, including paired-sample T-tests and qualitative analyses with sequential explanatory 

within-group design, to examine test preference, its effect on achievement, and factors 

influencing student preferences. 

Additionally, Seo and De Jong (2015) investigated differential test functioning (DTF) and 

differential test information function (DTIF), to determine whether computer-based tests and 

paper-based tests are comparable under the same item response theory (IRT) model. Finally, 

to compare the commercial competence test results ofpaper-and-pencil versus computer-based 

assessments, Sangmeister (2017) used Item Response Theory, and differential item functioning 

(DIF), to analyze the differences between above two tests at the item level. 
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In summary, to support the implementing of the framework and the NGSS, a number of 

assessments have been developed (e.g., Martinez-Gudapakkam et al., 2017). However, extant 

assessments have some limitations. Firstly, some assessments only contained a few tasks, and 

focused on a limited number of scientific ability (e.g., ability of asking questions). Secondly, 

hands-on based assements for measuring student proficiency in science in line with the 

framework (NRC, 2012) and the NGSS (Achieve, 2013) are quite limited. Thirdly, multiple

choice items are still widely used for these assessments (instead of open-ended questions), and 

multiple-choice items only allow for the demonstration of certain skills, such as recognizing 

discrete knowledge (Kuo et al., 2015). Lastly, due to the lack of an appropriate for 

demonstrating validity and reliability, based on the standards of modem psychometric 

evaluation, the design of the assessments tend to be poor and arbitrary (Ruiz-Primo & 

Shavelson, 1996). It should be mentioned that, although numerous studies from the 1970s on 

have made comparisons between computer-based tests and paper-based tests, unfortunately, 

the results are multifarious due to the poor design and comparison criteria (Sangmeister, 2017). 

Until the present day, although hands-on based assessments have been widely used, particularly 

in science, only a few empirical studies on performance-based assessments have been reported 

in the literature, and the investigation of test administration mode effects between hands-on

based tests and other tests has been extremely limited. As called for in the framework (NRC, 

2012) and the NGSS (Achieve, 2013), the present study aimed to address these research gaps. 

Additionally, it aimed to develop an instrument on the basis of Evidence-Centered Design 

(Almond, Steinberg, & Mislevy, 2002; Mislevy, Steinberg, & Almond, 2003; Mislevy & 

Riconscente, 2006) and Construct Modeling (Wilson, 2005), consisting of paper-based test 

items and hands-on based performance test items, in order to assess student proficiency in 

science reflecting the integration of the three dimensions envisioned by the Framework (NRC, 
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2012) and the NGSS (Achieve, 2013). Finally, it aimed to investigate the effects of test 

administration mode, and interaction effects between trait and mode, gender and trait/mode. 
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CHAPTER3 

Methodology 

Procedures for Developing the Instrument 

As recommended by National Research Council (2014), a Construct Modeling approach 

(Wilson, 2004, 2005) was taken in the development of this instrument for measuring students' 

proficiency in science. This approach consists of four building blocks ( construct map, item 

design, outcome space and a measurement model), through an iterative process comprised of 

four steps (Kuo et al., 2015). Assessment tasks are derived from the defined progress variables, 

and data are used to examine the fit between the progress variables and data, using Rasch 

modeling (Bond & Fox, 2013; Liu, 2010). 

In this study, four specific steps were followed, based on Wilson's four building blocks: 1) 

Construct map development: defining the science proficiency construct, and identifying the 

Performance Expectations levels, intertwined with the three dimensions envisioned in the 

NGSS (Achieve, 2013); 2) Item designing: developing items to elicit student performances 

across all Performance Expectations levels, as related to three dimensions and evidence 

statements by two different test administration modes; 3) Scoring guide development: 

developing an outcome space on the basis of assessment framework, to guide the scoring of 

each item; 4) Measurement model: using Many-facet Rasch measurement to link the scored 

data back to the hypothesized scientific proficiency levels, checking the quality of the 

instrument and investigating the test administration modes effects. 

Construct map development 

This study first developed an assessment framework in the form of an expanded construct 

map, to guide the design decisions in the subsequent steps, following Wilson's (2004) construct 

modeling approach. In the NGSS (Achieve, 2013), a set of Performance Expectations (PEs) 

33 



forms the core of the scientific concepts and skills that students are expected to know and 

perform. A unique aspect of the NGSS (Achieve, 2013) is that the standards, as defined by the 

PEs, not only include the content that students are expected to know and understand, but also 

embed related cognitive skills into scientific understanding and thinking. These cognitive 

elements are divided into three categories, collectively referred to as the NGSS (Achieve, 2013) 

"dimensions", and these categories are Scientific and Engineering Practices (SEPs), 

Disciplinary Core Ideas (DCis) and Crossingcutting Concepts (CCCs). In addition, the 

assessable scientific content of each PE is further defined through evidence statements-a set 

of observable features of student performance, encompassing many aspects of each 

Performance Expectation. These were developed for the NGSS (Achieve, 2013) by educators 

and scientists, in a process coordinated by Achieve, Inc. As called for in the document 

Developing Assessments for the Next Generation Science Standards (NRC, 2014), assessment 

ofPEs included in the NGSS (Achieve, 2013) must take into consideration all related elements, 

such as dimensions and evidence statements. 

Nevertheless, as it is not feasible to assess entire PEs in one study, the present assessment 

only focused on MS-PSI: Matter and its Interactions - comprised ofMS-PSl-1, MS-PSl-2, 

MS-PSl-3, MS-PSl-4, MS-PSl-5 and MS-PSl-6 - assessing students' mastery of the 

knowledge and skills envisioned that section. The assessment has its foundation in activities or 

tasks similar to scientific inquiry, in which students would engage in practices to build, deepen, 

and apply their knowledge ofcore ideas and crosscutting concepts. Accordingly, we developed 

an assessment framework (shown in Table 3-1) to present the important components of the 

construct of scientific proficiencies envisioned in Matter and its Interaction, including the 

related three dimensions and the continuum of performance expectation levels. 
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Table 3-1 
Assessment framework for MS-PSI: Matter and its Interactions 

MS-PSI: Matter and its Interactions 
MS-PSI -I. MS-PSl -2. MS-PSl -3. Gather MS-PSl -4. Develop a MS-PSl -5. MS-PSl -6. Undertake a 
Develop Analyze and and make sense of model that predicts and Develop and design project to 
models to interpret data on information to describes changes in use a model to construct, test, and 
describe the the properties of describe that particle motion, describe how modify a device that 
atomic substances, synthetic materials temperature, and state of the total either releases or 

PEs 
composition 
of simple 

before and after 
the substances 

come from natural 
resources, and 

a pure substance when 
thermal energy is added 

number of 
atoms does not 

absorbs thermal energy 
by chemical processes. 

molecules and interact, to how they impact or removed. change in a 
extended determine if a society. chemical 
structures. chemical reaction and 

reaction has thus mass is 
occurred. conserved. 

PSI.A: PS I.A: Structure PS I.A: Structure PS I.A: Structure and PSI.B: PSI.B: Chemical 
Structure and and Properties of and Properties of Properties of Matter Chemical Reactions 
Properties of Matter Matter • Gases and liquids are Reactions •Some chemical 
Matter • Each pure • Each pure made up of molecules or •Substances reactions release energy, 
•Substances substance has substance has inert atoms that are react others store energy. 
are made from characteristic characteristic moving about relative to chemically in ETSI.B: Developing 
different types physical and physical and each other. characteristic Possible Solutions 
of atoms, chemical chemical •In a liquid, the ways. In a • A solution needs to be 
which properties ( for properties ( for any molecules are constantly chemical tested, and then 
combine with any bulk bulk quantity in contact with others; process, the modified on the basis of 
one another in quantity under under given in a gas, they are widely atoms that the test results, in order 
various ways. given conditions) that spaced, except when makeup the to improve it. 
Atoms form conditions) that can be used to they happen to collide. original (secondary) 
molecules that can be used to identify it. In a solid, atoms are substances are ETSI.C: Optimizing the 
range in size identify it. PSI.B: Chemical closely spaced and may regrouped into Design Solution 
from two to PSI.B: Chemical Reactions vibrate in position but different •Although one design 
thousands of Reactions •Substances react do not change relative molecules, and may not perform the 
atoms. •Substances chemically in locations. these new best across all tests, 
• Solids may react chemically characteristic •The changes of state substances identifying the 
be formed in characteristic ways. In a that occur with have different characteristics of the 
from ways. In a chemical process, variations in properties from design that performed 
molecules, or chemical the atoms that temperature or pressure those of the the best in each test can 
they may be process, the makeup the can be described and reactants. provide useful 
extended atoms that make original predicted using these •The total information for the 
structures up the original substances are models of matter. number of each redesign process- that 
with repeating substances are regrouped into PS3.A: Definitions of type of atom is is, some of the 
subunits (e.g., regrouped into different Energy conserved, and characteristics may be 
crystals) different molecules, and •The term "heat", as thus the mass incorporated into the 

DCI 
molecules, and 
these new 

these new 
substances have 

used in everyday 
language, refers both to 

does not 
change. 

new design. 
(secondary) 

substances have different thermal energy (the •The iterative process 
different properties from motion of atoms or of testing the most 
properties from those of the molecules within a promising solutions and 
those of the reactants. substance) and the modifying what is 
reactants. transfer of that thermal proposed on the basis of 

energy from one object the test results leads to 
to another. In science, greater refinement and 
heat is used only for this ultimately to an optimal 
second meaning; it solution. (secondary). 
refers to the energy 
transferred due to the 
temperature difference 
between two objects. 
(secondary) 
•The temperature of a 
system is proportional 
to the average internal 
kinetic energy and 
potential energy per 
atom or molecule 
(whichever is the 
appropriate building 
block for the system's 
material). The details of 
that relationship depend 
on the type of atom or 
molecule, and the 
interactions among the 
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atoms in the material. 
Temperature is not a 
direct measure of a 
system's total thermal 
energy. The total 
thermal energy 
( sometimes called the 
total internal energy) of 
a system depends jointly 
on the temperature, the 
total number of atoms in 
the system, and the state 
of the material. 
(secondary). 

Developing Analyzing and Obtaining, Developing and Using Developing and Constructing 
and Using Interpreting Data Evaluating, and Models Using Models Explanations and 
Models Analyzing data Communicating Modeling in 6-8 builds Modeling in 6- Designing Solutions 
Modeling in in 6-8 builds on Information on K- 5 and progresses 8 builds on K- Constructing 
6-8 builds on K- 5 and Obtaining, to developing, using, 5 and explanations and 
K- 5 and progresses to evaluating, and and revising models to progresses to designing solutions in 
progresses to extending communicating describe, test, and developing, 6-8 builds on K- 5 
developing, quantitative information in 6- 8 predict more abstract using, and experiences, and 
using, and analysis to builds on K- 5 and phenomena and design revising models progresses to include 
revising investigations, progresses to systems. to describe, constructing 
models to distinguishing evaluating the •Develop a model to test, and predict explanations and 
describe, test, between merit and validity predict and/or describe more abstract designing solutions 
and predict correlation and of ideas and phenomena phenomena and supported by multiple 
more abstract causation, and methods. design systems. sources of evidence 

SEP phenomena basic statistical •Gather, read, and •Develop a consistent with 
and design techniques of synthesize model to scientific knowledge, 
systems. data and error information from describe principles, and theories. 
•Develop a analysis. multiple unobservable •Undertake a design 
model to •Analyze and appropriate mechanisms. project, engaging in the 
predict and/or interpret data to sources and assess design cycle, to 
describe determine the credibility, construct and/or 
phenomena. similarities and accuracy, and implement a solution 

differences in possible bias of that meets specific 
findings. each publication design criteria and 

and methods used, constraint. 
and describe how 
they are supported 
or now supported 
by evidence 

Scale, Patterns Structure and Cause and Effect Energy and Energy and Matter 
Proportion, •Macroscopic Function •Cause and effect Matter •The transfer of energy 
and Quantity patterns are •Structures can be relationships may be •Matter is can be tracked as energy 
•Time, space, related to the designed to serve used to predict conserved flows through a 
and energy nature of particular phenomena in natural or because atoms designed or natural 
phenomena microscopic and functions by designed systems. are conserved system. 

cc can be 
observed at 

atomic-level 
structure. 

taking into 
account properties 

in physical and 
chemical 

various scales, of different processes. 
using models materials, and 
to study how materials can 
systems that be shaped and 
are too large used. 
or too small 
High: Student High: student High: student fully High: student fully and High: student High: student fully and 
fully and fully and and correctly uses correctly uses the fully and correctly uses the 
correctly uses correctly uses the related related dimensions* to correctly uses related dimensions* to 
the related the related dimensions* to develop a model that the related undertake a design 
dimensions* dimensions* to gather and make predicts and describes dimensions* to project to construct, 
to develop analyze and sense of changes in particle develop and test, and modify a 
and use interpret data on information to motion, temperature, use a model to device that either 
models to the properties of describe that and state of a pure describe how releases or absorbs 

Levels 
describe the 
atomic 

substances 
before and after 

synthetic materials 
come from natural 

substance when thermal 
energy is added or 

the total 
number of 

thermal energy by 
chemical processes. 

composition the substances resources and removed. atoms does not 
of simple interact to impact society. change in a Middle: Student 
molecules and determine if a Middle: Student chemical partially but correctly 
extended chemical Middle: Student partially but correctly reaction and uses the related 
structures. reaction has partially but uses the related thus mass is dimensions* to 

occurred. correctly uses the dimensions* to develop conserved. undertake a design 
Middle: related a model that predicts project to construct, 
Student dimensions* to and describes changes in test, and modify a 
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partially but Middle: Student gather and make particle motion, Middle: device that either 
correctly uses partially but sense of temperature, and state of Student releases or absorbs 
the related correctly uses information, to a pure substance when partially but thermal energy by 
dimensions* the related describe that thermal energy is added correctly uses chemical processes. 
to develop dimensions* to synthetic materials or removed. the related 
and use 
models to 
describe the 
atomic 
composition 
of simple 
molecules and 
extended 
structures. 

Low: Student 
faisl to use the 
related 
dimensions* 
to develop 
and use 
models to 
describe the 
atomic 
composition 
of simple 
molecules and 
extended 
structures. 

analyze and 
interpret data on 
the properties of 
substances 
before and after 
the substances 
interact to 
determine if a 
chemical 
reaction has 
occurred. 

Low: Student 
fails to use the 
related 
dimensions* to 
analyze and 
interpret data on 
the properties of 
substances 
before and after 
the substances 
interact to 
determine if a 
chemical 
reaction has 
occurred. 

come from natural 
resources and 
impact society. 

Low: Student fails 
to use the related 
dimensions* to 
gather and make 
sense of 
information, to 
describe that 
synthetic materials 
come from natural 
resources and 
impact society. 

Low: Student fails to 
use the related 
dimensions* to develop 
a model that predicts 
and describes changes in 
particle motion, 
temperature, and state of 
a pure substance when 
thermal energy is added 
or removed. 

dimensions* to 
develop and 
use a model to 
describe how 
the total 
number of 
atoms does not 
change in a 
chemical 
reaction and 
thus mass is 
conserved. 

Low: Student 
fails to use the 
related 
dimensions* to 
develop and 
use a model to 
describe how 
the total 
number of 
atoms does not 
change in a 
chemical 
reaction and 

Low: Student fails to 
use the related 
dimensions* to 
undertake a design 
project to construct, 
test, and modify a 
device that either 
releases or absorbs 
thermal energy by 
chemical processes. 

thus mass is 
conserved. 

* As outlined in the Performance Expectations (PE) of the NGSS, the three dimensions are the Disciplinary Core Ideas 
(DCD, Science and Engineering Practices (SEP), and Crosscutting Concepts (CCC). 

Item designing 

Following the assessment framework, an item specification has been created to guide item 

development (shown in Table 3-2, 3-3, 3-4, 3-5, 3-6 and 3-7) for each Performance Expectation. 

The relevant content domain, target clarifications, assessment boundary, DCis, SEPs, CCCs, 

evidence statements, allowable item types, item point total, the number of items in item clusters, 

and allowable stimulus materials were all identified in the item specifications. 

Along with the item specification, the following guidelines were followed for developing 

items: 

1. Items will fully address six PEs, including MS-PSl-1, MS-PSl-2, MS-PSl-3, MS-PSI-

4, MS-PSl-5 and MS-PSl-6. 
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2. Each item must be inclusive of two or three dimensions of the NGSS (i.e., DIC, CCC, 

and SEP) that are inherent in the associated PEs (i.e., from MS-PSI-I to MS-PSl-6). 

3. At least one item should be aligned to all three dimensions. 

4. Each item will align to one or multiple relevant PE evidence statements. 

5. It is not feasible for one item to address one PE associated with all the relevant three 

dimensions and evidence statements, so more than one item is needed to ensure that more 

elements, or a large range of evidence statements, could be covered, as adequately as possible, 

in the assessment. 

6. All of the items will be open-ended, or short-answer questions, in order to reduce the 

chance of guessing. 

7. The items cannot be classic textbook exercises or examples; this is in order to avoid 

students simply recalling what they have memorized, instead of demonstrating their scientific 

competencies. 

8. There are two types of items: a paper-and-pencil type and a hands-on based type. Note 

that the construct measured by the test is the same in both hands-on based performance test 

mode and paper-and-pencil test mode, so as to meet the construct equivalence criterion, which 

is the first criterion of equivalence proposed by Buerger, Krohne, and Goldhammer (2016). 

9. Given the fact that the hands-on based test is based on laboratory activities- that is, 

examinees must conduct hands-on science experiments individually to observe the phenomena 

or obtain the findings- the effects of the relevant skills or science proficiency required to 

conduct science experiments on the performance-based tests should be eliminated or reduced 

to a minimum. 
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Table 3-2 
Item specification for MS-PSJ-1 

MS-PSI-I. Develop models to describe the atomic composition of
PE 

simple molecules and extended structures. 
PS I .A: Structure and Properties of Matter 
•Substances are made from different types of atoms, which combine 

Content domain 
with one another in various ways. Atoms form molecules that range 
in size from two to thousands of atoms. 
• Solids may be formed from molecules, or they may be extended 
structures with repeating subunits (e.g., crystals) 
Emphasis is on developing models of molecules that vary in 
complexity. Examples of simple molecules could include ammonia 
and methanol. Examples of extended structures could include 

Target clarifications sodium chloride or diamonds. Examples of molecular-level models 
could include drawings, 3D ball and stick structures, or computer 
representations showing different molecules with different types of 
atoms. 
Assessment does not include valence electrons and bonding energy, 

Assessment discussing the ionic nature of subunits of complex structures; a 
boundary complete description of all individual atoms in a complex molecule 

or extended structure is not required 
PS I .A: Structure and Properties of Matter 
•Substances are made from different types of atoms, which combine 

DCI 
with one another in various ways. Atoms form molecules that range 
in size from two to thousands of atoms. 
• Solids may be formed from molecules, or they may be extended 
structures with repeating subunits (e.g., crystals) 
Developing and Using Models 
Modeling in 6-8 builds on K-5, and progresses to developing, 

SEP using, and revising models to describe, test, and predict more 
abstract phenomena and design systems. 
•Develop a model to predict and/or describe phenomena. 
Scale, Proportion, and Quantity 

cc •Time, space, and energy phenomena can be observed at various 
scales using models to study systems that are too large or too small 
(1) Components of the model. 
(a) Students develop models of atomic composition of simple 

molecules and extended structures that vary in complexity. In the 
models, students identify the relevant components, including: 

Evidence statements 
(i) Individual atoms. (ii) Molecules. (iii) Extended structures with 

repeating subunits. (iv) Substances (e.g., solids, liquids, and gases 
at the macro level). 

(2) Relationships. 
(a) In the model, students describe relationships between 

components, including: 
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(i) Individual atoms, from two to thousands, combine to form 
molecules, which can be made up of the same type or different 
types of atom. (ii) Some molecules can connect to each other. (iii) 
In some molecules, the same atoms of different elements repeat; 
in other molecules, the same atom of a single element repeats. 

(3) Connections. 
(a) Students use models to describe that: 
(i) Pure substances are made up of a bulk quantity of individual 

atoms or molecules. Each pure substance is made up of one of the 
following: 
(D Individual atoms of the same type that are connected to form 

extended structures. CI) Individual atoms of different types that 
repeat to form extended structures (e.g., sodium chloride). ® 
Individual atoms that are not attracted to each other (e.g., 
helium). @ Molecules of different types of atoms that are not 
attracted to each other ( e.g., carbon dioxide). ® Molecules of 
different types of atoms that are attracted to each other, forming 
extended structures (e.g., sugar, nylon). ® Molecules of the 
same type of atom that are not attracted to each other ( e.g., 
oxygen) 

(ii) Students use the models to describe how the behavior of bulk 
substances depends on their structures at atomic and molecular 
levels, which are too small to see. 

Allowable item Hands-on based test/paper-and-pencil test 
types 

Item point total 1 to 3 points 
Number of items in 6-8 

item cluster 
Allowable stimulus Graphs, tables, verbal descriptions, text, equations 

materials 

Table 3-3 
Item specification.for MS-PSJ-2 

MS-PSl-2. Analyze and interpret data on the properties of 
PE substances, before and after the substances interact, to determine if a 

chemical reaction has occurred. 

PS I .A: Structure and Properties of Matter 
• Each pure substance has characteristic physical and chemical 
properties (for any bulk quantity under given conditions) that can be 
used to identify it. 

Content domain PS 1.B: Chemical Reactions 
• Substances react chemically in characteristic ways. In a chemical 
process, the atoms that make up the original substances are 
regrouped into different molecules, and these new substances have 
different properties from those of the reactants. 
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Target clarifications 

Assessment 
boundary 

DCI 

SEP 

cc 

Evidence statements 

Examples of reactions could include burning sugar or steel wool, fat 
reacting with sodium hydroxide, and mixing zinc with hydrogen 
chloride. 

Assessment is limited to analysis of the following properties: 
density, melting point, boiling point, solubility, flammability, and 
odor. 

PS I .A: Structure and Properties of Matter 
• Each pure substance has characteristic physical and chemical 
properties (for any bulk quantity under given conditions) that can be 
used to identify it. 
PS 1.B: Chemical Reactions 
•Substances react chemically in characteristic ways. In a chemical 
process, the atoms that make up the original substances are 
regrouped into different molecules, and these new substances have 
different properties from those of the reactants. 

Analyzing and Interpreting Data 
Analyzing data in 6-8 builds on K-5, and progresses to extending 
quantitative analysis to investigations, distinguishing between 
correlation and causation, and basic statistical techniques of data 
treatment and error analysis. 
•Analyze and interpret data to determine similarities and differences 
in findings. 

Patterns 
•Macroscopic patterns are related to the nature of microscopic and 
atomic-level structure. 

(1) Organizing data. 
(a) Students organize given data about the characteristic physical 

and chemical properties (e.g., density, melting point, boiling 
point, solubility, flammability, odor) of pure substances, before 
and after they interact. 

(b) Students organize the given data in a way that facilitates 
analysis and interpretation. 

(2) Identifying relationships. 
(a) Students analyze the data to identify patterns (i.e., similarities 

and differences), including changes in the physical and chemical 
properties of each substance, before and after the interaction (e.g. , 
before the interaction, a substance bums, while after the 
interaction, the resulting substance does not bum). 

(3) Interpreting data. 
(a) Students use the analyzed data to determine whether a chemical 

reaction has occurred. 
(b) Students support their interpretation of the data by describing 

that the change in the properties of substances is related to the 
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Allowable item types 

Item point total 

Number of items in 
item cluster 

Allowable stimulus 
materials 

Table 3-4 

rearrangement of atoms in the reactants, and products in a chemical 
reaction (e.g., when a reaction has occurred, atoms from the 
substances present before the interaction must have been rearranged 
in to new configurations, resulting in the properties of new 
substances). 

Hands-on based test /paper-and-pencil test 

I to 3 points 

6-8 

Graphs, tables, verbal descriptions, text, equations 

Item specification for MS-PSJ-3 

PE 

Content domain 

Target clarifications 

Assessment 
boundary 

DCI 

MS-PSI-3. Gather and make sense of information to describe that 
synthetic materials come from natural resources, and impact society. 

PS I .A: Structure and Properties of Matter 
• Each pure substance has characteristic physical and chemical 
properties (for any bulk quantity under given conditions) that can be 
used to identify it. 
PS I .B: Chemical Reactions 
•Substances react chemically in characteristic ways. In a chemical 
process, the atoms that make up the original substances are 
regrouped into different molecules, and these new substances have 
different properties from those of the reactants. 

Emphasis is on natural resources that undergo a chemical process to 
form the synthetic material. Examples of new materials could 
include new medicine, foods, and alternative fuels. 

Assessment is limited to qualitative information. 

PS I .A: Structure and Properties of Matter 
• Each pure substance has characteristic physical and chemical 
properties (for any bulk quantity under given conditions) that can be 
used to identify it. 
PS I .B: Chemical Reactions 
•Substances react chemically in characteristic ways. In a chemical 
process, the atoms that make up the original substances are 
regrouped into different molecules, and these new substances have 
different properties from those of the reactants. 
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SEP 

cc 

Evidence statements 

Obtaining, Evaluating, and Communicating Information 
Obtaining, evaluating, and communicating information in 6-8 builds 
on K-5, and progresses to evaluating the merit and validity of ideas 
and methods. 
•Gather, read, and synthesize information from multiple appropriate 
sources, and assess the credibility, accuracy, and possible bias of 
each publication, and the methods used to describe how they are 
supported - or not supported- by evidence 

Structure and Function 
•Structures can be designed to serve particular functions by taking 
into account the properties of different materials, and how materials 
can be shaped and used. 

(1) Obtaining information. 
(a) Students obtain information from published, grade-level 

appropriate material from at least two sources (e.g., text, media, 
visual displays, data) about: 

(i) Synthetic materials and the natural resources from which they 
are derived. (ii) Chemical processes used to create synthetic 
materials from natural resources (e.g., burning of limestone 
for the production of concrete). (iii) The societal need for the 
synthetic material ( e.g., the need for concrete as a building 
material). 

(2) Evaluating information. 
(a) Students determine and describe whether the gathered 

information is relevant for determining: 
(i) That synthetic materials, via chemical reactions, come from 

natural resources. (ii) The effects on society of the production 
and use of synthetic resources. 

(b) Students determine the credibility, accuracy, and possible bias of 
each source of information, including the ideas included and the 
methods described. 

(c) Students synthesize information that is presented in various 
modes (e.g., graphs, diagrams, photographs, text, mathematical, 
verbal) to describe: 

(i) How synthetic materials are formed, including the natural 
resources and chemical processes used. (ii) The properties of the 
synthetic material(s) that make it different from the natural 
resource(s) from which it was derived. (iii) How those physical and 
chemical properties contribute to the function of the synthetic 
material. (iv) How the synthetic material satisfies a societal need or 
desire, through the properties of its structure and its function. (v) 
The effects, on society and on natural resources, of making and 
using synthetic materials. 

Allowable item types Hands-on based test /paper-and-pencil test 
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Item point total 1 to 3 points 

Number of items in 
item cluster 

8-12 

Allowable stimulus 
materials 

Graphs, tables, verbal descriptions, text, equations 

Table 3-5 
Item specification for MS-PSJ-4 

MS-PSl-4. Develop a model that predicts and describes changes in 
PE particle motion, temperature, and the state of a pure substance when 

thermal energy is added or removed. 
PS I .A: Structure and Properties of Matter 
• Gases and liquids are made up of molecules, or inert atoms, that 
are moving about relative to each other. 
• In a liquid, the molecules are constantly in contact with others; in 
a gas, they are widely spaced, except when they happen to collide. 
In a solid, atoms are closely spaced and may vibrate in position, but 
do not change relative locations. 
• The changes of state that occur with variations in temperature or 
pressure can be described and predicted using these models of 
matter. 
PS3 .A: Definitions of Energy 
• The term "heat", as used in everyday language, refers both to 
thermal energy (the motion of atoms or molecules within a 

Content domain substance) and the transfer of that thermal energy from one object to 
another. In science, heat is used only for this second meaning; it 
refers to the energy transferred due to the temperature difference 
between two objects. ( secondary) 
• The temperature of a system is proportional to the average internal 
kinetic energy, and potential energy per atom or molecule 
(whichever is the appropriate building block for the system's 
material). The details of that relationship depend on the type of 
atom or molecule, and the interactions among the atoms in the 
material. Temperature is not a direct measure of a system's total 
thermal energy. The total thermal energy ( sometimes called the total 
internal energy) of a system depends jointly on the temperature, the 
total number of atoms in the system, and the state of the material. 
(secondary) . 
Emphasis is on qualitative molecular-level models of solids, liquids, 
and gases, to show that adding or removing thermal energy 

Target clarifications increases or decreases the kinetic energy of the particles, until a 
change of state occurs. Examples of models could include drawing 
and diagrams. Examples of particles could include molecules or 
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DCI 

SEP 

cc 

Evidence statements 

inert atoms. Examples of pure substances could include water, 
carbon dioxide, and helium. 
PS I .A: Structure and Properties of Matter 
• Gases and liquids are made up of molecules, or inert atoms, that 
are moving about relative to each other. 
• In a liquid, the molecules are constantly in contact with others; in 
a gas, they are widely spaced, except when they happen to collide. 
In a solid, atoms are closely spaced and may vibrate in position but 
do not change relative locations. 
• The changes of state that occur with variations in temperature or 
pressure can be described and predicted using these models of 
matter. 
PS3 .A: Definitions of Energy 
• The term "heat", as used in everyday language, refers both to 
thermal energy (the motion of atoms or molecules within a 
substance) and the transfer of that thermal energy from one object to 
another. In science, heat is used only for this second meaning; it 
refers to the energy transferred due to the temperature difference 
between two objects.(secondary) 
• The temperature of a system is proportional to the average internal 
kinetic energy and potential energy per atom or molecule 
(whichever is the appropriate building block for the system's 
material). The details of that relationship depend on the type of 
atom or molecule, and the interactions among the atoms in the 
material. Temperature is not a direct measure of a system's total 
thermal energy. The total thermal energy ( sometimes called the total 
internal energy) of a system depends jointly on the temperature, the 
total number of atoms in the system, and the state of the material. 
(secondary). 
Developing and Using Models 
Modeling in 6-8 builds on K-5 and progresses to developing, using, 
and revising models to describe, test, and predict more abstract 
phenomena and design systems. 
• Develop a model to predict and/or describe phenomena 
Cause and Effect 
• Cause and effect relationships may be used to predict phenomena 
in natural or designed systems. 
(1) Components of the model. 
(a) To make sense of a given phenomenon, students develop a 

model in which they identify the relevant components, such as: 
(i) Particles, including their motion. (ii) The system within which 

the particles are contained. (iii) The average kinetic energy of 
particles in the system. (iv) Thermal energy of the system. (v) 
Temperature of the system. ( vi) A pure substance in one of the 
states of matter (e.g., solid, liquid, gas at the macro scale). 

(2) Relationships. 
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(a) In the model, students describe relationships between 
components, including: 
(i)The relationships between: CD The motion of molecules in a 

system, and the kinetic energy of the particles in the system. 
CI) The average kinetic energy of the particles, and the 
temperature of the system. @The transfer of thermal energy 
from one system to another, and: A. a change in the kinetic 
energy of the particles in that new system, or B. a change in 
state of matter of the pure substance. @ The state of matter of 
the pure substance (gas, liquid, solid) and the particle motion 
(freely moving and not in contact with other particles; freely 
moving and in loose contact with other particles; vibrating in 
fixed positions relative to other particles). 

(3) Connections. 
(a) Students use their model to provide a causal account of the 

relationship between the addition or removal of thermal energy 
from a substance, and the change in the average kinetic energy 
of the particles in the substance. 

(b) Students use their model to provide a causal account of the 
relationship between: 

(i) The temperature of the system. (ii) Motions of molecules in the 
gaseous phase. (iii) The collisions of those molecules with other 
materials, which exerts a force called pressure. 

(c) Students use their model to provide a causal account of what 
happens when thermal energy is transferred into a system, 
including that: 

(i) An increase in kinetic energy of the particles can cause: CD An 
increase in the temperature of the system, as the motion of the 
particles relative to each other increases, or CI) A substance to 
change state from a solid to a liquid, or from a liquid to a gas. (ii) 
The motion of molecules in a gaseous state increases, causing the 
moving molecules in the gas to have greater kinetic energy, 
thereby colliding with molecules in surrounding materials with 
greater force (i.e., the pressure of the system increases). 

(d) Students use their model to provide a causal account of what 
happens when thermal energy is transferred from a substance, 
including that: 

(i) Decreased kinetic energy of the particles can cause: CD A 
decrease in the temperature of the system, as the motion of the 
particles relative to each other decreases, or CI) A substance to 
change state from a gas to a liquid, or from a liquid to a solid. (ii) 
The pressure that a gas exerts decreases because the kinetic 
energy of the gas molecules decreases, and the slower molecules 
exert less force in collisions with other molecules in surrounding 
materials. 

46 



Allowable item 
types 

Item point total 
Number of items in 

item cluster 
Allowable stimulus 

materials 

Table 3-6 

(e) Students use their model to provide a causal account for the 
relationship between the changes in pressure of a system and 
changes of the states of materials in the system. 
(i) With a decrease in pressure, a smaller addition of thermal energy 
is required for particles of a liquid to change to gas, because 
particles in the gaseous state are colliding with the surface of the 
liquid less frequently, and exert less force on the particles in the 
liquid, thereby allowing the particles in the liquid to break away and 
move into a gaseous state, requiring less added energy. (ii) With an 
increase in pressure, a greater addition of thermal energy is required 
for particles of a liquid to change to a gas, because particles in the 
gaseous state are colliding with the surface of the liquid more 
frequently, and exertgreater force on the particles in the liquid, 
thereby limiting the movement of particles from the liquid to the 
gaseous state. 
Hands-on based test /paper-and-pencil test 

1 to 3 points 
6-10 

Graphs, tables, verbal descriptions, text, equations 

Item specification for MS-PSJ-5 

PE 

Content domain 

Target clarifications 

Assessment 
boundary 

MS-PSl-5. Develop and use a model to describe how the total 
number of atoms does not change in a chemical reaction, and thus 
mass is conserved. 

PS 1.B: Chemical Reactions 
• Substances react chemically in characteristic ways. In a chemical 
process, the atoms that make up the original substances are 
regrouped into different molecules, and these new substances have 
different properties from those of the reactants. 
• The total number of each type of atom is conserved, and thus the 
mass does not change. 

Emphasis is on the law of conservation of matter and on physical 
models or drawings- including digital forms- that represent atoms. 

Assessment does not include the use of atomic masses, balancing 
symbolic equations, or intermolecular forces. 
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PS 1.B: Chemical Reactions 
• Substances react chemically in characteristic ways. In a chemical 
process, the atoms that make up the original substances are 

DCI regrouped into different molecules, and these new substances have 
different properties from those of the reactants. 
• The total number of each type of atom is conserved, and thus the 
mass does not change. 

Developing and Using Models 
Modeling in 6-8 builds on K-5, and progresses to developing, using, 

SEP and revising models to describe, test, and predict more abstract 
phenomena and design systems. 
• Develop a model to describe unobservable mechanisms. 

Energy and Matter 
cc • Matter is conserved, because atoms are conserved in physical and 

chemical processes. 

(1) Components of the model. 
(a) To make sense of a given phenomenon, students develop a 

model in which they identify the relevant components for a given 
chemical reaction, including: 

(i) The types and number of molecules that make up the reactants. 
(ii) The types and number of molecules that make up the products. 
(2) Relationships. 
(a) In the model, students describe relationships between the 

components, including: 
(i) Each molecule in each of the reactants is made up of the same 

type(s), and number, of atoms. (ii) When a chemical reaction occurs, 
the atoms that make up the molecules of reactants rearrange and 

Evidence statements form new molecules (i.e., products). (iii) The number and types of 
atoms that make up the products are equal to the number and types 
of atoms that make up the reactants. (iv) Each type of atom has a 
specific mass, which is the same for all atoms of that type. 
(3) Connections. 
(a) Students use the model to describe how the atoms that make up 

the reactants rearrange, and come together in different arrangements, 
to form the products of a reaction. 
(b) Students use the model to provide a causal account that mass is 

conserved during chemical reactions, because the number and types 
of atoms that are in the reactants equal the number and types of 
atoms that are in the products, and all atoms of the same type have 
the same mass, regardless of the molecule in which they are found. 

Allowable item types Hands-on based test /paper-and-pencil test 

Item point total 1 to 3 points 
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Number of items in 
item cluster 

Allowable stimulus 
materials 

Table 3-7 

6-8 

Graphs, tables, verbal descriptions, text, equations, experiments, 
demonstration, activities 

Item specification for MS-PSJ-6 

PE 

Content domain 

Target 
clarifications 

Assessment 
boundary 

MS-PSl-6. Undertake a design project to construct, test, and 
modify a device that either releases or absorbs thermal energy by 
chemical processes. 

PS 1.B: Chemical Reactions 
•Some chemical reactions release energy, others store energy. 
ETS 1.B: Developing Possible Solutions 
• A solution needs to be tested, and then modified on the basis of 
the test results, in order to improve it.(secondary) 
ETS 1.C: Optimizing the Design Solution 
•Although one design may not perform the best across all tests, 
identifying the characteristics of the design which performed the 
best in each test can provide useful information for the redesign 
process - that is, some of the characteristics may be 
incorporated into the new design. 
(secondary) 
•The iterative process of testing the most promising solutions, 
and modifying what is proposed on the basis of the test results, 
leads to greater refinement and ultimately to an optimal solution. 
(secondary). 

Emphasis is on the design, controlling the transfer of energy to 
the environment, and modification of a device using factors such 
as type and concentration of a substance. Examples of designs 
could involve chemical reactions, such as dissolving ammonium 
chloride or calcium chloride. 

Assessment is limited to the criteria of amount, time, and 
temperature of substance in testing the device. 

49 



cc 

DCI PS 1.B: Chemical Reactions 
• Some chemical reactions release energy, others store energy. 
ETS 1.B: Developing Possible Solutions 
• A solution needs to be tested, and then modified on the basis of 
the test results, in order to improve it.(secondary) 
ETS 1.C: Optimizing the Design Solution 
•Although one design may not perform the best across all tests, 
identifying the characteristics of the design that performed the 
best in each test can provide useful information for the redesign 
process - that is, some of the characteristics may be 
incorporated into the new design. 
(secondary) 
•The iterative process of testing the most promising solutions, 
and modifying what is proposed on the basis of the test results, 
leads to greater refinement and ultimately to an optimal 
solution. (secondary) . 

SEP Constructing Explanations and Designing Solutions 
Constructing explanations and designing solutions in 6-8 builds 
on K-5 experiences, and progresses to include constructing 
explanations and designing solutions supported by multiple 
sources of evidence consistent with scientific knowledge, 
principles, and theories. 
• Undertake a design project, engaging in the design cycle, to 
construct and/or implement a solution that meets specific design 
criteria and constraints. 

Energy and Matter 
• The transfer of energy can be tracked, as energy flows through 
a designed or natural system. 
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Evidence 
statements 

Allowable item 
types 

Item point total 

Number of items in 
item cluster 

Allowable stimulus 
materials 

(1) Using scientific knowledge to generate design solutions. 
(a) Given a problem to solve that requires either heating or 
cooling, students design and construct a solution (i.e., a device). 
In their designs, students: 

(i) Identify the components within the system related to the 
design solution, including: (DThe components within the 
system to or from which energy will be transferred, to solve the 
problem. @The chemical reaction(s) and the substances that 
will be used to either release or absorb thermal energy via the 
device. 

(ii) Describe how the transfer of thermal energy between the 
device and other components within the system will be tracked 
and used to solve the given problem. 
(2) Describing criteria and constraints, including quantification 
when appropriate. 
(a) Students describe the given criteria, including: 
(i) Features of the given problem that are to be solved by the 

device. (ii) The absorption or release of thermal energy by the 
device via a chemical reaction. 
(b) Students describe the given constraints, which may include: 
(i) Amount and cost of materials. (ii) Safety. (iii) Length of time 
in which the device must function. 
(3) Evaluating potential solutions 
(a) Students test the solution for its ability to solve the problem 

via the release or absorption of thermal energy to or from the 
system. 
(b) Students use the results of their tests to systematically 
determine how well the design solution meets the criteria and 
constraints, and which characteristics of the design solution 
performed best. 
(4) Modifying the design solution 
(a) Students modify the design of the device based on the results 
of iterative testing, and improve the design relative to the criteria 
and constraints. 

Hands-on based test /paper-and-pencil test 

1 to 3 points 

6-10 

Graphs, tables, verbal descriptions, text, equations 

51 



Following above item specifications, this study developed 48 pilot test items (item details 

are shown in Appendix; note that the original Chinese version's items have been translated into 

English), including 22 hands-on based test items and 26 paper-and-pencil test items (item 

distributions are shown in Table 3-8), covering five Scientific and Engineering Practices 

(SEPs), five Crosscutting Concepts (CCs) and four Disciplinary Core Ideas (DCis), as 

envisioned by the National Research Council Framework (NRC, 2012) and the NGSS (Achieve, 

2013). Given the coherence of the items, it was not possible to make the 48 items with an equal 

number each of SEP, CC or DCI. 

Table 3-8 
Pilot test item distribution 

PE Mode llem Pts SEP cc DCI 
D p A C 0 p C s, E St PSI.A PSI.B PSJ.A ETS1.B 

MS-PSI -I I-Pl ✓ ✓ ✓ 

MS-PSI -I 1-P2 ✓ ✓ ✓ 
MS-PSI -I 1-PJ ✓ ✓ ✓ 
MS-PSI -I 1-P4 ✓ ✓ ✓ 
MS-PSI -I I-PS ✓ ✓ ✓ 
MS-PSI -I 1-P6 ✓ ✓ ✓ 
MS-PSI -I 1-P7 ✓ ✓ ✓ 
MS-PSI-2 2-Pl ✓ ✓ ✓ 
MS-PSI -2 2-P2 ✓ ✓ ✓ 
MS-PSI -2 2-PJ ✓ ✓ 
MS-PSI -2 2-P4 ✓ ✓ ✓ 
MS-PSI-2 2-PS ✓ ✓ ✓ 
MS-PSI -2 2-P6 ✓ ✓ ✓ 
MS-PSI -2 2-P7 ✓ ✓ ✓ 
MS-PSI -3 3-Pl ✓ ✓ ✓ 
MS-PSI -3 H 3-Hl ✓ ✓ ✓ 
MS-PSI -3 H 3-H2 ✓ ✓ ✓ 
MS-PSI -3 H 3-HS ✓ ✓ ✓ 
MS-PSI -3 H 3-H6 ✓ ✓ ✓ 
MS-PSI -3 H 3-H7 ✓ ✓ ✓ 
MS-PSI -3 H 3-HJ ✓ ✓ ✓ 
MS-PSI -3 H 3-H4 ✓ ✓ ✓ 
MS-PSI -3 H 3-H8 ✓ ✓ ✓ 
MS-PSI -3 H 3-H9 ✓ ✓ ✓ 
MS-PSI -3 H 3-H IO ✓ ✓ ✓ 
MS-PSI-4 4-Pl ✓ ✓ ✓ 
MS-PSI-4 4-P2 ✓ ✓ ✓ 
MS-PSI-4 H 4-Hl ✓ ✓ ✓ 
MS-PSI-4 H 4-H2 ✓ ✓ ✓ 
MS-PSI-4 H 4-HJ ✓ ✓ ✓ 
MS-PSI-4 H 4-H4 ✓ ✓ ✓ 
MS-PSI-4 H 4-HS ✓ ✓ ✓ 
MS-PSI-5 5-Pl ✓ ✓ ✓ 
MS-PSI -5 5-P2 ✓ ✓ ✓ 
MS-PSI -5 5-PJ ✓ ✓ ✓ 
MS-PSI-5 5-P4 ✓ ✓ ✓ 
MS-PSI-5 5-PS ✓ ✓ ✓ 
MS-PSI -5 5-P6 ✓ ✓ ✓ 
MS-PSI -6 6-Pl ✓ 
MS-PSI-6 6-P2 ✓ ✓ 
MS-PSI-6 6-P3 ✓ ✓ 
MS-PSI-6 H 6-H l ✓ ✓ ✓ 
MS-PSI -6 H 6-H2 ✓ ✓ 
MS-PSI-6 H 6-H3 ✓ ✓ 
MS-PSI-6 H 6-H4 ✓ ✓ ✓ 
MS-PSI-6 H 6-HS ✓ ✓ 
MS-PSI -6 H 6-H6 ✓ ✓ ✓ 
MS-PSI-6 H 6-H7 ✓ ✓ ✓ 

Note. MS-PS 1-1: Develop models to describe the atomic composition of simple molecules and extended structures; 
MS-PSl-2: Analyze and interpret data on the properties of substances, before and after the substances interact, to 
determine ifa chemical reaction has occurred; MS-PSl-3: Gather and make sense of information, to describe that 
synthetic materials come from natural resources and impact society; MS-PSl-4: Develop a model that predicts 
and describes changes in particle motion, temperature, and state of a pure substance when thermal energy is added 
or removed; MS-PSl-5. Develop and use a model to describe how the total number of atoms does not change in 
a chemical reaction, and thus mass is conserved; MS-PSl-6. Undertake a design project to construct, test, and 
modify a device that either releases or absorbs thermal energy by chemical processes. P: paper-based item; H: 

52 



hands-on based item. SEP-D: Developing and using models; SEP-P: Planning and carrying out investigations; 
SEP-A: Analyzing and interpreting data; SEP-C: Constructing explanations and designing solutions; SEP-0: 
Obtaining, evaluating, and communicating information; CC-P: Patterns; CC-C: Cause and effect: Mechanism and 
explanation; CC-Sc: Scale, proportion, and quantity; CC-E: Energy and matter: Flows, cycles, and conservation; 
CC-St: Structure and function; DCI: PSI.A: Structure and Properties of Matter; PSl.B: Chemical Reactions; 
PS3 .A: Definitions of Energy; ETSl.B: Developing Possible Solutions 

Scoring guide development 

This study created a scoring rubric for each item ( example is shown in Table 3-9) as 

outcome space. Each scoring guide contained the NGSS background information of the item 

(i.e., PE, SEP, CC, DCI), the score codes for actual points, level ofunderstanding, evidence of 

understanding, and anticipated responses. Given that all of the items are open-ended or short

answer questions, partial credits were awarded from Oto 3. 

Table 3-9 
Scoring rubric example (MS-PSl-5-itemI) 

NGSS background 
Performance expectation (PE) 
MS-PS 1-5: Develop and use a model to describe how the total number of atoms 
does not change in a chemical reaction and thus mass is conserved. 
Science and Engineering Practice (SEP): 
developing and using models. 
Disciplinary core ideas (DCI) 
PS 1.B: Chemical Reactions. 
Crosscutting concepts (CCC) 
Energy and matter: Flows, cycles, and conservation. 

Point Level of Evidence of Understanding 
Understanding 

Student response provides clear evidence of using the 
dimensions to make sense of scientific phenomena and/or to 
design solutions to problems. Student is able to: 
Describe relationships between the components in the model, 
including: 

Demonstrating (i) Each molecule in each of the reactants is made up of the 
3 expected same type(s), and number, of atoms. AND (ii) When a chemical 

understanding reaction occurs, the atoms that make up the molecules of 
reactants rearrange and form new molecules (i.e., products). 
AND (iii) The number and types of atoms that make up the 
products are equal to the number and types of atoms that make 
up the reactants . AND (iv) Each type of atom has a specific 
mass, which is the same for all atoms of that type. 
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Student response provides partial evidence ofusing the 
dimensions to make sense of scientific phenomena and/or to 
design solutions to problems. The response lacks some 
critical information and details or contains some errors. 
Student is able to: 
Describe relationships between the components in the model, 

Progressing including: 
2 toward (i) Each molecule in each of the reactants is made up of the 

understanding same type(s), and number, of atoms. OR (ii) When a chemical 
reaction occurs, the atoms that make up the molecules of 
reactants rearrange and form new molecules (i.e., products). OR 
(iii) The number and types of atoms that make up the products 
are equal to the number and types of atoms that make up the 
reactants. OR (iv) Each type of atom has a specific mass, which 
is the same for all atoms of that type. 

Beginning to Student response is incomplete, or provides minimal evidence of 
1 develop using the dimensions to make sense of scientific phenomena 

understanding and/or to design solutions to problems. 

Student does not respond or student response is inaccurate, 

0 
Not showing 
understanding 

irrelevant, or contains insufficient evidence of using the 
dimensions to make sense of scientific phenomena and/or to 
design solutions to problems. 

Scoring notes: 
Possible answers include: 
®,@,(D,0,® 

Using the above scoring rubrics, seven research assistants with sufficient related scientific 

knowledge and instructional skills (i.e., Master of Science in Education) participated in the 

scoring. After having been trained three hours by the first author, two raters (research assistants) 

independently scored one item. All of the seven research assistants received students' 

responses without being informed of the administration mode of the item, preventing rater bias 

based on the mode of response. Additionally, items taken via paper-and-pencil or hands-on 

based performance tests were randomly intermixed, so as to prevent raters from knowing in 

which test mode the task has been originally undertaken (Russell & Haney, 1997). Where 

discrepancies occurred, the raters re-evaluated the responses until consensus on one score was 

reached. An inter-rater reliability analysis, using the Kappa statistics, was performed to 
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determine consistency between raters. The inter-rater reliability for the raters was found to be 

Kappa= .97 (p < .0001) showing almost perfect agreement (Landis & Koch, 1977). 

Measurement model 

Rasch measurement. Over the past 30 years, Rasch measurement has been increasingly 

used in a wide variety of disciplines (Liu & Boone, 2006), and has become the convention in 

the development of quality measurement instruments for many well-known assessment 

programs, including PISA (Program for International Student Assessment), TIMSS (Trends in 

International Mathematics and Science Study), and PIRLS (Progress in International Reading 

Study) (Boone et al., 2016; Royal et al., 2010). The Rasch model provides evidence of 

substansive, structural, and consequential validity by category structures, fit statistics, 

dimensionality indices, Wright map, and Differential item functioning analyses (Lamb et al., 

2014; Royal et al., 2010). Additionally, Rasch measurement produces interval measures of 

participants, and items, and the interval scale measures have precise measurement errors for 

both individual items and subjects, allowing for inferential statistical analyses to be conducted 

with more power. 

According to Boone et al. (2016), there are six key reasons for utilizing Rasch 

measurement theory in science education research: (1) Ordinal rating scale data ( ordinal data 

are not linear); (2) Data quality control (Are data of high quality? Can person measures be 

confidently computed?); (3) Construct validity (Do items define the construct? Are items part 

of the construct?); ( 4) Item targeting (Do item optimize the quality of respondent measures?); 

(5) Items and respondents expressed on the same metric; and ( 6) Analysis of rating scale 

functionality (How well does your rating scale work?) (p. 223). 

In this current study, Rasch measurement was used to investigate the quality of the 

instrument. Given the fact that all the items tested were open-ended or short-answer questions, 
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and each item had its own scoring category structure, the present study was based specifically 

on the partial credit Rasch model (Masters, 1982). The partial credit Rasch model is an 

extension of the simple binary model, and incorporates the possibility of having differing 

numbers ofresponse opportunities for different items on the same test (Bond & Fox, 2007). 

The partial credit Rasch model is expressed as: ln(PniJ/1-Pnik) = Bn -Dik 

Dik is the difficulty of level k of item i, and Pnik is the probability of person n with an ability Bn 

responding at level k of item i. WINSTEPS software, version 3.72.0 (Linacre, 2011), was used 

for the partial credit Rasch model. 

The Person separation index and the item separation index provided by Winsteps (Linacre 

& Wright, 2000) were used to evaluate the reliability of the instrument. The person separation 

index is an estimate of the adjusted person standard deviation, divided by the average 

measurement error, indicating how well the instrument can discriminate persons on the 

measured variable. The item separation index indicates an estimate, in standard error units, of 

the spread of the separation of items along the measurement construct (Kim et al., 2010). A 

reliability separation index greater than two is considered adequate (Bond & Fox, 2013). 

With regard to the substantive aspect of validity, the evaluation of the instrument's focus 

on item quality was proposed by Liu and Boone's (2006) framework of validity evidence. 

According to Liu and Boone (2006), "If assessment data fit the Rasch model well, then there 

is evidence to claim that the originally hypothesized dimension or construct exists, and is 

assessed by the instrument, thus providing evidence for content and construct validity" (Liu & 

Boone, 2006, p.6). This study examined item quality indices (i.e., the mean square statistic, 

and the standardized values) for each item from the model, as implemented in Winsteps 

computer program (Linacre, 2011 ). 
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The mean square statistics (MNSQ) and the standardized values (ZSTD) are typically used 

as the fit indicators, examining how well each item accords with the Rasch unidimensional 

model. Item MNSQ has an expected value of 1.0 and a range from zero to infinity. MNSQ 

values greater than 1.0 indicate that the data are less predictable than the model expects, or 

underfit ( e.g., a MNSQ of 1.4 indicates that there is 40% more randomness in the data than 

modeled). MNSQ values less than 1.0 indicate fits that are better than expected, or overfit ( e.g., 

a MNSQ of .6 indicates a 40% deficiency in Rasch-model-predicted randomness). When the 

value of ZSTD is 0, this indicates concordance between observed and model data (Rojas et al., 

2009), while a positive ZSTD indicates that responses are worse than expected, and a negative 

ZSTD indicates that responses are better than expected (Bradley et al., 2010). Based on the 

suggestions of Linacre (2011) and Liu (2010), items fit the model when their MNSQs fall 

within the range of .7 to 1.3, with ZSTD values within the range of -2 to +2. Item-measure 

correlations (point-measure correlation/PTMEA) were also examined in this study. Bond and 

Fox (2007) proposed that the measuring of validity is to look at point measure correlation, a 

positive item value indicating that the items are working together to measure an underlying 

construct (Gaol et al., 2013), while zero or negative point-measure correlation indicates a 

reversed direction (Nam et al., 2011). 

The Rasch model constructs a one-dimensional measurement scale, regardless of the fact 

that empirical data are always comprised of more than one latent dimension (Linacre, 1998). 

In this study, Principal Component Analysis (PCA) was applied to identify possible dimensions 

existing in the scale (Oon & Subramaniam, 2011). A variance greater than or equal to 50% for 

the Rasch dimension can be considered good (Linacre, 2011 ), and scale unidimensionality also 

can be assumed if the second dimension (first contrast) has the strength ofless than 3 items (in 

terms ofeigenvalues), and if the unexplained variance by the first contrast is less than 5% (Oon 
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& Subramaniam, 2011). However, there is no agreement on criteria for representing the 

existence of a secondary dimension when working with standardized residual-based PCA 

(Andrich et al., 2005; Nam et al. 2011; Raiche, 2005; Reckase, 1979; Smith, 1996b; Smith & 

Miao, 1994). 

Differential item functioning (DIF), a technical term in educational and psychological 

testing, is used to examine whether examinees with different group identities (i.e., various 

racial-, ethnic-, or gender-based differences) have a different probability or likelihood of 

answering a certain item correctly, after controlling for overall ability (Shepqrd et al., 1980). 

Once the DIF is detected, the results can be interpreted, as to which items are easier or harder 

to solve for certain groups, potentially providing suggestions as to how those items could be 

eliminated or avoided in future versions ofthe test (Strobl et al., 2015). Numerous studies have 

reported DIF in science by gender (Le, 2006); the failure to take into consideration gender 

differences on any test may lead to interpretations that are invalid (Gierl et al., 1999). In this 

study, the Rasch model as an applicable and germane method was also used to detect gender

related DIF (Alavi & Bordbar, 2017). For DIF analysis in the Rasch context, both magnitude 

of the difference in logit units between the groups, and the statistical significance of the 

difference, should be taken into consideration (Linacre, 2016). According to Linacre (2016), 

when the magnitude of the DIF contrast value is over.5 logits, it indicates a notable difference 

in difficulty of a given item for one group, compared to the difficulty level of the same item 

for the other group. Additionally, the probability of such difference (larger than .5 logits), 

occurring by chance or as a random accident, will be lower than .05. Additionally, the 

following cutoff values for moderate and large DIF were identified to align with 

recommendations made by Linacre (2011): DIF effect size larger than .64, with probability p 

ofless than .05, is considered to be ofmoderate-to-large concern; DIF effect size larger than .43, 
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with probability p of less than .05 , is is deemed to be of slight-to-moderate concern. 

To investigate the test administration modes effect, the Many-facet Rasch model (Linacre, 

1989) was applied for analyses. By implementing the Many-facet Rasch measurement 

approach, the additional factors (i.e., test administration mode) affecting a person's ability 

estimate can be modeled in Rasch as additional facets, thereby potentially reducing 

measurement error and increasing the clarity and efficiency of the measurement. Given that 

test administration mode as a facet may affect the assessment outcomes, it is appropriate to use 

the Many-facet Rasch model, which takes the following form: 

ln(Pnijw'Pnij(k-1)) = Bn - Di - Mj - Fk 

where: 

Pmjk =probability of person n receiving a rating of k on item i under the context}; 
Pmj(k-l) = probability of person n receiving a rating of k-1 on item i under the context}; 
Bn =ability of person n; 
Di =difficulty of item i; 
Mj =difficulty of test administration mode j; 
Fk = difficulty of receiving a rating of k relative to k-1. 

In the present study, the three facets in the above Many-facet Rasch model were student, 

trait (SEPs, CCs, DCis) and test administration mode (hands-on based performance test and 

paper-and-pencil test). We derived the certain trait score based on the total scores the student 

has obtained from the items corresponding to this trait (i.e., CCC-"Constructing explanations 

and designing solutions"). For instance, there are four items corresponding to the trait-CCS 

- "Structure and function" in the paper-and-pencil test. Accordingly, if a student obtains 1, 

2, 0, and 1, respectively, on the four items, his or her trait score for "Structure and function" in 

the paper-and-pencil test would be four. 

The FACETS program (Linacre, 1997, version 3.08) was applied to estimate the the 

measures of student, trait, and test administration mode. According to the convention, 

measures for student and trait will be centered on zero, allowing the measures for the test 
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administration mode to float (Liu & Collard, 2004). In addition, we investigated the rating 

scale statistics for trait facet, fit statistics, distribution of facet measures, the separation (strata) 

index, the reliability coefficient, and the Chi-square value; we also checked the trait-by-mode 

bias statistics and the gender-by-mode/trait bias functioning, to explore 1) whether each test 

administration mode maintained a uniform level of difficulty across the different dimensions 

of the NGSS (Achieve, 2013); 2) whether each test administration mode maintained a uniform 

level of difficulty across the genders; 3) whether each trait maintained a uniform level of 

difficulty across the genders, by bias analysis. Since inter-rater reliability had been already 

taken into consideration by suing Kappa coefficients, the model for this study didn't include a 

rater facet. Given that each trait has its own scoring category structure, a three-facet (gender, 

test mode and trait) partial credit model (Linacre & Wright, 2002) was used to investigate the 

test mode effects and the interaction effects between trait and mode, gender and mode or trait. 

Pilot-testing. Before the final field-testing, we conducted a pilot-testing to check whether 

the proposed method and instrument were appropriate (Teijlingen, Hundley, & Graham, 2001 ). 

The results of the pilot-testing afforded us a valuable opportunity for reflection, and revision 

of our instrument. 

Shanghai, as an advanced economically-developed city in China, achieved the best overall 

scientific competencies in the 2009 and 2012 PISA assessments (OECD, 2010; OCDE & 

OECD, 2014). In Shanghai, we used convenience sampling, selecting one junior high school 

with a total of 269 (136 males and 133 females) ninth graders to participate in the pilot test. 

Data collection was organized by a within-subject design, meaning that each examinee 

responded to all 48 pilot test items, across two different administration modes. Each examinee 

undertook 40 minutes of hands-on performance testing, and 50 minutes of paper-and-pencil 

testing. Students took the paper-and-pencil test in the classroom on the first day, and moved 
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to the science lab to complete the hands-on based performance test on the second day. All of 

the participants took the two tests in the sequence described above. This order was adopted for 

the following reasons: 1) the test involves two different tests with two different administration 

modes, rather than the same test given twice, and 2) issues around motivation, stress, and eye 

fatigue may occur when students first take an unfamiliar test, such as a hands-on based 

performance test (Jeong, 2014). Similar procedure was also performed by Akdemir and Oguz 

(2008). Two experts observed the testing, and five experts with science expertise ( e.g., biology, 

physics, chemistry) reviewed the instrument and the results of the pilot testing; all of the seven 

experts are university professors with advanced degrees in science education (i.e., PhD). 

The results of the pilot testing. To check the quality of our pilot instrument, we 

investigated the item fit statistics (i.e., standard error (SE) of estimate, MNSQ and ZSTD of 

Infit and Outfit statistics), unidimensionality, local item independence, distribution of person 

ability, item difficulty measures (Wright map), and reliability ofmeasures (i.e., item and person 

separation and reliability). 

Fit statistics for items. The purpose of the fit statistics is to aid in measurement quality 

control, in order to identify which data meet Rasch model specifications and which do not (Chi 

et al., 2017). Rasch fit statistics are used to provide a frame of reference for judging the 

appropriateness of the responses to a given item, or by a given person on an objectively 

measured variable (Wilson et al., 1997). Specifically, we examined item Infit and Outfit 

MNSQ, item lnfit and Outfit ZSTD, as well as PTMEA. Fit statistics (shown in Table 3-10) 

for all pilot 48 items showed that 43 out of the 48 items had infit and outfit MNSQs within the 

acceptable range of 0.7 to 1.3, with exceptions of item 1-P7 (infit MNSQ =1.31 and outfit 

MNSQ=l.49), item 3-HlO (infit MNSQ=l.31 and outfit MNSQ=l.44), item 5-P5 (infit 
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MNSQ=l.25 and outfit MNSQ=l.41), item 5-P6 (infit MNSQ=l.53 and outfit MNSQ=2.62) 

and item 6-H5 (infit MNSQ=l.42 and outfit MNSQ=l.87). Sixteen out of the 48 items had 

infit and outfit ZSTD values out of the expected range of -2 to +2: iteml-P6 (infit ZSTD= 5.1 

and outfit ZSTD= 3.95), item 1-P7 (infit ZSTD= 4.79 and outfit ZSTD= 4.95), item 3-H2 (infit 

ZSTD= -2.84 and outfit ZSTD= -3.18), item 3-H4 (infit ZSTD= -2.4 and outfit ZSTD= -2.27), 

item 4-Pl (infit ZSTD= -4.17 and outfit ZSTD= -4.34), item 4-P2 (infit ZSTD= 2.40 and outfit 

ZSTD= 1.13), item 4-Hl (infit ZSTD= -3.43 and outfit ZSTD= -4.31), item 5-P5 (infit ZSTD= 

3.92 and outfit ZSTD= 4.48), item 5-P6 (infit ZSTD= 6.18 and outfit ZSTD= 8.22), item 6-Hl 

(infit ZSTD= -1.90 and outfit ZSTD= -2.44), item 3-H5 (infit ZSTD= 2.32 and outfit ZSTD= 

2.88), item 3-H6 (infit ZSTD= 1.92 and outfit ZSTD= 2.10), item 3-HlO (infit ZSTD= 4.33 

and outfit ZSTD= 3.86), item 6-H4 (infit ZSTD= -1.93 and outfit ZSTD= -2.01), item 6-H5 

(infit ZSTD= 3.62 and outfit ZSTD= 3.86), and item 6-H6 (infit ZSTD= 2.75 and outfit ZSTD= 

2.59). The results suggested that those items should be carefully examined and modified for 

final field testing. Additionally, among the misfitting items, item 5-P6 had a negative point

measure correlation (PTMEA= -.17), indicating this item did not contribute to the measure, 

and required revision. 

The misfitting pilot-testing items had been investigated in terms ofthe average respondents' 

ability, along with the item category and options for each item (Table 3-11 ). The results 

showed that there were two main issues corresponding to those misfitting items. Firstly, there 

were eight items (item 1-P7, 5-P5, 6-H6, 3-H5, 3-H6, 3-H4, 6-Hl and 6-H4), violating 

Linacre's guideline (Linacre, 2002) requiring "At least 10 observations of each category" (p. 

6), for instance, for item 1-p7, there was only two observations (1 %) with score "2". Similarly, 

for item 1-P6, score "1" even had not been observed. Secondly, there were 11 items (item 5-

P6, 6-H5, 1-P7, 5-P5, 3-H5, 4-P2, 3-H6, 4-P2, 4-Hl, 6-Hl, 6-H4) which failed to meet the 
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requirement that "Average measures advance monotonically with category" (Linacre, 2002, p. 

8). As can be seen in Table 3-11, failures of average measures to demonstrate monotonicity 

are flagged by "*". For instance, for item 5-P6 in particular, the average measure 

corresponding to the 193 observations in score 0 was -.10, noticeably higher than the -.15 for 

the 16 observations in Score 1 and the -.12 for the 60 observations in Score 2, indicating that 

score 0 does not manifest lower performance levels than Score 1 and Score 2. In terms of the 

above two issues, revisions of the items and/or modifications of the scoring rubric to rate 

responses were required, in order to improve the instrument. 

Table 3-10 
The pilot-testing item statistics 

Item Measure IN.MNSQ IN,ZSTD Out.MNSQ Out.ZSTD PTMEA LOADING 

1-Pl -1.43 1.17 1.27 1.31 1.53 0.15 -.41 
l-P2 -0.61 0.98 -0.33 0.96 -0.54 0.42 -.21 
l-P3 0.1 0.90 -1.86 0.87 -1.82 0.53 .24 
l-P4 -1.01 1.00 -0.02 0.95 -0.42 0.39 -.08 
l-P5 -1.44 1.07 0.47 0.98 0.00 0.28 -.10 
l-P6 0.06 1.31 5.10 1.37 3.95 0.21 .11 
l-P7 -0.18 1.31 4.79 1.49 4.95 0.20 .03 
2-Pl -0 .99 0.91 -0.97 0.83 -1.52 0.47 -.05 
2-P2 -0.02 0.89 -2 .00 0.86 -1.83 0.54 .34 
2-P3 -0.9 0.90 -1.32 0.89 -1.48 0.46 .09 
2-P4 -0.5 0.95 -0.81 0.93 -1.00 0.44 .22 
2-P5 -0.12 0.91 -1.58 0.88 -1.77 0.51 .11 
2-P6 1.48 1.10 1.13 1.14 1.31 0.15 .04 
2-P7 -0.05 0.92 -1 .31 0.91 -1.46 0.47 .39 
3-Pl -1.01 0.92 -0 .80 0.77 -1.90 0.48 .39 
3-Hl 0.99 0.96 -0.45 0.97 -0.37 0.37 .51 
3-H2 -0.72 0.78 -2.84 0.64 -3.18 0.61 .54 
3-H3 0.9 0.91 -1.22 0.91 -1.24 0.44 .61 
3-H4 1.29 0.85 -2.40 0.82 -2.27 0.56 .70 
4-Pl -0.54 0.74 -4.17 0.68 -4.34 0.67 .42 
4-P2 0.29 1.17 2.40 1.14 1.13 0.44 .10 
4-Hl 0.74 0.78 -3.43 0.67 -4.31 0.63 .61 
4-H2 -0.11 0.88 -1.75 0.82 -1 .67 0.63 .46 
5-Pl -0.66 1.04 0.50 0.94 -0.45 0.41 -.31 
5-P2 -0.15 0.88 -1.73 0.85 -1.92 0.59 -.22 
5-P3 0.03 1.02 0.26 1.04 0.51 0.47 -.28 
5-P4 -0.2 1.12 1.54 1.10 0.90 0.49 -.20 
5-P5 1.29 1.25 3.92 1.41 4.48 0.25 -.34 
5-P6 0.76 1.53 6.18 2.62 8.22 -0.17 -.13 
6-Pl 1.08 0.89 -0.96 0.80 -1.72 0.43 .11 
6-P2 0.17 0.95 -0.49 0.95 -0.49 0.36 -.41 
6-P3 0.3 0.93 -1.16 0.90 -1.49 0.46 -.12 
6-Hl 1.27 0.85 -1.90 0.80 -2.44 0.52 .18 
3-H5 1.75 1.16 2.32 1.20 2.88 0.03 -.62 
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3-H6 1. 84 1.12 1.92 1.14 2.10 0.08 -.56 
3-H7 -0 .96 0.91 -0.87 0.93 -0.33 0.46 .12 
3-H8 1.35 0.91 -0 .99 0.85 -1.58 0.40 -.05 
3-H9 -1.21 0.90 -1.27 0.86 -1.47 0.41 -.06 
3-Hl0 0.6 1.31 4.33 1.44 3.86 0.11 -.59 
4-H3 -0 .99 0.96 -0.35 0.83 -0.81 0.43 -.02 
4-H4 -0 .92 0.89 -1.06 0.77 -1.26 0.49 .04 
4-H5 1.05 0.89 -1 .50 0.83 -1.55 0.52 .25 
6-H2 -1.13 0.96 -0 .32 0.68 -1.46 0.50 -.04 
6-H3 -0.49 1.02 0.28 0.95 -0.38 0.44 -.34 
6-H4 1.14 0.84 -1.93 0.73 -2.01 0.55 -.08 
6-H5 -0.77 1.42 3.62 1.87 3.86 0.24 -.29 
6-H6 -0.44 1.20 2.75 1.30 2.59 0.28 -.33 
6-H7 -0 .93 1.03 0.30 1.02 0.16 0.38 -.02 

Table 3-11 
Item category, option, and distractor frequencies ofthe pilot test 

Average
Item Score Count(%) SE OutfitMNSQ PTMEA

ability 

0 193(72) -.10 .04 1.4 .18 
5-P6 1 16(6) -.15* .11 1.7 -.08 

2 60(22) -.12* .07 3.1 -.15 

0 35(13) -.21 .09 2.4 -.16 
1 11(4) -.25* .22 1.3 -.10

6-H5 
2 32(12) -.19 .09 .7 .14 
3 191 (71) .13 .04 1.4 .27 

0 110(41) -.10 .06 1.6 -.19 
1-P7 1 2(1) -.28* .11 .1 -.05 

2 157(58) .13 .04 1.3 .20 

0 166(62) -.01 .05 1.2 -.10 
3-Hl0 1 36(13) .06 .08 1.0 .02 

2 67(25) .13 .06 1.6 .10 

0 122(45) -.13 .05 1.3 -.26 
1 6(2) .00 .22 .8 -.01

5-P5 
2 137(51) .19 .05 1.5 .27 
3 4(1) -.16* .22 1.6 -.04 

0 136(51) -.09 .06 1.5 -.21
1-P6 

2 133(49) .16 .04 1.2 .21 

0 83(31) -.20 -.28
.06 1.2

1 6(2) -.02 -.02 
6-H6 .15 .5 

2 179(67) .15 .28
.04 1.5

Missing 1(0) -.47 -.05 

0 140(52) .00 .05 1.1 -.07 
3-H5 1 123(46) .10 .05 1.1 .11 

2 6(2) -.47* .12 1.7 -.13 

0 140(52) -.13 .05 1.2 -.30 
1 27(10) -.33* .07 .9 -.21

4-P2 
2 16(6) -.05 .09 1.5 -.04 
3 86(32) .44 .05 1.1 .48 
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0 139(52) -.01 .05 1.1 -.08 
3-H6 1 125(46) .08 .05 1.2 .08 

2 5(2) .08* .22 1.2 .01 

0 56(21) -.62 .06 .6 -.59 
3-H2 1 22(8) -.08 .09 .8 -.06 

2 191 (71) .24 .03 .8 .56 

0 74(28) -.48 .06 .7 -.55 
1 40(15) .06 .09 1.3 .02

3-H4 
2 153(57) .26 .04 .9 .46 
3 2(1) .95 .23 1.1 .14 

0 54(20) -.51 .06 .7 -.47 
4-Pl 1 72(27) -.29 .05 .4 -.34 

2 143(53) .40 .03 .7 .68 

0 140(52) -.13 .05 1.2 -.30 
1 27(10) .33* .07 .9 .21

4-P2 
2 16(6) -.05 .09 1.5 -.04 
3 86(32) .44 .05 1.1 .48 

0 74(28) -.55 .05 .6 -.63 
1 29(11) -.15 .08 .6 -.11

4-Hl 
2 156(58) .36 .03 .6 .66 
3 10(4) -.15* .11 1.2 -.06 

0 72(27) -.51 .06 .7 -.57 
6-Hl 1 190(71) .24 .03 .8 .56 

2 7(3) .02* .21 1.0 .00 

0 58(22) -.56 .07 .7 -.55 
1 5(2) -.15 .25 .9 -.04 

6-H4 
2 204(76) .21 .03 .8 .54 
3 2(1) -.02* .11 .7 -.01 

Unidimensionality. Table 3-10 also listed the factor loadings on the first PCA contrast. 

In the factor analysis literature, values of ±.4 or greater are considered substantive (Linacre, 

2016). Figure 3-1 showed the factor plot of the standardized residuals after the primary Rasch 

dimension had been extracted, indicating seven items (3-H4, 3-H3,4-Hl, 3-H2, 3-Hl, 4-Hl, 4-

Pl) with substantial positive loadings and five items (3-H5, 3-HlO, 3-H6, 1-Pl and 6-P2) with 

substantial negative loadings on the factor discovered in the item residuals, i.e., with absolute 

loading value of .4 or greater (Bond & Fox, 2013). 

Overall, the item and person Rasch measures and the category structures explained 34.5% 

of the total variance in the data set, leaving 65.5% of the variance unexplained. The first 
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component had an eigenvalue of 5 .1, which indicated a secondary subdimension among the 

items with the strength of about 5 items (5.1 rounded to 5, out of 48 items); the unexplained 

variance by the first contrast is 6.9% (>5%). The eigenvalues of the second to fifth contrast 

were 4.4, 3.3, 2.5, and 2.2, respectively, and the proportion of unexplained variances of the 

second to fifth contrast were 5.9% (>5%), 4.4%, 3.3%, and 3.0%, indicating that the 

unidimensionality of items was not ideal. 
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Figure 3-1. Dimensionality plot of the pilot test 

Local item independence. Local independence (Lazarsfeld & Henry, 1966) of items is a 

fundamental requirement in Rasch models, which means that the items are conditionally 

independent given the latent variable; for instance, a correct or incorrect response to one item 

should not be based on a correct or wrong response to a prior item (Andrich et., 2012; Mehrens 

& Lehman, 1991). That is, the correlation of residuals should be zero (Baghaei, 2008). 

Dependency among items can lead to inflated estimates of reliability, and problems with 
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construct validity (Christensen, et al.,2017); furthermore, it may give a false impression of the 

accuracy and precision of estimates (Marais, 2013). 

Table 3-12 listed the largest standardized residual correlations used to identify dependent 

items. Residuals are those parts of the observations not explained by the Rasch dimension, 

which should be random and should show no structure (Linacre, 2016). There were twenty 

pairs of items (i.e., 3-H5 with 3-H6) with larger absolute standardized residual correlations, 

ranging from .38 to .87. However, note that "common variance" is equal to the square of the 

correlations; for instance, item 3-H3 and item 3-H4 only share .5*.5=25% of the variance in 

their residuals in common, while 75% of each of their residual variances differ. According to 

Linacre (2016), attention should only be paid to highly locally-dependent items (i.e., 

correlations> .7). For instance, item 3-H5 and item 3-H6 (corr. =.87) shared more than half of 

the "random" variance, indicating that they might duplicate some of each other's features, or 

might both incorporate some other shared dimension. In cases such as this, Linacre suggested 

that only one of two items be needed for measurement. 

Table 3-12 
Largest standardized residual correlations 

Correlation Item Item 
.87 3-H5 3-H6 
.67 4-H3 4-H4 
.63 3-Hl 3-H3 
.57 4-P2 6-P3 
.54 3-H8 3-H9 
.53 4-H4 4-H5 
.50 3-H3 3-H4 
.48 5-P3 5-P4 
.47 3-Hl 4-Hl 
.45 5-P5 5-P6 
.45 3-Pl 3-H2 
.44 5-P2 6-P3 
.43 3-H3 4-Hl 
.41 3-H5 3-HlO 
.41 3-H6 3-HlO 
.41 6-H6 6-H7 
.40 3-H2 3-H4 
.40 3-H4 4-H2 
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.39 3-H4 4-Hl 
-.38 1-P6 6-P3 

Person ability and item difficulty measures. The Wright map shows the distributions of 

item difficulties and person ability measures along the same linear scale, in logit units (Liu, 

2010). According to Lipscomb et al. (2004), "the Wright map allows one to check for evidence 

of construct validity by investigating how well the instrument designer's intentions, as 

represented in the construct map, are reflected by empirical results and, specifically, by the 

item locations on the Wright map" (p. 472). A good measurement instrument should be able 

to demonstrate that a distribution of item measure is approximately equivalent to a distribution 

of person measure. From Figure 3-2, we can see that the left-hand column located the person 

ability measures along the scale; it showed that the persons had a normal distribution, and that 

most of the range of variation of students' scientific inquiry competencies measures were 

covered by the items (person ability measures ranged from -1.92 to 1.37 logits, and item 

difficulty measures ranged from -1.44 to 1.84 logits). Overall, the item difficulty measures 

were wider than the range of person ability measures, indicating that this instrument had items 

that could target subjects with many more variations. However, there were five gaps -

between 3-H5 and 2-P6, between 3-HlO and 4-P2, between 1-P7 and 6-H3, between 3-H9 and 

1-Pl and for the students who had the ability measure below -1.44 logits - indicating that 

items with certain difficulties need to be added into the item clusters. 
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Figure 3-2. The Wright map of the pilot test. 
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Item andperson separation and reliability. Person separation refers to the degree to which 

people can be reliably differentiated by a similar set of items, and item separation refers to the 

degree to which item hierarchy can be replicated with another, similar sample. High person 

separation implies that the instrument is sensitive enough to distinguish among different levels 

ofperformance. High item separation implies that the person sample is large enough to confirm 

the item difficulty hierarchy of the instrument. Based on the partial credit Rasch analyses, the 

person separation index was 2.57, with an equivalent Cronbach's reliability coefficient (a value) 

of .87. The item separation index was 9.54, and its corresponding Cronbach's a value was .99, 

indicating reliable item and person estimation. 

Item revisions. Based on the Rasch analyses results, re-examination of each item, 

students' responses, and experts' review and discussion of the pilot-study instrument, certain 

improvements were made to the instrument, such as adding, deleting or revising items, 

including their related scoring rubrics (note that the original Chinese version's items have been 

translated into English for reporting): 

For item 1-Pl and item 1-P2, we revised the two items to make the questions be more 

specific. 

Original: The diagrams below show the structural representation of carbon elements. The 
small circles in the pictures represent carbon atoms. 

J '. ~ ~ -;. 
.v:~~~0-;• 

~ 
A B C 

1-P1(2') Observe the atoms models above carefully. Do A, Band C have the same physical 
and chemical properties? 
1-P2(2 ') Use the above models to support your answers 

Revised: The diagrams below show the structural representation of carbon elements. The 
small circles in the pictures represent carbon atoms. 
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~ 
-~w1· 
~ 

A B C 
1-Pl(l ') Observe the atom models above carefully, noting their structure. Do A, Band C 
have the same physical properties, and if so, why? _________ 
1-P2(1 ') Do A, B, and C have the same chemical properties, and if so, why? ___ 

For item 2-P6 and item 2-P7, the original item 2-P6 was one of the Meltingoinv
Coppermost difficult items in the pilot test. Participants told us that the B 

Zinc 
A. 

statement made them feel confused, and that both of these items, 2-P6 

and 2-P7, lacked coherence. In response, we combined the two items, and reworded them to 

make the questions more specific. 

Original: An alloy is a substance with metallic properties formed by the fusion of two, or more 
than two, metals (or the fusion of metals and non-metals). The following table provides the 
melting point data for several metals. 

Metal Copper Zinc Tin Lead Bismuth Cadmium 

Melting point/°C 1083 419.6 231.9 327.5 271.3 320.9 

2-P6(2') According to the table above, and the chart to the right, for A, B, and C, which is 
alloy of copper and zinc, formed via technical means, from pure cooper and pure 
zinc? 
2-P7(2') Is this a physical change or chemical change? Why? 

Revised: 2-P7(2') Based on the table and the figure, Ming claims that A is an alloy of copper 
and zinc, he also argues that it was formed by a physical change rather than a chemical 
change. Please use evidence from the table and diagram to explain whether his claims are 
supported 

Regarding item 4-Pl and item 4-P2, we restated item 4-Pl, to make the questions more 

specific and succinct, and removed 4-P2, which was too problematic. 

Original: In 1827, Brown put pollen grains in the water, and observed them through a 
microscope. He found that the pollen granules were engaged in a jittery motion within the water. 
The direction and speed of each small particle changed rapidly; they didn't cease moving. 
These small particles were actually molecular groups made up of thousands of molecules. 
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Because as they were not balanced by the impact of the liquid molecules, they showed irregular 
movements. This is the famous Brownian Motion. 

4-P1(2') Someone argues that "Brownian Motion is an irregular and thermal movement of 
molecules". Do you support the above argument? If you do not agree, provide your own 
argument: ____________ 
4-P2(2') A student did an experiment (shown in figure to the right) verifying the theory that 
molecules are engaged in never-ending and irregular movement. Ammonia gas is very volatile. 
It is also very water-soluble, forming a solution in water which renders phenolphthalein 
solution reddish. Do you think that the student's experimental method is correct? If you feel 
that the experimental method is inadequate, write down your reasoning and experimental 
design. Ifyou feel it is correct, you do not have to include reasoning _________ 

Revised: 4-P1(2') Ming claims that "Brownian Motion is an irregular and thermal movement 
of molecules". Use evidence from the diagram to explain whether Ming's claim is 
supported___________________ 

Regarding item 5-P6, the original item 5-P6 was problematic (infit ZSTD= 6.18 and outfit 

ZSTD= 8.22), and it had a negative point-measure correlation (PTMEA= -.17), indicating that 

it did not contribute to the measure and needed to be revised. Additionally, participants told 

us that they felt confused by the wording, and had no idea what they were supposed to respond. 

Thus, we revised this item to more specifically assess the students' proficiency in "developing 

and using models". 

Original: 5-P6(2') In addition to the catalyst and high temperature conditions, this reaction 
also requires 

0 Hydrogen atom 

,catalyst 
- itrogen atom ~ ►high - 1+ 

X y temperature z w • Carbon atom 
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Revised: 5-P6(1 ') Please use evidence from the diagram to explain why the reaction also 
requires isolation from oxygen _______________ 

0 Hydrogen atom 

catalyst 
- itrogen atom~ ►high - a+ 

X y temp,erature z w • Carbon atom 

For item 3-Hl, item 3-H2, item 3-H5 and item 3-H6 (Note: 3-H5 and 3H-6 were the most 

difficult items in the pilot test), which were items belonging to the hands-on based test, we 

revised the statements and question formats for the sake of providing scaffolding for students 

in answering the questions, and to avoid producing confusion or misunderstanding. 

Original: For three separate fabrics-wool, polyester and cotton- there is one fiber present 
of each: please distinguish them. First write down your experimental plan, and then conduct 
experiments according to your plan. 
Experimental objective: identify the wool, the polyester, and the cotton. 
Material: one fiber for each of the various fabrics (wool, polyester and cotton). 
3-Hl(l ') What instruments do you need for this experiment? Please write down the 

instruments required for this experiment according to your plan _______ 
3-H2(2') Describe your plan in identifying the wool, the polyester, and the cotton:__. 
3-H5(2') The phenomenon you observe through this experiment is:_______ 
3-H6(2') Please draw a conclusion based on the phenomena observed during the 
experiments:______________ 

Revised: Wool, polyester, and cotton can be identified on the basis of their burning 
characteristics, including their smell, and other properties of the remains, such as smoke and 
ash. 
Experiment 1: Observing the phenomena ofburning tests 
Please write down the phenomena observed in the burning of wool, polyester, and cotton. 
3-Hl(l ') Wool:_____________ 
3-H2(1 ') Polyester:_____________ 
3-H3(1 ') Cotton:____________ 
Experiment 2: Identification 
Experimental objective: Identify wool, polyester, and cotton. 
Material: one piece each of wool, polyester, and cotton fabric. 
3-H4(2') Present identify the provided pieces of fabric_______ 
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We also added some new items to replace the item 3-H3, item 3-H4, item 3-H8, item 3-H9, 

and item 3-Hl0. 

Original: There are two pieces of fabric provided, cotton and polyester. Please design an 
experiment comparing and contrasting the water absorption properties of these two fabric types. 
Experimental purpose: Comparing and contrasting the water absorption properties of cotton 
and synthetic fiber. 
Material: one piece each of polyester and of cotton fabric. 
3-H3(1 ') What instruments are required for this experiment? Please write down the instruments 
which must be used according to your experimental plan: 

3-H4(2') Describe your plan in comparing the water absorption properties of cotton fibers and 
synthetic fibers: 
3-H8(1 ') The phenomenon you observe through this experiment is: _____ 
3-H9(2') Please draw the conclusion of this experiment, according to the phenomena_. 
3-H10(2') Synthetic fibers are often blended with cotton or wool fibers to make clothes 
comfortable and wrinkle-resistant. According to the information in the material, and the 
experimental conclusion above, please write down the possible reasons: ____ 

Revised: Tofu, or bean curd, is a food ofChinese origin which is known throughout the world. 
The £ 11owmg t ble prov1'des the mam. components oo . a fT0 fu 

Component Water Protein fat Sugar Calcium Phosphorus Iron Vitamin Bl Vitamin B2 

weight% 89.3 4.7 1.3 2.8 0.24 0.064 1.4 0.00006 0.00003 

A biuret reagent is used to determine the presence of an analyte, or a chemical substance, in 
solution. Specifically, it tests for protein in a sample. If the sample turns purple when the biuret 
reagent is added, this indicates that there is protein in the sample. 
Now try to test whether there is protein in soybean sample, through hands-on based 
experiments. 
3-P3(1 ') Please write down the research question: ________ 

Note: First add the solution ofNaOH into the biuret reagent, and then add the solution of 

CuS04. 
3-P4(1 ') What instruments are required for this experiment? Please write down the instruments 
required, according to your experimental plan: _____ 
3-P5(2') Write down your research design for testing whether there is protein in the soybean 
sample _______________ 

3-H6(1 ') The phenomenon observed in this experiment is: _____ 
3-H7(1 ') Please draw the conclusion of this experiment, according to the 
phenomenon: _____________ 

3-H8(1 ') Which option in the following list contains protein? ___ 

1) Rice 2) Egg 3) Soy flour 4) Tomato 
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Additionally, some new hands-on based items were added to replace item 6-H5, item 6-H6, 

and item 6-H7. 

Original: 6-H5(3 ') Taking into consideration the experimental phenomena, mark the 
corresponding box with 11 ✓" 

Magnesium strips B11(0H)_·!m~o cry~faI reac.l ifu t'.aO read 
Ghange-s in heti.t 

·react w11h HCl NH~CI crystal" with H:O 

]Use in 

temperature 

Decreas•e in 

temperature 

No change in 

temperature: 

*A Ba (OH) ,·8H,O crystal is ground finely in a mortar and is then placed in a beaker, along 
with a 1 0g NH.Cl crystal, and stirred rapidly with a glass rod. 
6-H6(2') According to the records in the table above, please draw a conclusion for this 
experiment: 
6 -H 7 ( 3 ') Adding a certain amount of quicklime to water will cause white phosphorus to burn. 
According to the three essential conditions for combustion, the role ofquicklime is 

Revised: Chemical reactions often involve changes in energy. A research team is investigating 
the changes in energy in the reaction ofNaOH and HCL One student dropped the HCl solution 
on the solid NaOH, and found that the temperature had risen during the reaction. He concluded 
that this was an exothermic reaction. However, his teacher told him that his experiment could 
not support this claim. 
Please design an experiment (A) to support or oppose to the claim. 
Instrument: thermometer, test tube, plastic head dropper 
Materials: water, 10% HCl, 10% NaOH solution, Solid NaOH 
6-P4(2')Write down the design (B) for an experiment to test whether the reaction ofNaOH and 
HCl is an exothermic reaction 
Please fill out the following: 

Phenomena Conclusion 
' Experiment A - 6-H3(1 ') 

Experiment B 6-H4(1 ') -
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While a student was working with lime, he found that the plastic reagent bottles 
filled with quicklime had burst and ruptured (as shown in the picture). Please 
provide an experiment design to support your claim 6-H5(1 ')______-----= 

After all item revisions were completed, the final count oftest items for field 

tests consisted of49 items, including 16 hands-on based test items and 33 paper-and-pencil test 

items (item distributions are shown in Table 3-13; details of the items can be found in the 

Appendix), covering five Scientific and Engineering Practices (SEPs), five Crosscutting 

Concepts (CCs) and four Disciplinary Core Ideas (DCis), as envisioned in the National 

Research Council Framework (NRC, 2012) and the NGSS (Achieve, 2013). 

Table 3-13 
Field test item distributions 

SEP cc DCI 
PE Mode Item Pts 

p pD A C 0 C Sc E St PSI.A PSI .B PS3.A ETSI.B 

MS-PSI-I p I-P l ✓ ✓ ✓ 

MS-PSI-I p 1-P2 ✓ ✓ 

MS-PSI-I p I-P3 ✓ ✓ ✓ 

MS-PSI-I p I-P4 ✓ ✓ ✓ 

MS-PSI-I p I-PS ✓ ✓ ✓ 

MS-PSI-I p I-P6 ✓ ✓ 

MS-PSI-I p 1-P7 ✓ ✓ ✓ 

MS-PSI-I p I-PS ✓ 

MS-PSl-2 p 2-PI ✓ ✓ ✓ 

MS-PSl-2 p 2-P2 ✓ ✓ ✓ 

MS-PSl-2 p 2-P3 ✓ ✓ 

MS-PSl-2 p 2-P4 ✓ ✓ ✓ 

MS-PSl-2 p 2-PS ✓ ✓ ✓ 

MS-PSl-2 p 2-P6 ✓ ✓ ✓ 

MS-PSl-2 p 2-P7 ✓ ✓ ✓ 

MS-PSl-3 p 3-PI ✓ ✓ ✓ 

MS-PSl-3 p 3-P2 ✓ ✓ ✓ 

MS-PSl-3 p 3-P3 ✓ ✓ 

MS-PSl-3 p 3-P4 ✓ ✓ ✓ 

MS-PSl-3 p 3-PS ✓ ✓ ✓ 

MS-PSl-4 p 4-PI ✓ ✓ ✓ 

MS-PSl-4 p 4-P2 ✓ ✓ ✓ 

MS-PSl-4 p 4-p3 ✓ ✓ ✓ 

MS-PSl-5 p 5-PI ✓ ✓ ✓ 

MS-PSl-5 p 5-P2 ✓ ✓ ✓ 

MS-PSl-5 p 5-P3 ✓ ✓ ✓ 

MS-PSl-5 p 5-P4 ✓ 

MS-PSl-5 p 5-PS ✓ ✓ ✓ 

MS-PSl-5 p 5-P6 ✓ ✓ 

MS-PSl-6 p 6-P I ✓ ✓ 

MS-PSl-6 p 6-P2 ✓ ✓ ✓ 

MS-PSl-6 p 6-p3 ✓ ✓ ✓ 

MS-PSl-6 p 6-P4 ✓ ✓ ✓ 

MS-PSl-3 H 3-HI ✓ ✓ ✓ 
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MS-PSl-3 H 3-H2 ✓ ✓ ✓ 

MS-PSl-3 H 3-HJ ✓ ✓ ✓ 

MS-PSl-3 H 3-H4 ✓ ✓ ✓ 

MS-PSl-3 H 3-H5 ✓ ✓ ✓ 

MS-PSl-3 H 3-H6 ✓ ✓ ✓ 

MS-PSl-3 H 3-H7 ✓ ✓ ✓ 

MS-PSl-3 H 3-H8 ✓ ✓ ✓ 

MS-PSl-4 H 4-HI ✓ ✓ ✓ 

MS-PSl-4 H 4-H2 ✓ ✓ ✓ 

MS-PSl-4 H 4-HJ ✓ ✓ ✓ 

MS-PSl-6 H 6-HI ✓ ✓ ✓ 

MS-PSl-6 H 6-H2 ✓ ✓ ✓ 

MS-PSl-6 H 6-HJ ✓ ✓ ✓ 

MS-PSl-6 H 6-H4 ✓ ✓ ✓ 

MS-PSl-6 H 6-H5 ✓ ✓ ✓ 

Note. MS-PS 1-1: Develop models to describe the atomic composition of simple molecules and 
extended structures; MS-PSl-2: Analyze and interpret data on the properties of substances, before and 
after the substances interact, to determine if a chemical reaction has occurred; MS-PSl-3: Gather and 
make sense of information to describe how synthetic materials come from natural resources, and how 
this impacts society; MS-PS 1-4: Develop a model that predicts and describes changes in particle motion, 
temperature, and state ofa pure substance, when thermal energy is either added or removed; MS-PSl-
5. Develop and use a model to describe how the total number of atoms does not change in a chemical 
reaction, and thus mass is conserved; MS-PSl-6. Undertake a design project to construct, test, and 
modify a device that either releases or absorbs thermal energy through chemical processes. P: paper
based item; H: hands-on based item. SEP-D: Developing and using models; SEP-P: Planning and 
carrying out investigations; SEP-A: Analyzing and interpreting data; SEP-C: Constructing explanations 
and designing solutions; SEP-0: Obtaining, evaluating, and communicating information; CC-P: 
Patterns; CC-C: Cause and effect: Mechanism and explanation; CC-Sc: Scale, proportion, and quantity; 
CC-E: Energy and matter: Flows, cycles, and conservation; CC-St: Structure and function; DCI: PS 1.A: 
Structure and Properties ofMatter; PSl.B: Chemical Reactions; PS3.A: Definitions ofEnergy; ETSl.B: 
Developing Possible Solutions 

Field testing. The results of the pilot test suggested that we need a more diverse set of 

participants, with greater variance in terms of the scientific proficiencies envisioned in Matter 

and its Interaction. Accordingly, in Jiangsu, China, taking into consideration the need for a 

diverse sampling, we purposely selected 51 classes from four urban junior high schools, for a 

total of 2604 ninth grade students -1280 female students and 1324 male students -

participating in the field testing (Table 3-14). The data collection was still organized by a 

within-subject design; in other words, each participant responded to all of the 49 final field

testing items, across two different administration test modes. Specifically, each examinee 

completed 40 minutes hands-on performance testing and 50 minutes of paper-and-pencil 

testing. A fixed order was adopted in the field-testing, consistent with the pilot testing. 
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Students took the paper-and-pencil test in their classrooms on the first day, and on the second 

day moved to the science lab to complete the hands-on based performance testing. 

Table 3-14 

Description ofthe Sample in the Field Test 

School A School B School C School D 
Class N Class N Class N Class N 

a 44 a 42 a 61 a 42 
b 47 b 38 b 62 b 44 
C 48 C 46 C 59 C 43 
d 44 d 45 d 62 d 42 
e 46 e 46 e 62 e 43 
f 48 f 44 f 60 f 48 
g 48 g 46 g 62 g 44 
h 49 h 46 h 59 

44 62 
j 47 j 64 
k 44 k 59 
l 47 l 59 

m 41 m 61 
n 45 n 63 
0 48 0 61 
p 45 p 62 
q 45 q 62 

r 64 
s 61 

Total 8 374 17 759 19 1166 7 306 

Field-testing background survey. In order to attain background information on the 

participants, after having finished the paper-based test and hands-on based test, participants 

were also asked to complete a five-minute context questionnaire. This questionnaire included 

some basic personal information questions (i.e., gender, class, school), two multiple-choice 

questions to measure their perceptions of the hands-on based test (including their experience 

of taking hands-on based test, and their preference for a hands-on based test, as compared to a 

paper-based test), and eight multiple-choice questions measuring their perceptions on the 

frequency of inquiry-based science teaching and learning activities at school, which were 

derived from the 2015 PISA student survey questionnaire (OECD, 2016). A sample question 

regarding student perception of hands-on based tests was: "Have you ever taken a hands-on 
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based test before?", and a sample question regarding student perception of the frequency of 

inquiry-based science teaching and learning activities at school was: "How frequently does the 

follow activity occur at your school: The teacher shows an interest in every student's learning" 

(with possible answers of "never or hardly ever", "during some lessons", "many lessons" or 

"every lesson or almost every lesson") ( details also shown in Appendix; note that the original 

Chinese-language version instrument has been translated into English for reporting in this 

paper). 

Data analysis for the survey. Multiple regression analysis, utilizing IBM SPSS Statistics 

22.0, was used to investigate whether there were associations between factors, including 

students' experience of the hands-on based test, their preferences, perceived frequency of 

inquiry-based science learning and teaching activities in their schools, and their hands-on based 

test performance. The dependent variable was the student hands-on based test performance, 

on the basis of Rasch measures (score conversion seen in Appendix). Given that the two 

variables-------students' hands-on test experience and preference-were ordinal rather than 

numerical variables, we converted them into dummy variables, respectively: Experience_ N 

("never" coded as 1, "more than five times" coded as 0), Experience_ OT ("once or twice" 

coded as 1, "more than five times" coded as 0), Experience_ TF ("three to five times" coded as 

1, "more than five times" coded as O); Preference_P ("prefer paper-based test mode" coded as 

1, "prefer hands-on based test mode" coded as 0), Preference_ B ("prefer both test modes" 

coded as 1, "prefer hands-on based test mode" coded as 0), Preference_ N ("prefer neither of 

the test modes" coded as 1, "prefer hands-on based test mode" coded as 0). In PISA 2015, 

eight items of inquiry-based teaching and learning activities were combined in one index, based 

on the IRT scaling model. In this study, we also used Rasch measurement to construct an index 
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for inquiry-based teaching and learning activities; the score conversion 1s shown m the 

Appendix. 
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CHAPTER4 

Findings 

Validation of the Instrument 

To answer the first question, ofwhether measures produced by the instrument are reliable 

and valid for assessing students' proficiencies in science, we investigated the rating scale 

functionality, fit statistics for items (i.e., standard error (SE) of estimate, MNSQ and ZSTD of 

Infit and Outfit statistics), unidimensionality and local item independence, distribution of 

person ability and item difficulty measures (Wright map), and the reliability of the measures 

(i.e., item and person separation and reliability). Additionally, we also checked whether there 

is a gender-related differential item functioning (DIF). 

Item rating scale functioning 

Linacre's (2002) eight guidelines for optimizing rating scales were used as the criterion 

in investigating the quality of rating scale functionality. The eight guidelines are as follow: 1) 

There must be at least 10 observations of each category; 2) There must be regular observation 

distribution; 3) The average measures should advance monotonically with each category; 4) 

The rating scale must have outfit mean-squares of less than 2.0; 5) The rating scale's step 

calibrations should advance; 6) Ratings should imply measures, and measures should imply 

ratings; 7) Step difficulties should advance by at least 1.4 logits; and 8) step difficulties should 

advance by fewer than 5.0 logits. With these guidelines in mind, each of the test items was 

thoroughly investigated, in terms ofthe observations ofeach category, average ability measure, 

outfit MNSQ, step calibrations (Andrich threshold), and coherence-including that Measure 

implies Category% (M-----+C) and that Category implies Measure (C-----+M). According to Linacre 

(2002), 40% is an empirically useful level of coherence. 

Having inspected the summary of category structure for all 49 items (as shown in Table 4-
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1), it was discovered that no item violated Linacre's first guideline: observations of each 

category ranged from 82 to 2357. 

According to Linacre (2002), regular observation distribution includes uniform 

distribution of observations across categories, unimodal distributions peaking in central or 

extreme categories, and bimodal distributions peaking in extreme categories; distributions with 

"roller-coaster" forms, or with long tails of relatively infrequently-used categories, are 

problematic. As shown in Table 4-1, all of the items had regular observation distributions. 

In terms of the third guideline, all 49 items fulfilled the requirement that average measures 

of categories demonstrate monotonicity, confirming that our intention for higher rating scale 

categories or scores to indicate more of the latent variable had been successful (Linacre, 2002). 

In accordance with the Rasch model, the outlier-sensitive Outfit mean-square, which is 

equivalent to a conventional statistical Chi-square statistic, has a predicted value of 1.0 (Wright 

& Panchapakesan, 1969). Simulation studies show that there is a greater than 50% rate of 

unexplained randomness instances when the values are above 1.5, which is problematic (Smith, 

1996). Furthermore, values greater than 2.0 suggest that there is more unexplained noise than 

explained noise (Linacre, 2002). As shown in Table 4-1, none of the 49 items had an Outfit 

mean-square value greater than 2, and the Outfit mean-square value only ranged from .49 to 

1.74. 

Andrich ( 1996) asserted that increasing measures should correspond to increasing 

probabilities of the respondents being observed in higher categories of the rating scale. To meet 

above requirement, the Rasch step calibrations should advance monotonically with the 

categories (Linacre, 2002). Four items (item 4-P3, 5-Pl, 5-P4 and 6-Hl) resulted as having 

step disordering issues. Figures 4-1, 4-2, 4-3 and 4-4 also indicate the problem those four items 

have in common - that is, the peak of Score 1 's curve was submerged, and did not show as a 
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distinct "hill". 
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Figure 4-1 . Rasch model category probability curves for item 4-P3. 
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Figure 4-2. Rasch model category probability curves for item 5-Pl. 
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In Table 4-1, two columns, M-----+C and C-----+M, report on the empirical relationships 

between ratings and measures for the data set. M-----+C reports which percentage of the ratings 

that are expected to be observed in a category are actually observed in that category, whereas 

C-----+M shows which percentage of the observations in this category were produced by measures 

corresponding to the category. According to Linacre (2002), a 40% level of coherence is 

deemed empirically useful. Among the 49 items, 18 out of 121 (or 14.9%) M-----+C values were 

rated as having coherence levels of less than 40%, indicating the inferences of measures-to

ratings were generally less successful, especially for item 2-P2 (Score 2), item 2-P6 (Score 2), 

item 5-P3 (Score 3), item 6-Pl (Score 2), item 6-P4 (Score 2) and item 6-H5 (Score 1), with 

M-----+C values of zero. As to the C-----+M values, they proved more troublesome: 53 out of the 

121 (or 43.8%) C-----+M values were rated as having coherence levels ofless than 40%, indicating 

that the inferences of ratings-to-measures were generally less successful, especially for item 2-

P2 (Score 2), item 2-P6 (Score 2), item 5-P3 (Score 3), item 6-Pl (Score 2), item 6-P4 (Score 

2) and item 6-H5 (Score 1), with C-----+M values of zero. 

Linacre (2002) suggested that for a three-category scale, in order for the scale to be 

equivalent to two dichotomies, the advance in step difficulties must consist of 1.4 logits 

between step calibrations. Seven items (2-P4, 2-P7, 3-P5, 5-P3, 6-P4, 3-H4 and 4-Hl) which 

met Guideline 5 failed to meet this guideline. However, all 49 items met the final guideline -

the distance between step calibrations for these items were less than 5 logits. 

To summarize, all 49 items met all five of the guidelines (Guidelines 1, 2, 3, 4 and 8); item 

1-P3, item 2-P5, item 5-P6, item 6-P3, item 3-H3 and item 4-H3 met all of the eight guidelines; 

and the remaining 43 items slightly violated one or two guidelines. However, more attention 

should be paid to item 5-P3 and item 6-P4, which violated both Guideline 6 (in having zero 

value of both C-----+M and M-----+C) and Guideline 7. 
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Table 4-1 
Summary ofcategory structure 

Item Score Count % 
Average 
ability 

Outfit 
MNSQ 

Andrich 
threshold 

M~C c~M 

1-Pl 
0 
1 

909 
1639 

36 
64 

.12 

.56 

1.15 
1.19 

53% 
69% 

30% 
85% 

1-P2 
0 
1 

1653 
894 

65 
35 

.32 

.55 

1.16 
1.34 

67% 
43% 

83% 
24% 

1-P3 
0 
1 

1367 
11 81 

54 
46 

.05 

.8 1 
.93 
.89 

70% 

67% 

73% 
63% 

0 506 20 -.22 1.16 67% 18% 
1-P4 1 1107 43 .41 1.08 -.77 46% 80% 

2 935 37 .74 1.15 .77 57% 30% 

1-P5 
0 
1 

259 
2289 

10 

90 

-.24 

.48 

1.14 

1.03 

38% 
90% 

3% 
99% 

1-P6 
0 
1 

1578 

970 

62 

38 

.34 

.50 

1.16 

1.60 

65% 
47% 

78% 
32% 

0 172 7 -.75 1.06 79% 11 % 
1-P7 1 876 34 .15 1.00 -.89 48% 49% 

2 1499 59 .69 1.01 .89 70% 77% 

1-P8 
0 
1 

425 
21 22 

17 

83 

-.23 

.53 
1.00 
.99 

68% 
85% 

14% 
99% 

0 165 6 -.72 1.06 74% 8% 
2-Pl 1 766 30 .08 1.00 -.74 47% 45% 

2 1617 63 .44 .99 .74 74% 83% 
0 1284 50 -.03 .89 75% 67% 

2-P2 1 1179 46 .83 .78 -1.53 64% 76% 
2 85 3 1.04 1.03 1.53 0% 0% 
0 117 5 -.09 1.3 8 67% 3% 

2-P3 1 1313 52 .19 1.05 -1.64 60% 73% 
2 1117 44 .71 1.06 1.64 59% 50% 
0 106 4 -1.11 .79 82% 8% 

2-P4 1 435 17 -.14 .85 -.32 40% 26% 
2 2007 79 .60 .97 .32 84% 94% 

2-P5 
0 
1 

855 
1693 

34 

66 

-.21 
.71 

.85 

.85 
76% 
76% 

41 % 

93% 
0 1420 56 .2 1 1.10 65% 62% 

2-P6 1 991 39 .60 1.31 -1.07 47% 56% 
2 136 5 1.00 1.1 8 1.07 0% 0% 
0 468 18 -.62 .72 87% 22% 

2-P7 1 798 31 .33 .94 -.32 38% 67% 
2 1282 50 .82 .91 .32 74% 59% 
0 84 3 -1.33 .73 84% 6% 

3-Pl 1 619 24 -.12 .83 -.84 53% 36% 
2 1844 72 .66 .93 .84 81% 93% 

3-P2 
0 
1 

439 
2108 

17 

83 

-.45 

.58 
.80 
.89 

84% 

85% 

17% 
99% 
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3-P3 
0 
1 

181 
2357 

7 
93 

-.99 
.51 

.49 
.88 

100% 
93% 

7% 
100% 

3-P4 
0 
1 

28 1 
2258 

11 
89 

-.44 
.51 

.94 

.94 
89% 
90% 

9% 
99% 

0 724 29 -.32 .92 84% 30% 
3-P5 1 891 35 .59 .94 -.36 38% 80% 

2 924 36 .80 1.09 .36 59% 27% 
0 444 17 -.35 .98 70% 16% 

4-Pl 1 1499 59 .48 1.01 -1.37 61 % 94% 
2 596 23 .78 1.12 1.37 44% 8% 
0 939 37 -.19 .88 79% 43% 

4-P2 1 1104 43 .65 .70 -.75 50% 90% 
2 496 20 1.01 .98 .75 67% 6% 
0 1172 46 -.04 1.02 80% 47% 

4-P3 1 685 27 .70 .66 .02 32% 80% 
2 682 27 .89 1.14 -.02 57% 12% 
0 1125 43 -.05 1.06 74% 39% 

5-Pl 1 557 21 .31 1.13 .35 24% 73% 
2 913 35 1.00 .86 -.35 80% 29% 
0 1261 49 -.17 .76 87% 65% 

5-P2 1 1020 39 .86 .49 -.74 55% 89% 
2 314 12 1.1 8 .86 .74 100% 1% 
0 870 34 -.34 .76 86% 42% 

5-P3 1 
2 

704 
686 

28 
27 

.44 

.96 
.62 
.61 

-.63 
-.32 

37% 
49% 

72% 
54% 

3 278 11 1.29 .84 .95 0% 0% 
0 1304 51 -.03 .96 83% 52% 

5-P4 1 530 21 .55 .75 .35 25% 74% 
2 703 28 1.10 .78 -.35 75% 16% 

5-P5 
0 
1 

1846 
692 

73 
27 

.13 
1.16 

.85 

.64 
78% 
83% 

98% 
25% 

5-P6 
0 
1 

1021 
1516 

40 
60 

-.17 
.79 

.79 

.82 
79% 
74% 

52% 
90% 

0 737 29 -.20 .91 70% 28% 
6-Pl 1 1606 63 .62 .92 -1 .73 68% 95% 

2 195 8 .91 1.10 1.73 0% 0% 

6-P2 
0 
1 

1858 
680 

73 
27 

.19 

.99 
.93 
.8 1 

76% 
70% 

98% 
16% 

6-P3 
0 
1 

1561 
977 

62 
38 

.14 

.83 
.96 
.94 

71 % 
64% 

85% 
44% 

0 2155 83 .27 .98 85% 97% 
6-P4 1 35 8 14 .98 .82 -.08 39% 16% 

2 82 3 1.19 1.07 .08 0% 0% 

3-Hl 
0 
1 

625 
1893 

25 
75 

-.32 
.64 

.78 

.91 
73% 
79% 

24% 
97% 

3-H2 
0 
1 

346 
2172 

14 
86 

-.43 
.53 

.8 1 

.98 
67% 
87% 

8% 
99% 
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3-H3 
0 
1 

1187 
1331 

47 

53 

.24 

.55 

1.20 
1.26 

55% 

58% 

49% 
64% 

0 209 8 -.26 1.74 40% 6% 
3-H4 1 489 19 .04 1.02 -.01 30% 33% 

2 1820 72 .57 1.20 .OJ 78% 84% 

3-H5 
0 
1 

887 
1631 

35 
65 

.00 

.62 
1.04 
1.01 

60% 
71% 

34% 

88% 

3-H6 
0 
1 

508 
2009 

20 

80 

.15 

.46 

1.36 
1.19 

36% 

81% 
9% 

96% 

3-H7 
0 
1 

408 
2110 

16 
84 

-.17 
.51 

1.07 
1.04 

54% 

85% 

10% 
98% 

3-H8 
0 
1 

1005 
1510 

40 

60 

.20 

.53 

1.21 
1.26 

51% 
64% 

34% 

78% 
0 371 14 -.44 1.15 68% 15% 

4-Hl 1 747 29 .17 .98 -.31 38% 57% 
2 1486 57 .71 1.06 .31 74% 69% 

4-H2 
0 
1 

674 
1925 

26 
74 

-.24 
.61 

.89 

.94 
67% 
78% 

24% 
96% 

4-H3 
0 
1 

1061 
1455 

42 

58 
.06 
.65 

1.09 
.99 

64% 

67% 

45% 
82% 

0 269 11 -.38 1.50 56% 9% 
6-Hl 1 461 18 .20 1.31 .08 23% 29% 

2 1788 71 .57 1.26 -.08 77% 82% 

6-H2 
0 
1 

736 
1780 

29 
71 

-.24 

.66 
.83 
.91 

74% 

77% 

32% 

95% 

6-H3 
0 
1 

1823 

693 
72 
28 

.24 

.83 
.99 
1.05 

76% 
65% 

96% 
19% 

6-H4 
0 
1 

1664 
854 

66 
34 

.24 

.71 
1.06 
1.11 

70% 
52% 

86% 
30% 

6-H5 
0 
1 

2189 
293 

88 
12 

.37 

.55 
1.06 
1.73 

88% 
0% 

99% 
0% 

Fit statistics for items 

Table 4-2 presents the following: item difficulty measures, the standard error (SE) of the 

estimates, the MNSQ and ZSTD of Infit and Outfit statistics, point-measure correlation 

(PTMEA), and loadings. The standard error was less than 0.08 for each test item, indicating 

that overall item difficulties were estimated accurately. In the tests of the accuracy of item fit, 

for larger sample size (i.e., sample size >2500), Infit and Outfit MNSQ values between 0.7 and 

1.3 is an important criterion for judging whether the item fits well with the Rasch Model or not 
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(Zhang & Yang, 2013). The results showed that 43 out of 49 items (or 87.8%) had Infit and 

Outfit MNSQs within an acceptable range ( of0.7 to 1.3), with the exception of item 1-P6 (lnfit 

MNSQ =1.21 and Outfit MNSQ=l.43), item 3-P3 (lnfit MNSQ=.85 and Outfit MNSQ=.52), 

item 3-H4 (Infit MNSQ=l.26 and Outfit MNSQ=l.34), item 3-H6 (lnfit MNSQ=l.17 and 

Outfit MNSQ=l.32), item 6-Hl (Infit MNSQ=l.24 and Outfit MNSQ=l.38) and item 6-H5 

(Infit MNSQ= 1.09 and Outfit MNSQ= 1.65). 36 out of49 items ( or 73 .5%) had Infit and Outfit 

ZSTD values outside of the expected range of -2 to +2. Note that our study's sample size is 

over 2600; while large sample sizes lead to inflated MNSQ, approaching the value of 1, large 

sample sizes also increase ZSTD values, which can result in the over-detection of misfitting 

items (Liu, 2010). In terms of the point measure correlation, all 49 items had positive values, 

ranging from .06 to .68, which indicating that all the items contributed to the measurement 

construct. 

Although a number of items exhibited one or two fit statistics (lnfit and Outfit 

MNSQ/ZSTD) outside ofthe acceptable range, overall, the data from the field test fit the Rasch 

model well. Quality, in terms ofmodel-fit data, had improved in comparison to the initial pilot 

test items. 

Table 4-2 
Item statistics 

ITEM MEASU RE S. E. IN. MSQ IN. ZSTD OUT. MSQ OUT. ZSTD PTMEA LOADINGS 

1- Pl - 0.26 0.04 1. 12 6. 19 1. 16 6.28 0.24 . 16 
1- P2 1. 13 0.04 1. 18 9.90 1. 28 9. 15 0. 12 . 16 
1- P3 0.60 0.04 0.93 - 4. 90 0.91 - 4. 50 0.44 - .06 
1- P4 0.02 0.03 1. 14 5.64 1. 14 5. 54 0. 39 . 14 
1- P5 - 2.07 0.07 1. 03 0. 59 1. 13 1. 62 0.25 . 04 
1- P6 0.99 0.04 1. 21 9.90 1. 43 9.90 0.09 . 15 
1- P7 - 1. 00 0.04 1. 01 0.25 1. 02 0.66 0.45 - .03 
1- P8 - 1. 43 0.06 1. 00 0.08 1. 00 0.01 0. 33 - .04 
2- Pl - 1. 10 0.04 1. 00 0.02 1. 01 0. 37 0.46 - .02 
2- P2 2.03 0.04 0.90 - 4. 35 0.87 - 4.90 0.49 - . 13 
2- P3 - 0.98 0.04 1. 11 4.68 1. 12 5.09 0. 31 . 01 
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2- P4 - 1. 58 0. 04 0. 94 - 1. 52 0. 85 - 2. 70 0. 48 - . 04 
2- P5 - 0. 37 0.05 0.88 - 6. 59 0.85 - 6. 19 0. 50 - . 10 
2- P6 1. 87 0.04 1. 12 4. 52 1. 20 5.98 0.27 . 05 
2- P7 - 0.26 0.03 0.86 - 5. 98 0.83 - 5. 93 0. 60 - . 04 
3- Pl - 1. 62 0.04 0.88 - 3. 83 0.83 - 4. 29 0. 52 - . 24 
3- P2 - 1. 39 0.06 0.89 - 3. 24 0.82 - 3.82 0.45 - . 12 
3- P3 - 2.49 0.08 0.85 - 2. 56 0. 52 - 6. 11 0.45 - . 18 
3- P4 - 1. 96 0. 07 0. 94 - 1. 17 0. 94 - 0. 87 0. 34 - . 03 
3- P5 0. 27 0. 03 1. 02 0. 76 1. 00 - 0. 17 0. 50 . 04 
4- Pl 0. 23 0.03 1. 05 1. 96 1. 05 1. 91 0.40 - . 12 
4- P2 0. 84 0.03 0.92 - 3. 72 0.90 - 4. 19 0. 53 - .21 
4- P3 0.81 0.03 1. 06 2.85 1. 02 0. 75 0.47 - .03 
5- Pl 0. 58 0.03 0.98 - 0.80 0.98 - 0. 76 0. 52 - . 30 
5- P2 1. 31 0.03 0. 78 - 9.90 0. 73 - 9.90 0.62 - . 43 
5- P3 0.97 0. 02 0. 76 - 9. 90 0. 72 - 9. 90 0. 68 - . 51 
5- P4 0. 87 0. 03 0. 90 - 4. 81 0. 85 - 4. 41 0. 56 - . 30 
5- P5 1. 55 0.05 0.81 - 9. 45 0. 70 - 9. 14 0. 53 - . 36 
5- P6 - 0.03 0.04 0.84 - 9.90 0.80 - 9.87 0. 54 - . 51 
6- Pl 1. 20 0.04 0.97 - 1. 15 0.97 - 0.94 0.44 - . 43 
6- P2 1. 57 0.05 0.92 - 3. 94 0.84 - 4.48 0.41 - . 32 
6- P3 0.97 0.04 0.96 - 2. 49 0.95 - 1. 95 0. 39 - . 36 
6- P4 2.48 0. 04 0. 99 - 0. 30 0. 92 - 1. 06 0. 32 - . 20 
3- Hl - 0. 86 0. 05 0. 90 - 4. 00 0. 81 - 5. 44 0. 48 - . 04 
3- H2 - 1. 69 0.06 0.96 - 1. 06 0.84 - 2.84 0. 38 - . 07 
3- H3 0. 29 0.04 1. 17 9.90 1. 23 9.90 0. 18 . 06 
3- H4 - 1. 08 0.04 1. 26 6.87 1. 34 6.23 0. 33 . 08 
3- H5 - 0.28 0.04 1. 03 1. 78 1. 03 1. 30 0. 34 . 43 
3- H6 - 1. 17 0.05 1. 17 5. 40 1. 32 6.63 0. 14 . 32 
3- H7 - 1. 48 0. 06 1. 03 0. 89 1. 06 1. 11 0. 29 . 32 
3- H8 - 0. 05 0. 04 1. 17 9. 83 1. 23 9. 67 0. 19 . 33 
4- Hl - 0. 53 0.03 1. 05 1. 91 1. 07 2.20 0.47 . 40 
4- H2 - 0.80 0.05 0.94 - 2. 36 0.90 - 2.94 0.43 . 34 
4- H3 0.06 0.04 1. 03 2.01 1. 05 2. 19 0. 34 . 45 
6- Hl - 0.90 0.03 1. 24 6.67 1. 38 6.86 0. 35 . 32 
6- H2 - 0.60 0.05 0.91 - 4. 19 0.86 - 4.90 0.47 . 33 
6- H3 1. 53 0. 05 1. 00 - 0. 13 1. 03 0. 80 0. 31 . 55 
6- H4 1. 19 0. 04 1. 07 3. 98 1. 09 3. 10 0. 25 . 55 
6- H5 2. 66 0.06 1. 09 1. 99 1. 65 7. 51 0.06 . 31 
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U nidimensionality 

Additionally, Table 4-2 lists the factor loadings which, on the first Principle Components 

Analysis (PCA) contrast, and in Figure 4-5, shows the factor plot of the standardized residuals 

after the primary Rasch dimension had been extracted. This identified four items (6-H3, 6-H4, 

3-H5 and 4-H3) with substantial positive loadings and four items (5-P3, 5-P6, 5-P2 and 6-Pl) 

with substantial negative loadings, as regarded factors discovered in the item residuals (with 

an absolute loading value of .4 or greater). 

Overall, the item and person Rasch measures, and the category structures, explained 42.4% 

of the total variance in the data set, leaving 57.6% of the variance unexplained. The first 

component had an eigenvalue of 3.7, which indicated a secondary subdimension among items 

with the strength of approximately 4 items (3.7 rounded to 4, out of 49 items); the unexplained 

variance by the first contrast is 4.3% (< 5%), indicating that the strength of items of the first 

contrast is too weak to be a secondary dimension. The eigenvalues of the second to fourth 

contrast were 2.3, 1.9 and 1.4, respectively, and the proportion of unexplained variances of 

second to fifth contrast were 2.7%, 2.3 % and 1.7%. The results showed that it is reasonable to 

state that the unidimensionality of the items has been achieved. 
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Figure 4-5. Dimensionality plot of the field test 

Local item independence 

The results showed that the largest standardized residual correlation was only .51 (item 6-

H3 with item 6-H4), which only had .5 *.5=25% of the variance in their residuals in common, 

while 75% of each of their residual variances differed. The remaining 19 largest standardized 

residual correlations ranged from .20 to .42, indicating that the requirement of the local 

independence of the items was satisfied. 

Person ability and item difficulty measures 

As shown in the Wright map (Figure 4-6), "M" indicates the mean; "S" indicates one 

standard deviation; "T" indicates two standard deviations; "." represents 1 to 14 respondents 

and "#" represents 15 respondents. The results showed that the respondents had a normal 

distribution, and that much of the range of variation of respondent ability measures were 

covered by the items (person ability measures ranged from -3 .85 to 2.87 logits; item difficulty 

measures ranged from -2.49 to 2.66 logits). The mean ofperson measures was .24 logits, while 

the mean of item measures as a default mean was 0.00 logits, indicating that the average person 
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abilities were slightly higher than the average item difficulties. Both the range ofperson ability 

measures and item difficulties were much wider, as compared to the pilot-test results, 

indicating a considerably improved range in ability and item difficulty. However, some gaps 

still existed (i.e., between 6-P4 and 6-P2), and there were no items for respondents with abilities 

above 2.66 logits or below -2.49 logits, indicating that items with certain difficulties need to 

be added to future tests. 
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Figure 4-6. Wright Map for distributions of item difficulties and person abilities 
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Item and person separation and reliability 

Based on the analyses of the instrument, the person separation index was 2.69, with an 

equivalent Cronbach's reliability coefficient (a value) of .88. The item separation index was 

27.31, and its corresponding Cronbach's a value was 1.00, indicating reliable item and person 

estimation. These results also showed that the person reliability coefficient and item reliability 

coefficient were both improved by .01 points, as compared to the pilot test results. 

DIF (Different Item Functioning) 

Table 4-3 presents the following: female and male DIF measures, the standard error of the 

DIF measure, DIF contrast, Rasch-Welch t, d.f., and probability. According to Linacre (2011), 

a DIF measure is the absolute difficulty of a certain item for the group, and DIF contrast is the 

difference between two DIF measures. t stands for Welch's t-statistic, testing the hypothesis 

that the DIF size is zero, measurement error aside. d.f. stands for the degree of freedom of the 

t-statistic. "INF" means "effectively infinite", so the t-statistic can be investigated as though 

it is as a unit-normal deviation. If the probability is less than 0.05, the hypothesis that the t

statistic is part of the t-distribution - corresponding to the null hypothesis - is rejected. 

The DIF statistics for all 49 items are presented in Table 4-3. The table shows that four 

items exhibited slight-to-moderate gender DIF: item 1-Pl (DIF contrast= .57, p< .05) and item 

2-P6 (DIF contrast= .45, p< .05) were noticeably more difficult for females than for males, 

while item 3-P3 (DIF contrast= -.56, p< .05) and item 3-P4 (DIF contrast= -.55, p< .05) were 

noticeably easier for females than for males. Overall, the results failed to reject the null 

hypothesis that participants' gender is not a source of DIF, in terms of measuring student 

proficiency in Matter and its Interaction, indicating that this measurement instrument appeared 

to be a DIF-free person estimates test. 
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Table 4-3 
Gender differential item functioning (DIF) 

ITEM 
Female 

DIF MEASURE S. E. DIF MEASURE 
MALE 

S. E. 
DIF 

CONTRAST 
Rasch-Welch 

t df Prob 
1- Pl 0.02 . 06 - 0. 55 . 06 0. 57 6. 37 INF . 00 
1- P2 1. 33 . 06 0.93 . 06 0.40 4. 52 INF . 00 
1- P3 0. 74 . 06 0.45 . 06 0.28 3. 32 INF . 00 
1- P4 0. 18 . 04 - 0. 14 . 04 0. 33 5.25 INF . 00 
1- P5 - 1. 99 . 10 - 2. 14 . 01 0. 15 1. 11 INF . 27 
1- P6 1. 03 . 06 0.94 . 06 0.09 1. 03 INF . 30 
1- P7 - 1. 00 . 05 - 1. 00 . 05 0.00 . 00 INF 1. 00 
1- P8 - 1. 24 . 08 - 1. 62 . 08 0. 38 3. 37 INF . 00 
2- Pl - 1. 12 . 05 - 1. 10 . 05 - 0.03 - . 36 INF . 72 
2- P2 1. 92 . 05 2. 15 . 06 - 0.23 - 3.03 INF . 00 
2- P3 - 0.83 . 05 - 1. 14 . 05 0. 31 4. 14 INF . 00 
2- P4 - 1. 61 . 07 - 1. 56 . 06 - 0.05 - .62 INF . 54 
2- P5 - 0.28 . 06 - 0.45 . 06 0. 17 1. 89 INF 0.06 
2- P6 2. 10 . 05 1. 64 . 05 0.45 6.24 INF . 00 
2- P7 - 0.23 . 04 - 0.28 . 04 0.05 . 85 INF . 39 
3- Pl - 1. 78 . 06 - 1. 49 . 06 - 0.29 - 3. 37 INF . 00 
3- P2 - 1. 59 . 09 - 1. 23 . 07 - 0. 36 - 3. 13 INF . 00 
3- P3 - 2.84 . 14 - 2. 28 . 10 - 0. 56 - 3.25 INF . 00 
3- P4 - 2.29 . 11 - 1. 74 . 08 - 0. 55 - 3.94 INF . 00 
3- P5 0. 18 . 04 0. 36 . 04 - 0. 18 - 3. 16 INF . 00 
4- Pl 0. 14 . 05 0. 32 . 05 - 0. 18 - 2. 55 INF . 01 
4- P2 0.87 . 04 0.81 . 04 0.07 1. 08 INF . 28 
4- P3 0. 79 . 04 0.83 . 04 - 0.04 - . 76 INF . 45 
5- Pl 0.63 . 04 0. 53 . 04 0. 10 1. 88 INF . 06 
5- P2 1. 22 . 04 1. 40 . 05 - 0. 18 - 2.83 INF . 00 
5- P3 0.91 . 03 1. 04 . 03 - 0. 14 - 2.89 INF . 00 
5- P4 0. 73 . 04 1. 03 . 04 - 0. 31 - 5.61 INF . 00 
5- P5 1. 62 . 07 1. 47 . 07 0. 16 1. 65 INF . 10 
5- P6 - 0. 11 . 06 0.04 . 06 - 0. 15 - 1. 71 INF . 09 
6- Pl 1. 20 . 05 1. 20 . 05 0.00 . 00 INF 1. 00 
6- P2 1. 70 . 07 1. 45 . 07 0.25 2.68 INF . 01 
6- P3 1. 01 . 06 0.93 . 06 0.08 . 94 INF . 35 
6- P4 2. 54 . 06 2. 41 . 06 0. 13 1. 50 INF . 13 
3- Hl - 1. 01 . 07 - 0. 74 . 07 - 0.26 - 2.65 INF . 01 
3- H2 - 1. 85 . 10 - 1. 58 . 08 - 0.27 - 2. 15 INF . 03 
3- H3 0.29 . 06 0.29 . 06 0.00 . 00 INF 1. 00 
3- H4 - 1. 15 . 06 - 1. 02 . 05 - 0. 13 - 1. 70 INF . 09 
3- H5 - 0. 17 . 06 - 0.40 . 06 0.23 2. 58 INF . 01 
3- H6 - 1. 21 . 08 - 1. 13 . 07 - 0.08 - . 78 INF . 43 
3- H7 - 1. 65 . 09 - 1. 34 . 08 - 0. 31 - 2.66 INF . 01 
3- H8 0.08 . 06 - 0. 19 . 06 0.27 3.06 INF . 00 
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4- Hl - 0. 57 . 05 - 0. 50 . 04 - 0.07 - 1. 14 INF . 26 
4- H2 - 0. 99 . 07 - 0. 65 . 06 - 0. 34 3. 45 INF . 00 
4- H3 - 0.02 . 06 0. 13 . 06 - 0. 16 - 1. 82 INF . 07 
6- Hl - 0. 90 . 05 - 0. 90 . 05 0.00 . 00 INF 1. 00 
6- H2 - 0. 73 . 07 - 0. 49 . 06 - 0. 24 - 2. 48 INF . 01 
6- H3 1. 63 . 07 1. 42 . 07 0. 20 2. 16 INF . 03 
6- H4 1. 21 . 06 1. 16 . 06 0.05 . 58 INF . 56 
6- H5 2. 77 . 09 2. 54 . 09 0. 23 1. 79 INF . 07 

Test Administration Mode Effects 

In the following section, we investigated whether there are test administration mode effects, 

using the Many-facet Rasch model. Specifically, we investigated the rating scale statistics for 

the trait facet, the fit statistics, the distribution of the facet measures, the separation (strata) 

index, the reliability coefficient, and the Chi-square value; we also checked the trait-by-mode 

bias statistics, and the gender-by-mode/trait bias functioning. Note that the traits measured in 

this section referred to four SEPs, three CCs and three DCis. Table 4-4 presents the number 

of items for each trait, and the total raw score of each trait (for example, the full points for the 

four items corresponding to CCS for the paper-and-pencil test are 2, 1, 1, 2, respectively; 

accordingly, the total raw score for CCS is 6). SEP-P, CC-P, CC-Sc, and DCI-ETSl.B were 

excluded, because they only included items measured by paper-based test mode. 

Table 4-4 
Total raw score and the number ofitems for each trait 

SEP cc DC I 

D A C 0 C E s PSl . A PSl . B PS3. A 

Paper 
Total raw 

scores 
16 13 5 7 6 12 6 25 18 6 

I tem numbers 10 7 3 4 3 7 4 17 11 3 

Hand s-
Total raw 

4 7 3 5 4 6 9 7 4 8 
scores 

on 
It ems numbers 3 6 3 4 3 5 8 6 4 6 

Note. SEP-D: Developing and using models; SEP-A: Analyzing and interpreting data; SEP-C: 
Constructing explanations and designing solutions; SEP-O: Obtaining, evaluating, and communicating 
information; CC-C: Cause and effect: Mechanism and explanation; CC-E: Energy and matter: Flows, 
cycles, and conservation; CC-S: Structure and function; DCI: PS 1.A: Structure and Properties ofMatter; 
PSl.B: Chemical Reactions; PS3 .A: Definitions of Energy. 
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Rating scale statistics for the traits 

Table 4-5 presents the rating scale statistics for the traits with two test modes: 

observations, average of the measures of each category/score ('Avge Meas'), expected value 

of the average measures ('Exp. Meas'), Outfit mean-square for observations in this category 

('Outfit Mnsq'), and Rasch-Andrich thresholds. The results showed that most of the categories 

had more than 10 observations. However, for some of the extreme categories - such as SEPD-

paper (Score 16), SEPA-paper (Score 13), CCC-paper (Score 3), DCIPSIA-paper (Score 0, 1, 

2, 24 and Score 25), DCIPSIB-paper (Score 17 and Score18), CCS-hand (Score 0)-the 

number of observations were less than 10. According to Linacre (2002): "When category 

frequency is low, then the step calibration is imprecisely estimated and, more seriously, 

potentially unstable. The inclusion or exclusion of one observation can noticeably change the 

estimated scale structure" (p. 6). Rasch theory also states that "Each advancing category of 

the rating scale corresponds to one higher qualitative level performance" (Linacre, 2004, p. 

210). Regarding the average measures for the rating scale, disordering issues occurred with 

certain extreme categories, such as SEPD-paper (Score 16), SEPA-paper (Score 13), 

DCIPSIA-paper (Score 1), DCIPSIB-paper (Score 17 and Score18), SEPC-hand (Score 3), 

CCE-hand (Score 6), CCS-hand (Score 1), DCIPSIB-hand (Score 4) and DCIPS3A-hand 

(Score 8). There were four traits-CCE-hand with Score 6; DCIPS IA-paper with Score Oand 

25; DCIPSIB-paper with Score 18 and CCS-hand with score 0-with difference values 

between the observed count ofresponses and an expected count greater than .5 for some of the 

categories. Additionally, SEPO-paper, CCE-paper, DCIPSIA-paper, DCIPSIB-paper, CCE

hand, CCS-hand, and DCIPS3A-hand had disordering Rasch-Andrich Thresholds issues. As 

seen in Table 4-5, four traits-DCIPSIA-paper, CCS-hand, DCIPSIA-hand and DCIPSIB

hand-had Outfit mean-square values greater than 2, indicating that there was more 
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unexplained noise than explained noise for those categories. 

Overall, the rating scale structure was reasonable for most traits. However, for certain 

extreme scores, the number of observations were too low (i.e., less than 10). Additionally, it 

seemed that, for the hands-on test mode, the trait of CCS was problematic: it not only had a 

disordering average measure, Rasch Andrich threshold issues, and high Outfit mean-squares 

( out of the acceptable range), but also, the average measures were far from the expected 

measures (i.e., the difference for Score Ois bigger than .5 logits). 

Table 4-5 
Category Statistics 

Avge Exp. Outfit Rasch-Andrich
Trait Mode Score Observation(%) 

Meas Meas Mnsq Thresholds 

0 16(1 %) -1.69 -1.83 1.2 
1 40(2%) -1.48 -1.40 .9 -2.53 
2 60(2%) -1.19 -1.10 .9 -1.65 
3 113(4%) -.81 -.86 1.1 -1.61 
4 200(8%) -.64 -.65 1.0 -1.33 
5 211(8%) -.47 -.46 .8 -.62 
6 231(9%) -.33 -.30 .9 -.48 
7 257(10%) -.17 -.14 .8 -.33 

SEPD Paper 8 244(10%) -.01 .00 .6 -.02 
9 243(10%) .15 .15 .8 .07 
10 257(10%) .33 .29 .7 .15 
11 210(8%) .45 .43 .6 .55 
12 184(7%) .66 .58 .7 .63 
13 149(6%) .80 .73 .8 .86 
14 95(4%) .94 .89 .8 1.26 
15 21(1 %) 1.23 1.06 .8 2.48 
16 5(0%) 1.08 1.21 1.2 2.56 
0 10(0%) -1.71 -1.85 1.2 
1 18(1 %) -1.41 -1.39 1.0 -2.21 
2 46(2%) -1.06 -1.06 1.0 -2.16 
3 83(3%) -.73 -.79 1.1 -1.52 
4 132(5%) -.63 -.56 .9 -1.15 
5 170(7%) -.36 -.35 .9 -.72 
6 225(9%) -.12 -.14 .9 -.53

SEPA Paper 
7 337(13%) .08 .06 1.0 -.45 
8 420(16%) .27 .26 1.0 -.07 
9 475(19%) .48 .46 .9 .23 
10 397(16%) .71 .67 .9 .74 
11 201(8%) .89 .89 1.0 1.45 
12 29(1 %) 1.06 1.11 1.0 2.93 
13 3(0%) .97 1.32 1.1 3.47 
0 708(28%) -1.83 -1 .81 1.0

SEPC Paper 
1 805(34%) -1.42 -1.43 1.0 -1.84 
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2 642(25%) -1.07 -1.12 .9 -1.00 
3 247(10%) -.83 -.84 1.0 -.05 
4 72(3%) -.59 -.58 1.0 .49 
5 40(0%) -.37 -.34 .9 2.40 
0 44(2%) -1.22 -1.01 .6 
1 52(2%) -.66 -.58 .7 -.94 
2 146(6%) -.33 -.25 .7 -1.44 

SEPO Paper 
3 
4 

320(13%) 
552(22%) 

-.04 
.31 

.05 

.34 
.7 
.8 

-.87 
-.34 

5 765(30%) .66 .61 .8 .16 
6 515(20%) .91 .87 .9 1.15 
7 144(6%) 1.12 1.13 1.0 2.29 
0 487(19%) -1.43 -1.49 1.2 
1 178(7%) -1.33 -1.23 .8 -.35 
2 203(8%) -1.10 -1.03 .8 -1.26 
3 225(9%) -.90 -.86 .8 -1.05 
4 264(10%) -.72 -.71 .9 -.95 
5 243(10%) -.57 -.56 .9 -.55 

CCE Paper 6 251(10%) -.39 -.42 .8 -.53 
7 242(10%) -.24 -.27 .7 -.31 
8 213(8%) -.11 -.12 .8 -.07 
9 132(5%) .09 .04 .9 .44 
10 72(3%) .27 .20 .9 .72 
11 24(1%) .44 .37 .9 1.38 
12 3(0%) .57 .53 .9 2.52 
0 45(2%) -1.02 -.64 .3 
1 56(2%) -.54 -.26 .3 -.51 
2 135(5%) -.19 .05 .4 -.83 

ccs Paper 3 288(11 %) .15 .33 .5 -.42 
4 550(22%) .51 .60 .9 -.04 
5 787(31 %) .8 .86 1.00 .52 
6 678(27%) 1.05 1.12 1.4 1.29 
0 251(10%) -1.09 -1.05 1.2 
1 389(15%) -.65 -.67 1.2 -1.38 
2 473(19%) -.26 -.37 1.2 -.81 

CCC Paper 3 582(23%) -.01 -.11 .9 -.54 
4 528(21 %) .21 .14 .7 .02 
5 253(10%) .45 .39 .7 .91 
6 63(2%) .59 .63 .8 1.81 
0 3(0%) -1.44 -2.10 2.3 
1 6(0%) -1.77 -1.78 1.1 -2.63 
2 8(0%) -1.49 -1.48 1.6 -1.90 
3 11(0%) -1.20 -1.25 1.1 6 
4 11(0%) -1.13 -1.09 .9 -1.10 
5 18(1 %) -.93 -.96 1.1 -1.51 
6 23(1 %) -.92 -.84 1.2 -1.14 

DCIPSlA Paper 7 26(1 %) -.78 -.73 1.1 -.90 
8 34(1 %) -.71 -.62 .7 -.93 
9 45(2%) -.49 -.50 1.0 -.83 
10 51(2%) -.42 -.38 .7 -.56 
11 70(3%) -.31 -.27 1.0 -.64 
12 93(4%) -.23 -.15 .8 -.48 
13 125(5%) -.07 -.02 .7 -.37 
14 148(6%) .10 .10 .9 -.12 
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15 211(8%) .20 .23 1.0 -.18 
16 236(9%) .35 .36 .9 .19 
17 242(10%) .46 .50 10 .41 
18 304(12%) .66 .64 .9 .34 
19 295(12%) .78 .78 1.0 .75 
20 240(9%) .92 .94 1.1 1.07 
21 174(7%) 1.05 1.10 1.3 1.35 
22 99(4%) 1.30 1.27 1.0 1.75 
23 53(2%) 1.32 1.43 1.2 1.98 
24 6(0%) 1.44 1.60 1.2 3.70 
25 1(0%) 2.42 1.75 .7 3.47 
0 24(1%) -2.00 -1.90 .9 
1 57(2%) -1.56 -1.47 .8 -2.52 
2 146(6%) -1.24 -1.18 .8 -2.25 
3 224(9%) -.94 -.96 .9 -1.48 
4 223(9%) -.81 -.78 .8 -.85 
5 162(6%) -.64 -.63 .8 -.37 
6 176(7%) -.55 -.49 .9 -.63 
7 185(7%) -.43 -.37 .7 -.47 
8 170(7%) -.31 -.26 .8 -.22 

DCIPSlB Paper 9 187(7%) -.21 -.14 1.2 -.28 
10 203(8%) -.04 -.03 .9 -.16 
11 188(7%) .09 .09 .7 .12 
12 163(6%) .21 .21 .8 .30 
13 180(7%) .32 .33 1.1 .18 
14 118(5%) .51 .47 .9 .83 
15 83(3%) .62 .61 1.0 .90 
16 38(1 %) .84 .75 .9 1.47 
17 7(0%) .66 .90 1.3 2.53 
18 1(0%) .49 1.04 1.4 2.92 
0 251(10%) -1.10 -1.06 1.2 
1 389(15%) -.66 -.68 1.1 -1.38 
2 473(19%) -.27 -.38 1.2 -.81 

DCIPS3A Paper 3 582(23%) -.03 -.11 .9 -.54 
4 528(21 %) .20 .14 .7 .02 
5 253(10%) .44 .38 .7 .91 
6 63(2%) .58 .62 .8 1.80 
0 173(7%) -.44 -.31 .7 
1 265(11 %) .07 .09 .9 -.48 

SEPD Hand 2 399(16%) .39 .41 .9 -.11 
3 680(27%) .71 .71 1.1 .07 
4 994(40%) .96 .99 1.1 .52 
0 11(0%) -.73 -.86 .9 
1 49(2%) -.49 -.38 .7 -2.08 
2 117(5%) .04 .01 1.0 -1.03 

SEPA Hand 
3 
4 

263(10%) 
435(17%) 

.28 

.62 
.33 
.63 

.8 
1.0 

-.61 
.01 

5 627(25%) .92 .90 1.1 .43 
6 758(30%) 1.16 1.17 1.1 .87 
7 257(10%) 1.34 1.44 1.2 2.41 
0 635(26%) -1 .31 -1.15 .8 

SEPC Hand 
1 
2 

1018(42%) 
618(26%) 

-.66 
-.35 

-.74 
-.40 

.8 
1.0 

-1.36 
-.02 

3 127(5%) -.45 -.09 1.6 1.38 
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0 32(1 %) -.31 -.38 1.1 
1 89(4%) .24 .12 1.3 -1.6 

SEPO Hand 
2 
3 

249(10%) 
557(22%) 

.58 

.89 
.52 
.86 

1.2 
1.1 

-.72 
-.13 

4 826(33%) 1.15 1.18 1.1 .61 
5 762(30%) 1.46 1.48 1.0 1.39 
0 173(7%) -.58 -.38 .5 
1 265(11 %) -.07 -.01 .7 -.46 

CCC Hand 2 399(16%) .25 .32 .8 -.10 
3 680(27%) .57 .60 1.2 .07 
4 994(40%) .82 .88 1.3 .50 
0 182(8%) -.91 -1.03 1.1 
1 185(8%) -.66 -.65 1.0 -.83 
2 471(20%) -.39 -.34 1.0 -1.41 

CCE Hand 3 654(27%) .01 -.07 1.0 -.52 
4 446(19%) .27 .19 1.0 .46 
5 350(15%) .30 .04 1.4 .57 
6 110(5%) .15 .69 1.9 1.73 
0 9(0%) -.31 -1.02 6.5 
1 17(1 %) -.45 -.63 2.6 -1.59 
2 36(1 %) -.01 -.24 2.3 -1.30 
3 81(3%) .37 -.11 2.5 -.99 

ccs Hand 
4 
5 

125(5%) 
277(11 %) 

.58 

.86 
.42 
.71 

1.9 
1.6 

-.29 
-.35 

6 450(18%) 1.08 1.00 1.3 .25 
7 598(24%) 1.33 1.27 1.0 .73 
8 625(25%) 1.59 1.53 .8 1.24 
9 296(12%) 1.86 1.80 .7 2.30 
0 16(1 %) -.49 -.79 2.1 
1 42(2%) -.34 -.32 1.2 -1.58 
2 111(4%) .17 .07 1.4 -1.15 

DCIPSlA Hand 
3 
4 

190(8%) 
429(17%) 

.51 

.75 
.41 
.72 

1.3 
1.1 

-.35 
-.31 

5 634(25%) 1.03 1.01 1.0 .42 
6 717(29%) 1.34 1.29 .9 .97 
7 376(15%) 1.60 1.57 .9 2.01 
0 144(6%) -.29 -.64 2.1 
1 397(17%) -.06 -.16 1.5 -1.61 

DCIPSlB Hand 2 1069(45%) .29 .22 1.2 -1.16 
3 655(27%) .60 .56 .8 .68 
4 136(6%) .50 .87 .9 2.08 
0 65(3%) -.78 -.87 .9 
1 74(3%) -.58 -.52 .7 -.77 
2 119(5%) -.40 -.25 .7 -.81 
3 196(8%) -.10 -.01 .7 -.58 

DCIPS3A Hand 4 294(12%) .16 .21 .8 -.26 
5 365(15%) .39 .43 1.0 .15 
6 519(21%) .66 .64 1.0 .23 
7 458(18%) .93 .86 1.0 .92 
8 417(17%) .84 1.09 1.7 1.11 
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Fit statistics for the test modes and traits 

Table 4-6 presents the fit statistics for parameters of administration mode as well as traits, 

including the measure (i.e., difficulty), the model S.E. (the smallest-possible standard error, 

assuming all randomness in the data in accordance with the Rasch model), lnfit/Outfit Mean

Square (MNSQ), lnfit/Outfit Z-standardized t-statistics (ZSTD), and point-measure 

correlations (PTMEA). In the Many-facet Rasch model, the Infit and Outfit statistical values 

are used to determine the suitability of the data (Giller, 2014). Two test modes, and all ten 

traits, had the expected Infit-MNSQ and Outfit-MNSQ (range from .84 to 1. 10). Due to the 

large sample sizes in this study, the two test modes, and five traits had standardized Infit and 

Outfit statistics (ZSTD) greater than 2, or lower than -2. In terms of the point measure 

correlations, all ten traits, and two test administration modes, had positive values, ranging 

from .53 to .80. 

Table 4-6 
Fit statistics for test modes and traits 

Measure SE IN.MSQ IN.ZSTD OUT.MSQ OUT.ZSTD PTMEA 

Paper .10 .00 .92 -7.8 .91 -9 .0 .80 
Hands-on -.52 .01 1.10 9.0 1.09 9.0 .64 

SEP-D -.09 .01 .84 -7.5 .88 -6 .1 .72 
SEP-A -.32 .01 .98 -.7 .98 -1.01 .70 
SEP-C 1.26 .02 .97 -1.6 .99 -.7 .53 
SEP-O -.56 .01 .95 -2.6 .96 -1.8 .63 
CC-C .05 .01 .95 -2.4 .94 -3 .0 .68 
CC-E .62 .01 1.00 .1 1.05 2.5 .69 
CC-S -.73 .01 1.07 3.0 1.05 2.1 .58 
PSlA -.52 .01 1.04 1.5 1.03 1.4 .71 
PSlB .23 .01 .93 -2.7 1.07 3.3 .61 
PS3A .06 .01 1.05 2.6 1.01 .3 .72 

Facet difficulty measures 

Figure 4-7 presents the distribution of the facets on the same logit scale. As is shown, in 

this study with a .62-logit spread, the paper based test (at .10 logits) was more difficult for 

respondents than the hands-on based test (at -.52 logits). Our respondents exhibited a spread 
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of proficiency measures as wide as 5.55 logits. In regard to the ten traits, these were clearly 

separate, with a 1.99-logit spread. Among the four SEPs, "Constructing explanations and 

designing solutions" (at 1.26 logits) was the most difficult, while "Obtaining, evaluating, and 

communicating information" (at -.32 logits) was the easiest. In terms of CCs, "Energy and 

matter: Flows, cycles, and conservation" (at .62 logits) was the most difficult and "Structure 

and function (at -.73 logits) was the easiest. Regarding the DCis, "Structure and Properties of 

Matter" (at -.52 logits) was easier than "Chemical Reactions" (at .23 logits) and "Definitions 

of Energy" (at .06 logits). 

I 5,1 I S,2 I S,l I s . .t I 5,5 I s., I 5,7 Is.a I s., 15,U 15-11 15,12 15,tl 15-1.t 15 ,15 15,16 1s .11 15,11 15 , 19 1s, 2, 

Figure 4-7. Distribution of the facets. 

Reliability of the facets 

For the student facet, the strata index and reliability coefficient were 5.48 and .94, implying 

that the students can be distinguished from one another in terms of their performances; this was 

also indicated by the large Chi-square values (Chi-square=35457.4, p< .05). Regarding the trait 

facet, the strata index, reliability coefficient and Chi-square value were 68.03, 1.00 and 21866.5 

(p< .05), respectively, suggesting that the difficulty level significantly differed across the ten 

traits (three dimensions). In terms of the facet of test mode, the separation ratio and reliability 
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index calculated for the test mode facet indicated a reliable difference between the test modes. 

The strata index and reliability coefficient were high as 84.86 and 1.00 for the test modes, and 

the fixed Chi-square statistics (chi-square=8040.2, p< .05) indicated that the difficulty levels 

of test modes differed significantly from one another. 

Table 4-7 
Summary ofsep_aration and reliabilities 

Parameter Measure SE RMSE Separation Strata Reliability Chi-square p 
Test modes -.21 .00 .00 63.40 84.86 1.00 8040.2 .00 

Traits .00 .01 .01 50.77 68 .03 1.00 21866.5 .00 
Students .00 .17 .17 3.86 5.48 .94 35457.4 .00 

Trait-by-mode bias statistics 

The trait-related fluctuations in test modes bias are displayed in Figure 4-8 and Table 4-8. 

For each trait-by-mode combination, the value of bias statistic twas shown along the vertical 

axis in Figure 4-8. The value oft is used to test the hypothesis "There is no bias apart from 

measurement error". The t-statistic is the report of a test of the statistical significance of the 

size of the bias; statistically significant bias indicates that the difference between the element 

measure for this interaction, and the overall element measure, is greater than the difference we 

would expect to see by chance (Linacre, 2004). Moreover, value oft greater than 0 shows that 

the observed score is higher than expected (based on the model), indicating that respondents 

obtain higher score than expected. A value oft smaller than 0 indicates observed scores that 

were lower than expected. As shown in Figure 4-8, there were three traits (CCS, PSIB and 

PS IA) which exhibited as easier to the respondents when measured by the paper-based test 

mode, in comparison to when measured by the hands-on based test mode, which were 

statistically significant (t > 2). Additionally, there were five traits (CCC, SEPC, PS3A, SEPD, 

SEP A) which exhibited as more difficult when measured by the paper-based test mode than 
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when measured by the hands-on based test mode, which were statistically significant. 

For Table 4-8, target measure ('Target Measr') is the local measure of the element in this 

context (including bias); 'Obs-Exp Average' stands for the average difference between the 

observed ratings and the expected ratings (not including bias) for the target element in this 

context. Target contrast indicates the difference between the target measures in the two 

contexts. In Table 4-8, t stands for Welch's corrected version of student's t-statistic ofContrast. 

When taking hands-on based test, respondents obtained significantly higher points than 

expected on traits SEPD (.09 logits, t=4.10, p< .05), SEPA (.07 logits, t=3.11, p< .05), SEPC 

(.10 logits, t=2.87, p< .05), CCC (37. logits, t=14.45, p< .05), and DCIPS3.A(.25 logits, 

t=l 1.41, p< .05), as compared to when taking the paper-based test. Respondents also obtained 

significantly higher points than expected on traits CCS (-.4 7 logits, t= -19 .2, p< .05), DCIPS I .A 

(-.13 logits, t= -6.80, p< .05), DCIPSl.B(-.30 logits, t= -11.3, p< .05) while taking paper-based 

test, in comparison to when taking the hands-on based test. 

Bias/Interaction Pairwise Report 

A11a ly1.i11g and o btaining Stnroture and 
Developing and interpreti11g Con!ilnJcLing energy and DermiLions of £valuating a nd S Lniclure and l'mpt',rtje,11 or ChemU'.al 

using models data cxpLanaJ.ion cause and effect matter Enel"gy communicating f~t ction Mattel' Reactions 
5 14 

■ paper ■ hands-on 

I 
3.71 
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Figure 4-8. Bias diagram showing the interaction between the mode and trait 
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Table 4-8 
The trait-by-mode bias pairwise report 

Trait Mode 
Target 
Measr 

SE 
obs.-exp. 
Average 

Target Contrast SE t p 

SEPD 
Paper 
Hand 

-.07 
-.17 

.01 

.02 
-.07 
.07 

.09 .02 4.10 .00 

SEPA 
Paper 

Hands-on 
-.29 
-.36 

.01 

.02 
-.06 
.06 

.07 .02 3.11 .00 

SEPC 
Paper 

Hands-on 
1.30 
1.20 

.02 

.03 
-.03 
.03 

.10 .03 2.87 .00 

SEPO 
Paper 

Hands-on 
-.57 
-.54 

.02 

.02 
.02 
-.02 

-.03 .03 -1 .28 .20 

CCC 
Paper 

Hands-on 
.21 
-.16 

.02 

.02 
-.23 
.23 

.37 .03 14.45 .00 

CCE 
Paper .63 .01 -.03 

.03 .02 1.69 .09 
Hands-on .59 .02 .04 

ccs 
Paper -.98 .02 .32 

-.47 .02 -19.20 .00 
Hands-on -.51 .02 -.32 

PSI.A 
Paper -.55 .01 .13 

-.13 .02 -6.80 .00 
Hands-on -.42 .02 -.13 

PSl.B 
Paper .19 .01 .17 

-.30 .03 -11.3 .00 
Hands-on .49 .02 -.18 

Paper .21 .02 -.21 
PS3 .A .25 .02 11.41 .00 

Hands-on -.04 .01 .21 

Gender-by-mode bias statistics 

According to Linacre (2004), when one facet is nested within another facet (for instance, 

a "student" facet, and also a "student gender" facet), facet will make an arbitrary allocation of 

statistical information between them, which can lead to unstable estimation. Given the above 

concerns, a three-facet (gender, test mode and trait) partial credit model (Linacre & Wright, 

2002) was used to investigate whether an interaction effect between gender and test 

administration mode or trait was present. Respondents included 1280 female students and 

1324 male students. As shown in Table 4-9, the female-male difference was 0.06 logits, and 

overall, females proved to be slightly more proficient than males, which is statistically 

significant (Strata =11.99, reliability =.99, Chi-square =154.9, p< .05). However, the results 
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present in Table 4-10 indicated that in general, no significant gender bias, in terms of the 

different test modes (p > .05), was present. 

Table 4-9 
Summary ofseparation and reliabilities 

Parameter Measure SE RMSE Separation Strata Reliability Chi-square p 

Female .03 .00 
.00 8.74 11.99 .99 154.9 .00

Male -.03 .00 

Table 4-10 
The g_ender-b'J!._-mode bias p_airwise rep_ort 

obs.-exp. 
Trait Mode Target Measr SE Target Contrast SE t p

Average 
Paper .03 .00 .00 

female .00 .01 -.28 .78 
Hands-on .03 .01 .00 

Paper -.03 .00 .00 
male .00 .01 .27 .79 

Hands-on -.03 .01 .00 

Gender-by-trait bias statistics 

As shown in Figure 4-9, female students obtained scores higher than expected on 

DCIPS3A, CCC, CCS, SEPO, SEPC and SEP A, while male students obtained scores higher 

than expected on DCIPSlB, DICPSlA, CCE, and SEPD. Regarding the interaction between 

trait and gender-as can be seen in Table 4-11-as compared to male students, female students 

obtained significantly higher points than expected on traits SEPO (-.06 logits, t= -2.63, p< .05), 

CCC (-.05 logits, t= -2.75, p< .05) and CCS (-.05 logits, t= -2.67, p< .05), while trait DCIPSlA 

showed a significant gender difference in favor of males (.02 logits, t= 2.51, p< .05). 
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Bias/Interaction Pairwise Report 
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Figure 4-9. Bias diagram showing the interaction between gender and trait 

Table 4-11 
The gender-by-trait bias pairwise report 

obs.-exp. 
Trait Gender Target Measr SE Target Contrast SE

Average 
Female .03 .01 -.04 

SEPD .01 .01
Male .02 .01 .04 

Female .03 .01 .01
SEPA .00 .01

Male .03 .01 -.01 
Female .78 .02 .01

SEPC -.01 .03
Male .79 .02 -.01 

Female -.47 .02 .05 SEPO -.06 .02 
Male -.41 .01 -.05 

Female -.15 .01 .06 
CCC -.05 .01

Male -.10 .01 -.06 
Female .27 .01 -.03

CCE .01 .01
Male .26 .01 .03 

Female -.50 .01 .06 ccs -.05 .02
Male -.45 .01 -.06 

Female -.03 .01 -.12
PSI.A .02 .01

Male -.05 .01 .11 
Female .10 .01 -.03

PSl.B .01 .01
Male .09 .01 .03 

Female -.13 .01 .04 
PS3 .A -.02 .01

Male -.11 .01 -.04 

t 

1.16 

-.21 

-.44 

-2.63 

-2.75 

.93 

-2.67 

2.51 

.68 

-1.41 

p 

.25 

.84 

.66 

.01 

.01 

.36 

.01 

.01 

.49 

.16 
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Associations Among Students' Hands-on Test Experience, Preference, the level of 

Inquiry-based Activities, and Hands-on Test Performance 

In this section, we used multiple regression analysis to investigate whether students' 

hands-on test experience, their preference, and their perceptions of the level of inquiry-based 

science learning and teaching activities experienced at school are associated with their hands

on based test performance. 

Figure 4-10 shows the percentage of responses corresponding to students' experience of, 

and preference for, hands-on based tests, and Figure 4-11 presents the percentage of the 

responses corresponding to students' perceptions ofthe level of inquiry-based science activities 

experienced at school. The results revealed that 27% of the respondents had taken hands-on 

based tests once or twice, 32% of the respondents had taken hands-on based tests three to five 

times, and 33% of the respondents had taken hands-on based tests more than five times, over 

the past few years of schooling. It was also revealed that over half of the respondents (54%) 

preferred to take hands-on based tests as opposed to paper-based tests, while only 6% of 

respondents reported that they preferred paper-based tests to hands-on based tests; 35% of 

respondents liked both test modes. As regards inquiry-based science teaching and learning 

activities, two thirds of the respondents (ranging from 64.6% to 71 % ) reported that they had 

never, hardly ever, or only in certain lessons experienced the eight inquiry-based science 

teaching and learning science activities mentioned in the questionnaire at school. Among those 

eight inquiry-based science activities, when respondents were asked about what generally 

happens in everyday lessons at school, 18.2% of respondents reported that "their science 

teacher clearly explains the relevance of<broad science> concepts to our lives" in every lesson, 

or almost every lesson, 17% of respondents reported that "they are given opportunities to 

explain their ideas" in every lesson, or almost every lesson, and 17% of respondents reported 

110 



---

that their science teacher "explains how a <school science> idea can be applied to a number of 

different phenomena" (Figure 4-11) in every lesson, or almost every lesson. Only about three 

in fifty reported that "they are allowed to spend time in the laboratory doing practical 

experiments" in every lesson, or almost every lesson. 

I m~n:! th.an .5 times 
I 

_....,____-:I lrke both. 

o:nr;:e or t'W,lte J 

1 % 

Preferer ere 

Figure 4-10. Percentage ofthe responses corresponding to students' experience ofand 
preferencefor hands-on based test 
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Figure 4-11 . Inquiry-based activities in respondents' science classrooms 

Table 4-12 presents descriptive statistics and correlations of variables. The mean hands

on based test Rasch measure estimate was .81 logits (SD=l.28), and the mean Rasch measure 

estimate of inquiry-based science teaching and learning activities was -1 .35 logits (SD=2. 78). 

Students' hands-on based test performance had a significantly positive relationship with 

Preference_B (Person's r= .082, p < .01) and significantly negative correlations with 

Experience_N (Person's r= -.076, p < .01) and Preference_N (Person's r= -.061 , p < .01). 

Inquiry-based science teaching and learning activities was not significantly correlated with 

students' hands-on test performance (Person's r= -.029, p >.05). 

Table 4-12 
Correlation and descriptive statistics 

Hands-on 
based test 

Performance 

Inquiry 
activities Never 

Experience 
Once or 

twice 
3-5 times paper-based 

Preference 

both neither 

Performance -.029 -.076** .019 .004 .011 .082** -.061** 
M .81 -1.35 .08 .27 .32 .06 .35 .05 
SD 1.28 2.78 .27 .45 .47 .24 .48 .22 
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Regression results indicated a significant effect; approximately 1.5% of the total variance 

could be explained by these factors (p < .01). As observed in Table 4-13, after controlling for 

all the other variables, on average, students who had experienced hands-on based tests more 

than five times over the past few years at school significantly outperformed students who had 

never before taken hands-on based tests (b= -.299, p < .01). Students who liked both test modes 

outperformed students who preferred hands-on based tests to paper-based tests (b= .202, p 

< .01 ). As regards inquiry-based teaching and learning activities in general, taking into account 

other variables, it was not significantly associated with students' hands-on based performance 

(b= -.010, p > .05). 

Table 4-13 

Regression results 

Variables b SE B 
Inquiry activities -.010 .010 -.021 

Never -.299** .106 -.063** 

Experience Once or twice .050 .071 .017 
3-5 times .000 .067 .000 .015** 

paper-based .137 .112 .026 

Preference both .202** .058 .075** 

neither -.230 .124 -.039 
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CHAPTERS 

Discussions 

The main purposes of this study were: A) to develop an instrument with two different 

test administration modes - a paper-based test and hands-on based performance test - for 

measuring students' proficiencies in science, particularly as they reflect the integration of 

science and engineering practices, cross-cutting concepts, and core ideas, as envisioned by the 

National Research Council Framework (NRC, 2012) and the NGSS (Achieve, 2013); and B) 

to investigate the test administration mode effects, and interaction effects between mode and 

trait, gender and trait/mode. The following chapter summarizes the findings of this study, and 

discusses those findings based on the research questions. Implications and suggestions for 

instruction and future research are discussed as well. 

Instrument Quality 

Applying a construct modeling approach (Brown & Wilson, 2010; Shin et al., 2010; 

Wilson, 2004, 2005), four specific steps were followed: construct map development, item 

designing, scoring guide development, and measurement model analysis, as derived from 

Wilson's four building blocks. Rasch analysis facilitated the development of the instrument 

by informing decisions on the addition, deletion or modification of assessment items. The 

Rasch model was used not only to estimate item difficulties, but, importantly, to "indicate 

where the principles of probabilistic conjoint measurement have been sufficiently realized in 

practice to justify the claim that the results can be used as a measurement scale with interval 

measurement properties" (Bond & Fox, 2007, p. 265). Specifically, in order to evaluate the 

validation of the instrument - including the substantive validity, structure validity, external 

factors validity, consequential validity and reliability - we examined the rating scale 

functionality, fit statistics for items (i.e., the standard error (SE) of the estimate, MNSQ and 
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ZSTD of Infit and Outfit statistics), unidimensionality and local item independence, 

distribution ofperson ability and item difficulty measures (Wright map), reliability ofmeasures 

(i.e., item and person separation and reliability), and gender-related differential item 

functioning. 

Overall, the field testing statistics were much better, as compared to the pilot testing 

statistics, indicating that the instrument had been significantly improved. Below, we discuss 

some issues gleaned from the Rasch model analyses, with the potential to offer points of 

reflections and suggestions for further improvements, for the instrument and for future studies. 

Reliability evidence 

As regards the reliability of the instrument's measures, it was revealed that generally, 

measures of the instrument appeared to be reliable, as expected by the Rasch reliability 

statistics, with the Cronbach's coefficient (a value) of .88 for person and 1.00 for item. 

Although the person reliability coefficient was pretty high, there were still some gaps present 

in the item continuum (seen in Figure 4-6)- for instance, where the ability estimates fell from 

2.03 logits to 2.48 logits. The ability measures for those respondents, which could not be 

directly measured by the exact corresponding item difficulty measures, were instead estimated 

by items considered either more difficult or easier for these respondents, which could result in 

higher standard errors. Note that although we purposefully selected the field testing sample 

taking into consideration diverse ability ranges, the participants were from only four schools; 

thus, sample ability variation was still limited. To reduce standard errors of ability estimates 

for respondents falling within the gaps, and to improve the person reliability, more items should 

be added to fill item difficulty gaps (i.e., adding items which are more difficult than item 5-P2, 

and adding items easier than item 5-P5). 
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Validity evidence 

In the context ofRasch measurement, validity is considered a unitary construct (Messick, 

1998). In this current study, validation was conducted through analyses of test content, 

response processes, internal structures, relations to other variables, and consequences of testing 

by Rasch measurement (AERA, APA, and NCME, 2014; Liu & Boone, 2006). To be more 

specific, the development of the test instrument began with a clear definition of the constructs 

and dimensions to be measured, based on the domain experts' review. Those constructs and 

dimensions were then tested by fitting assessment data to a Rasch model. The good model fit 

statistics provided the necessary evidence to claim the existence and validity of the original 

constructs and dimensions. Additionally, detailed individual response patterns were analyzed 

by Rasch measurement, in order to explore the reasoning process involved in answering 

individual questions. Because Rasch measurement produces interval measures of both 

participants and items, this analysis demonstrated strong correlation with measures of other 

variables, due to reduced error of measurement, resulting in increased statistical power for 

rejecting null hypothesis (Liu & Boone, 2006). 

All 49 items met most of the guidelines for optimizing rating scale functionality, as 

proposed by Linacre (2002), although a few items (i.e., item 4-P3, 5-Pl, 5-P4 and 6-Hl) failed 

to meet one or two guidelines, which will be discussed in the following section. In terms of 

item fit statistics, six items (i.e., items 1-P6, 3-P3, 3-H4, 3-H6, 6-Hl and 6-H5) had Outfit 

MNSQ values slightly outside of the acceptable range, and some items (e.g., item 2-P5) had 

higher lnfit/Outfit ZSTD, which may have been caused by the large sample sizes. Results of 

the unidimensionality investigation also demonstrated evidence for the construct validity of the 

measures. Based on gender-related DIF analysis, the results showed that none of the hands-on 

based items had been identified as having gender-related DIF. However, two items (item 1-Pl 
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and item 2-P6) showed slight-to-moderate gender DIF in favor of male students, while two 

other items (item 3-P3 and item 3-P4) exhibited slight-to-moderate gender DIF in favor of 

female students. 

In the following section, we will review and discuss these problematic items, based on 

the results of the Rasch analyses (i.e., rating scale functioning, fit statistics for items, DIF). 

Reflections and modifications for items 4-P3, 5-Pl, 5-P3, 5-P4, 6-P4, and 6-Hl 

On the basis of the rating scale functionality investigation, four items (items 4-P3, 5-Pl, 

5-P4 and 6-H 1) were diagnosed as having the step disordering issues, due to the fact that higher 

scores by students of lesser ability, and lower scores by students of higher ability, were 

observed. Additionally, item 6-Hl had an Outfit MNSQ value out ofthe expected range (Outfit 

MNSQ= 1.38), and items 5-P3 and 6-P4 both violated two of Linacre's (2002) guidelines, 

Guideline 6 (having zero values of both C-----+M and M-----+C) and Guideline 7, reflecting the 

relative infrequency of certain categories. 

For item 4-P3, there were 1172, 685, and 682 observations for categories ranging from a 

score of O to a score of 2, and the average measures and step calibrations advanced 

monotonically, while the item's step difficulties (from Score 1 to Score 2) decreased by .04 

logits, and the average measures for Score 1 (.70 logits) and Score 2 ( .89 logits) were too close. 

Figure 5-1 displays the original item 4-P3 and its scoring rubric. An examination of the 

responses showed that some of the highest ability respondents (i.e., Student 907, with an ability 

measure of 2.38; Student 491, with an ability measure of 2.24) succeeded in designing the 

control experiments, yet failed to do the air tight test. It seems that these more able respondents 

might put more thoughts into experiment design, as opposed to device detection, leading them 

to only get partial credit. Based on the analyses, review by content experts, and subsequent 

discussion, the item was revised, as displayed below in Figure 5-2. 
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4-P3(2') Please design an experiment, based on the materials and equipment provided below, exploring the impact 
of temperature on the particle velocity __________________ 

Research objectives: To explore the impact of temperature on particle velocity. 
Experimental materials: phenolphthalein, concentrated ammonia liquor. 
Experimental apparatus: tube (four 15mm x 20cm tubes), rubber plugs and catheters, beaker 
(two 50mL beakers). 

Scorin rubric 
NGSS background 
Performance expectation (PE) 
MS-PSl-4: Develop a model that predicts and describes changes in particle motion, temperature, 
and the state of a pure substance when thermal energy is added or removed. 
Science and Engineering Practice (SEP): 
Planning and carrying out investigations. 
Disciplinary core ideas (DCI) 
PS3A. Definitions of Energy. 
Crosscutting concepts (CCC) 
Cause and effect: Mechanism and explanation. 
Point Level of Possible answers include 

. Understanding 
Students could design and control experiment as follows including 
the air tight test. 

Demonstrating 
2 expected 

understanding 

Progressing Student fails to do the air tight test, or does not control all of the 
toward variables. 

" understanding 
Student does not respond or student response is inaccurate or 

Not showing irrelevant, or contains insufficient evidence of using the dimensions
0 

understanding to make sense of scientific phenomena and/or to design solutions to 
problems. 

Figure 5-1. Original Item 4-P3 and its scoring rubric 

4-P3(2') Please design an experiment, based on the materials and equipment provided below, exploring the impact 
of temperature on particle velocity. 
Note. Please include the test you need to conduct before starting the experiment. 

Research objectives: To explore the impact of temperature on particle velocity. I 
Experimental materials: phenolphthalein, concentrated ammonia liquor. 
Experimental apparatus: tube (four 15mm x 20cm tubes), rubber plugs and catheters, beaker 
(two 50mL beakers). 

Figure 5-2. Change for Item 4-P3 
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For item 5-Pl, there were 1125, 557, and 913 observations for categories ranging from a 

score of O to a score of 2, and the average measures and step calibrations advanced 

monotonically, while the item's step difficulties (from Score 1 to Score 2) decreased by .70 

logits. Figure 5-3 displays the original item 5-Pl and its scoring rubric. While item 5-Pl was 

ofgreater than average difficulty as compared to other items of the instrument (measure= .58), 

it was located slightly above the mean ability measure of the persons in this sample (mean 

measure= .24). However, quite a few students of the highest ability level failed to get full 

points for this item. For instance, among the top 100 high-ability respondents, 11 of them failed 

to get full points. An examination of student responses revealed that some of the more able 

respondents could not understand the mechanism of the solid catalysis and accordingly gave 

the order as@ , @ , (D , @ , ® or@ , @ , (D , @ , @, leading them to only get 

partial credit. Based on the analyses, review by content experts, and subsequent discussion, the 

item was reworked, as displayed below in Figure 5-4. 

The reaction of hydrogen and nitrogen occurring on solid catalysis can be described through schematic 
illustration using the following figures (Five figures are shown, out of the sequential order). 
5-P1(2') Using your knowledge of chemistry, please arrange the process of the reaction in the correct 

order 
' 

NGSS background 
Performance expectation (PE) 
MS-PSl-5 : Develop and use a model to describe how the total number of atoms does not 
change in a chemical reaction, and thus mass is conserved. 
Science and Engineering Practice (SEP) : 
Developing and using models. 
Disciplinary core ideas (DCI) 
PSl.B : Chemical Reactions. 
Crosscutting concepts (CCC) 
Energv and matter: Flows, cycles, and conservation. 
Point 
2 

Level of Understanding 
Demonstrates the expected understanding 

Possible answers include 
®, @, (D, (?), ® 

1 Progressing toward understanding There is one incorrect order. 

0 
Not demonstrating the expected 
understanding 

Student does not respond, or 
responds with over two sets 
incorrectly ordered. 

Figure 5-3. Original Item 5-Pl and its scoring rubric 
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The reaction of hydrogen and nitrogen occurring on the solid catalysis can be described through schematic 

illustration using the following figures (Five figures are shown, out of the sequential order). Note that the 

reaction only occurs when molecules/atoms interact on the surface of the solid catalysis. 
5-P1(2') Using your knowledge of chemistry, please arrange the process of the reaction in the correct 

order 

Figure 5-4. Change for Item 5-Pl 

For item 5-P4, there were 1304, 530, and 703 observations for categories ranging from a 

score of O to a score of 2, and its average measures and step calibrations advanced 

monotonically, while the item's step difficulties (from Score 1 to Score 2) decreased by .70 

logits. Figure 5-5 displays the original item 5-P4 and its scoring rubric. Item 5-P4 

(measure= .87) was more difficult than the average mean ability measure of the persons in this 

sample (mean measure= .24). Thus, a student with lower ability would have a lower probability 

of answering this question correctly. An examination of the responses suggested that some of 

the students who were among the lowest ability respondents (i.e., Student 716, with ability 

measure= -1.54) unexpectedly succeeded in getting full points on this item. One student told 

us that he just happened to know the answer because his teacher had required him to memorize 

and recite this knowledge before. In other words, he answered correctly based on memory, 

rather than "using a model to describe how the total number of atoms does not change in a 

chemical reaction, and thus mass is conserved". His teacher confirmed that she had asked all 

of her students to memorize this. Based on the analyses, reviews by content experts, and 

subsequent discussion, the item was reworked, as displayed below in Figure 5-6. 

5-P4(2') Please write out the main differences between molecules and atoms __________ 

NGSS background 
Performance expectation (PE) 
MS-PSl-5 : Develop and use a model to describe how the total number of atoms does not 
change in a chemical reaction, and thus mass is conserved. 
Disciplinary core ideas (DCI) 
PSl.B: Chemical Reactions. 
Point I Level of Understanding I Possible answers include 

I Demonstrates the expected understanding I While molecules can be divided in 
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chemical reactions, atoms cannot be 
divided, created, or destroyed m 
chemical reactions. 
Molecules can be divided. 

1 Progressing toward understanding 
Atom cannot be divided. 

Not demonstrating the expected Student does not respond, or provides
0 

understanding incorrect answers. 

Figure 5-5. Original Item 5-P4 and its scoring rubric 

The reaction of hydrogen and nitrogen occurring on the solid catalysis can be described through schematic 

illustration using the following figures (Five figures are shown, out of the sequential order). 

5-P4(2') Please describe how the molecules and atoms change (or do not change) during the chemical 

reaction______________ 

Figure 5-6. Change for Item 5-P4 

For item 6-Hl, there were 269,461, and 1788 observations for categories ranging from a 

score of O to a score of 2, and its average measures and step calibrations advanced 

monotonically, while its step difficulties (from Score 1 to Score 2) decreased by .16 logits. 

Figure 5-7 displays the original item 6-Hl and its scoring rubric. Item 6-Hl (measure= -.90) 

was located below one standard deviation of the average ability measure for persons in this 

sample. Figure 4-4 also shows that the peak of Score 1's curve was submerged, and did not 

show as a distinct "hill". Based on the analyses, review by content experts, and subsequent 

discussion, the rating scale categories were collapsed from three to two (Score Oand Score 1 ). 

6-Hl(l ') According to the experimental phenomenon marked " ✓ "in the corresponding box. 

Changes in heat 
Solid NaOH 

in water 

soluble Solid KNO, soluble in 

water 

Solid 

water 

NaCl soluble m 

Rise in 

temperature 

Decrease in 

temperature 

No change in 

temperature 

NGSS background 
Performance expectation (PE) 
MS-PSl-5 : Undertake a design project to construct, test, and modify a device that either 
releases or absorbs thermal energy by chemical processes. 
Disciplinary core ideas (DCI) 
PSI.A: Structure and Properties of Matter 
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Science and Engineering Practice (SEP): 
Analyzing and interpreting data. 
Crosscutting concepts (CCC) 
Energy and matter: Flows, cycles, and conservation. 
Point Level of Understanding Possible answers include 
1 Demonstrates the expected understanding All responses are correct. 

0 
Not demonstrating 
understanding 

the expected Student does not respond, or provide 
at least one incorrect answer. 

Figure 5-7. Change for Item 6-Hl 's scoring rubric 

For item 5-P3, there were 870,704,686, and 278 observations for categories ranging from 

a score of0 to a score of 3, and its average measures advanced monotonically; however, there 

were disordered Rasch-Andrich thresholds. While item 5-P3 was more difficult than average 

(measure= .97), it was located slightly below the one standard deviation of the average ability 

measure of the persons in this sample, and only 278 out of the 2604 respondents (at 10.67%) 

obtained full credit for this item. However, among those 278 respondents, there were 74 

respondents with ability measures below .97; three respondents even had negative ability 

measures (-.01, -.08, -.38). Additionally, the large ZSTD values (lnfit/Outfit ZSTD= -9.90) 

also indicated that this item could not properly satisfy the Rasch-model requirement: "that a 

person with a greater ability has a higher probability of correctly answering any item, and that 

an item of lesser difficulty has a greater probability of being answered correctly" (Bradley & 

Sampson, 2006, p. 3). Figure 5-8 displays the original item 5-P3 and its scoring rubric. The 

original item actually consisted of two questions, and although a number of more able students 

easily provided the correct answers, some students presented the process of how to work out 

the number instead. Given this assessment of the item, the second question was removed, 

making it more specific. Figure 5-9 displays the modified item. 

5-P3 (3 ') What is the quantitative relationship between the total mass ofnitrogen and hydrogen participating 
in the reaction, and the mass of ammonia produced? 
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NGSS background 
Performance expectation (PE) 
MS-PSl-5 : Undertake a design project to construct, test, and modify a device that either 
releases or absorbs thermal energy through chemical processes. 
Disciplinary core ideas (DCI) 
PSl.B : Chemical Reactions. 
Science and Engineering Practice (SEP) : 
Developing and using models. 
Crosscutting concepts (CCC) 
Energy and matter: Flows, cycles, and conservation. 
Point Level of Possible answers include 

Understanding 
3:4 

3 
Demonstrating the 
expected 
understanding 

In a chemical process, the atoms that make up the original 

substances are regrouped into different molecules, and these 

new substances have different properties from those of the 
reactants. However, the total number of each type of atom is 
conserved, and thus the mass does not change. 

2 
Progressing 
towards 
understanding 

Presents a correct quantitative relationship, yet the reasoning 
for it is incomplete. 

Beginning to 
1 develop Correct quantitative relationship, but no reasoning provided. 

understanding 
Not demonstrating 

0 the expected Student does not respond, or provides incorrect answers. 
understanding 

Figure 5-8. Original Item 5-P3 and its scoring rubric 

5-P3 (1 ') What is the quantitative relationship between the total mass ofnitrogen and hydrogen participating 
in the reaction, and the mass of ammonia produced? 

Figure 5-9. Change for Item 5-P3 

Item 6-P4 has similar issues to item 5-P3, there were 2155, 358 and 82 observations for 

categories ranging from a score of O to a score of 2, and its average measures and Rasch-

Andrich thresholds advanced monotonically. Item 6-P4 was one of the most difficult items in 

the instrument (measure= 2.48). Although only 3% of the respondents obtained full credit, yet 

the average ability measure of those students who received full credit ( average measure= 1.19) 

was very close to the average measure of those who only got partial credit ( average 

measure= .98). Figure 5-10 displays the original item 6-P4 and the scoring rubric. When 

123 



scoring the responses, no credit was given to students who failed to provide the conclusion that 

the temperature finally rose after adding the HCl solution. This lead many students to be scored 

0 for this item. Based on review by content experts and subsequent discussion, we decided to 

keep this scoring rubric, but reworded the statement to remind students of the expectation, as 

shown in Figure 5-11. 

Chemical reactions often involve changes in energy. A research team is investigating the changes in 

energy in the reaction of NaOH and HCl. One student dropped the HCl solution on the solid NaOH, and 

found that the temperature has risen during the reaction. He concluded that this was an exothermic reaction. 

However, his teacher told him that his experiment could not support this claim. 

Please design an experiment (A) to support or oppose to the claim. 

Instrument: thermometer, test tube, plastic head dropper 

Materials : water, 10% HCl, 10% NaOH solution, Solid NaOH 

6-P4(2') Write down the experiment design (B) for an experiment which can test whether the reaction of 
NaOH and HCL is an exothermic reaction ____________ 

NGSS background 
Performance expectation (PE) 
MS-PSl-6: Undertake a design project to construct, test, and modify a device that either 
releases or absorbs thermal energy by chemical processes. 
Disciplinary core ideas (DCI) 
ETS 1.B: Developing Possible Solutions. 
Science and Engineering Practice (SEP): 
Constructing explanations and designing solutions. 
Crosscutting concepts (CCC) 
Energy and matter: Flows, cycles, and conservation. 
Point Level of Possible answers include 

Understanding 
Student can provide a clear and correct experiment design, 
along the following lines: 

Demonstrating 'Place a small amount ofNaOH (aq) in a test tube and carefully 
2 expected measured its temperature. Then add the same amount ofHCl 

understanding ( aq) and measured the temperature again. It will be found that 
the temperature rose after we added the same amount of HCl 
(aq).' 

Beginning to The experiment design is correct, yet not complete; for 
1 develop instance, it does not mention the the 'same amount of HCl', 

understanding etc. 

0 
Not showing 
understanding 

Student does not respond, or provides incorrect answers. 

Figure 5-10. Original Item 6-P4 and its scoring rubric 
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------------

Chemical reactions often involve changes in energy. A research team is investigating the changes in 
energy in the reaction ofNaOH and HCl. One student dropped the HCl solution on the solid NaOH, and 
found that the temperature has risen during the reaction. He concluded that this was an exothermic reaction. 
However, his teacher told him that his experiment could not support this claim. Please design an experiment 
(A) to support or oppose to the claim. 

Instrument: thermometer, test tube, plastic head dropper 
Materials: water, 10% HCl, 10% NaOH solution, Solid NaOH 

6-P4(2') Please 1) write down the experiment design (B), 2) describe the phenomena you have observed 

during the experiment and 3) draw a final conclusion as to whether the reaction of NaOH and HCl is an 

exothermic reaction 

Figure 5-11. Change for Item 6-P4 

Reflections and modifications for items 1-P6, 3-P3, 3-H4, 3-H6 and 6-HS. 

The results of item fit statistics indicated that there were five items (item 1-P6, 3-P3, 3-H4, 

3-H6 and 6-H5) with Outfit MNSQ values outside of the accepted range, in this regard failing 

to meet the underlying requirement of the Rasch model, that the average ability of respondents 

answering correctly should always be higher than the average ability of respondents answering 

incorrectly for any item (Bradley & Sampson, 2006). As previously noted, values of Outfit 

MNSQ greater than 1.3 or less than . 7 are problematic, in that there is a high probability that 

they will adversely affect the instrument. Item 1-P6 (Outfit MNSQ=l.43), item 3-P3 (Outfit 

MNSQ=.52), item 3-H4 (Outfit MNSQ=l.34), item 3-H6 (Outfit MNSQ=l.32), and item 6-

H5 (Outfit MNSQ=l.65) had large or small Outfit MNSQ values. Similar to the six items (e.g., 

item 5-P3) discussed above, these five items were also reviewed for vague wording, confusing 

answer options, and/or a possible error in the solution key (Bradley & Sampson, 2006), and 

were modified on the basis of review by the experts and subsequent discussion. The modified 

items are shown in Figures 5-12, 5-13, 5-14, 5-15 and 5-16. 

l-P6(1 ') If the equal masses of C.H, and methane (CH,) are completely burnt up in oxygen, which one will 
require more oxygen? _________ 

Figure 5-12. Change for Item 1-P6 

Tofu, or bean curd, is a food of Chinese origin which is known throughout the world. The following table 

provides the main components of Tofu: 
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Vitamin VitaminComponent Water Protein fat Sugar Calcium Phosphorus Iron 
Bl B2 

weight% 89.3 4.7 1.3 2.8 0.24 0.064 1.4 0.00006 0.00003 

A biuret reagent is used to determine the presence of an analyst---or a chemical substance-- in a solution. 

Specifically, it tests for protein in a sample. If the sample turns purple when the biuret reagent is added, this 
indicates that there is protein in the sample. 
3-P3(1 ') On the basis of the materials provided, please propose a research question _______ 

Figure 5-13. Change for Item 3-P3 

3-H4(2') On the basis of the phenomenon observed in the burning tests, please identify which fiber is 
wool___,_ and which fiber is polyester _____ 

Figure 5-14. Change for Item 3-H4 

3-H6(1 ') Suppose the sample of soybean contains protein; what will you observe during the 
experiment? ____________ 

Figure 5-15. Change for Item 3-H6 

A student finds a bag containing a desiccant; its major ingredient is caustic lime. 
6-H5(1 ')Please provide an experiment design which would help this student figure out why caustic lime can 
be used as a desiccant 

Figure 5-16. Change for Item 6-H5 

Reflections for items 1-Pl, 2-P6, 3-P3 and 3-P4. 

Based on the investigation of the gender-related DIF, four items, including items 1-Pl, 2-

P6, 3-P3 and 3-P4, were identified as slight-to-moderate DIF items. For item 1-Pl and item 2-

P6, there were initially no signs clearly indicating that they explicitly favored one group and 

disadvantaged another; however, notably, both items involved "physical properties". Item I

p 1 asked students using three atom models to identify whether they have the same physical 

properties, and item 2-P6 required students to infer the physical properties ofa certain material. 

Previous studies have indicated that there are gender gaps in science learning and outcomes 

(Y oruk, 2016). Specifically, male students have been found to outperform their female peers 

on timed, competitive external tests, while female students perform better on cumulative, non-

competitive, school-based assessments (Blithe, Clark & Forbes, 1994; Hildebrand & Allard, 

1993; Parker & Tims, 1994; Yip et al., 2004). In particular, male students have a tendency to 

score higher than female students on earth and physical science items (OECD, 2001; Jovanovic 
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et al., 1994; Mullis et al., 2000; Schmidt et al., 1997; Yip et al., 2004). Thus, the detected DIF 

could be actual gender gaps instead ofbias. The matter ofwhether there is a gender gap present 

in learning, and the applying of knowledge, on physical properties requires further 

investigation. 

Item 3-P3 and item 3-P4, two of the easiest items in the assessment, were both detected as 

slight-to-moderate-but significantly- in favor of female students. Item 3-P3 asked students 

to write the research question, and item 3-P4 required students to select the instruments needed 

in the experiment required to answer the research question proposed in item 3-P3. There were 

verbal hints present in the text of the item 3-P3 (which has been already discussed, along with 

its modifications, in the previous section): for instance, in the statement "Now, try to test 

whether there is protein in soybean sample through hands-on based experiments". Most 

students could easily take advantage of the verbal hint and get full points, and the analyses 

indicated that female students may benefit more than their male peers. Numerous studies have 

found that there are gender differences in verbal skills, with female students outperforming 

male students on many verbal tasks (Maccoby & Jacklin, 1974; Haplem, 2000). Additionally, 

researchers have proposed that female students have different response styles than male 

students, and that they may take a slower, more cautious approach in answering questions 

(Goldstein et al., 1990). If that is the case, it may explain why female students took a greater 

advantage of the hints in item 3-P3 than did male students, in tum affecting their responses to 

item 3-P4. Nevertheless, while those two items should be thoroughly reviewed, and possibly 

modified, further study is still needed to investigate whether there is a gender gap present in 

the utilization of verbal hints. 
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Test Administration Mode Effects 

Using Many-Facet Rasch modeling, this study conducted within-subject design to 

investigate the test administration mode effects and the interaction effects between mode and 

trait, gender and mode/trait. The analyses of the rating scale structure and fit statistics showed 

that there was only one problematic trait,"Structure and function" in the hands-on based test. 

The analyses ofMany-Facet Rasch measurement showed that there is a statistically significant 

test administration mode effect. Overall, the paper-based test was more difficult for 

respondents than hands-on based test, and that the difference in difficulty is statistically 

significant. Regarding the three dimensions of the NGSS measured in this study, according to 

the framework, the overall objective is that students develop both the facility and the inclination 

to call upon those practices, crosscutting concepts, and core ideas, separately or in combination; 

it is expected that those dimensions be used iteratively and in combination (NRC, 2012). 

Although we followed above instructions during the development of the instrument, the results 

of the field test indicated that the difficulty level was statistically significant different across 

the ten practices (SEPs), crosscutting concepts (CCs) and core ideas (DCis). In general, the 

order-from the most challenging to the least challenging SEP-is as follows: "Constructing 

explanations and designing solutions"; "Developing and using models"; "Analyzing and 

interpreting data"; and "Obtaining, evaluating, and communicating information". The most 

challenging to the least challenging CC are: "Energy and matter: Flows, cycles, and 

conservation"; "Cause and effect: Mechanism and explanation"; and "Structure and function". 

The most challenging to the least challenging DCI are: PSIB- "Chemical Reactions"; PS3A

"Definitions of Energy"; and PSIA- "Structure and Properties of Matter". 

For certain traits, the items on both the paper-based test and the hands-on based test had 

similar difficulty measures, as opposed to a wide range of difficulty measures. For instance, 
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there are three paper-based test items and three hands-on based test items pertaining to 

"Constructing explanations and designing solutions" - the most difficult dimension (trait) 

measured in this study. Among those six items, five items were among the top ten most 

difficult items measured. The difficulty measures for the three paper-based items were 1.20 

logits (item 6-Pl), 1.70 logits (item 6-P2) and 2.54 logits (item 6-P4), respectively; the 

difficulty measures for the three hands-on based items were -.73 logits (item 6-H2), 1.63 logits 

(item 6-H3) and 2.77 logits (item 6-H5), respectively - indicating that almost every item 

corresponding to the trait of"Constructing explanations and designing solutions" was difficult 

for students. In this regard, although the SEPs, CCs, and DCis envisioned in the NGSS should 

not be considered as a linear sequence, we still should take into consideration the potential 

different difficulty levels among different SEPs, CCs, and DCis ( e.g., "Constructing 

explanations and designing solutions" and "Energy and matter: Flows, cycles, and conservation" 

may be more difficult than others). 

One of the most important findings of this study is that there is a statistically significant 

trait-by-mode interaction. This finding indicated that students tended to perform better on all 

eight of the SEPs, CCs, and DCis measured in this study when undergoing certain kinds of test 

administration modes-with the exception of "Energy and matter: Flows, cycles, and 

conservation" and "Obtaining, evaluating, and communicating information". To be more 

specific, the analyses of Many-Facet Rasch Model measurement indicated that students 

performed significantly better than expected by the model when they were measured through 

the hands-on based test, rather than paper-based test, on "Developing and using models", 

"Analyzing and interpreting data", "Constructing explanations and designing solutions", 

"Cause and effect: Mechanism and explanation" and "Definitions ofEnergy". In contrast, they 

performed significantly worse than expected in taking hands-on based test on "Structure and 
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function", "Chemical Reactions" and "Structure and Properties of Matter". 

Given the above findings, it is clear that, as compared to other measurement forms, 

performance-based assessment has its own advantages in providing meaningful, challenging, 

and engaging tasks that simulate real-life situations, allowing students the opportunity to 

demonstrate different aspects of scientific knowledge, and to directly evaluate key complex 

and significant inquiry competencies in more complete, authentic, and meaningful ways 

(Baxter & Shavelson, 1994; Baxter, Elder, & Glaser, 1996; Clarke-Midura et al., 2011; 

Espinosa, 2015; Kuo et al., 2005; Lyon et al., 2012; NRC, 2000; RuizPrimo & Shavelson, 1996; 

Wu et al., 2015; Zachos et al., 2000). This assessment mode not only allows students to 

construct their own responses and to create their own products, rather than choosing them from 

a list of options (Espinosa, 2015), it also provides students with the necessary apparatus, 

requiring them to design and conduct their own investigations. Thus, performance-based test 

modes may facilitate increased student performance on certain practices, crosscutting concepts, 

and core ideas, such as "Constructing explanations and designing solutions". 

Given that all 49 items were short-answer questions, the fact that female students 

performed better over all than male students may support the previously mentioned finding -

that short-answer questions tend to favor female students, whereas multiple-choice questions 

favor male students - possibly due to girls having better literacy skills than boys (Beller & 

Gafni, 2000; Hamilton, 1998). Whereas analyses of the gender-by-mode interaction revealed 

that there was no significant gender bias in terms of the different test modes, gender-by-trait 

analyses showed that female students performed significantly better than expected on the 

practice of "Obtaining, evaluating, and communicating information", and the crosscutting 

concepts of "Cause and effect", and "Structure and function", while male students obtained 

significantly higher scores than expected on the disciplinary core ideas of "Structure and 
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Properties of Matter". The above findings provide additional evidence for the claim that both 

the content and the format of test items have impact on gender differences in performance 

(Hamilton, 1998), possibly due to different learning style preferences (Yip et al., 2004). For 

instance, girls may prefer working in collaboration through discussion with others, while boys 

may prefer to work independently and rapidly (Kimbell et al., 1991). However, this still 

requires further investigation. 

Hands-on Test Experience, Preference, Inquiry Activities and Hands-on Test 

Performance 

In China, Zhongkao is the standardized Senior High School Entrance Examination, 

governing Chinese students' access to senior high school education. It is held nationwide the 

first week in June, and involves two administration test modes-paper-and-pencil tests for the 

subjects of Chinese, Mathematics, English, Physics, Chemistry, Politics, and Physical 

Education; and hands-on based tests judging students' skill in performing certain physics and 

chemistry experiments. However, the hands-on based testing occurs separately from the paper

and-pencil testing, at the end of May, and the only ratings students receive upon their 

completion are "qualified" and "not qualified"; as such, these tests have little overall impact 

on students' admission to high school. Because the hands-on based tests are not high-stakes 

examinations, although ninth grade students are required to take them at the end of the second 

semester, students are not given many opportunities to experience hands-on activities, as found 

in this study. Note that the hands-on based test in Zhongkao differs from the hands-on based 

test in this study. The former focuses on measuring students' experimental skills (i.e., 

measuring volume using a graduated cylinder), while the latter is more integrated and 

comprehensive, and focuses on measuring students' scientific proficiencies. 

Taking into consideration the above context, this study's results showed that only one 
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third of the participants reported having experienced hands-on based test more than five times. 

The results of the regression analyses indicated that, if keeping the variables - including 

inquiry activities and student preference regarding hands-on based tests-constant, on average, 

the students who reported having experienced hands-on based tests more than five times 

outperformed the students with no experience in taking them, in terms of their hands-on based 

performance. 

Interestingly, although only two-thirds of the students reported having taken hands-on 

based tests more than three times, over half of the students preferred the hands-on based test, 

and only three in fifty students preferred the paper-based test. However, the regression 

analyses revealed that students who liked both test modes had statistically significant better 

hands-on test Rasch measures than did students who preferred only hands-on based tests, when 

taking into consideration variables including inquiry activities and hands-on based experiences. 

Regarding inquiry-based science teaching and learning activities at school, in line with 

the previous findings (OECD, 2016b), it appeared that inquiry-based teaching was not 

commonly utilized in our sample school classrooms. Fewer than 20% of students reported that 

those eight stated inquiry-based activities occurred in every, or almost every, science lesson. 

Especially in looking at whether "students spend time in the laboratory doing practical 

experiments", only six percent of the students reported that this kind of activity occurred in 

every, or almost every, science lesson. Yet there is no statistically significant association 

between the inquiry-based activities and students' hands-on based test performance, when 

holding the variables, including hands-on experience and preference, constant. 
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Conclusions 

In summary, despite the aforementioned limitations, based on the Rasch measurement 

analyses - including the rating scale functioning, fit statistics for items (i.e., the standard error 

(SE) of the estimate, MNSQ and ZSTD of Infit and Outfit statistics), unidimensionality and 

local item independence, distribution of person ability and item difficulty measures (Wright 

map), reliability of measures (i.e., item and person separation and reliability) and gender

related differential item functioning - the results indicated that this instrument of 

measurement of students' scientific proficiencies has been much improved. Measures from 

this instrument are reasonably valid and reliable, and thus are appropriate for assessing students' 

scientific competencies, particularly as they reflect the integration of practices of science and 

engineering, cross-cutting concepts, and core ideas envisioned by the National Research 

Council Framework (NRC, 2012) and the NGSS (Achieve, 2013). The results also indicated 

that this is a gender-DIF-free instrument. 

Additionally, the findings revealed that there were significant test administration mode 

effects. Overall, the paper-based test appeared to be more difficult for our respondents than 

the hands-on based test, which was statistically significant. Also, the difficulty level of the ten 

practices (SEPs), crosscutting concepts (CCs) and disciplinary core ideas (DCis) measured in 

this study differed from one another in a statistically significant way. 

Furthermore, there were statistically significant trait-by-mode interactions, and while 

there was no significant gender bias associated with the different test modes, some gender bias 

effects were present for certain traits. Additionally, the regression analyses indicated that, in 

terms of the hands-on based test performance measured in this study, students who were 

equally comfortable with paper-based tests and hands-on based tests outperformed students 

who preferred hands-on based tests to paper-based tests; and students who had experienced 
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hands-on based tests more than five times at school significantly outperformed students who 

had never before taken a hands-on based test. 

Recommendations 

As called for by the NGSS (Achieve, 2013), an important shift has occurred, from 

assessing the knowledge and practice components separately to assessing integrating science 

practices with disciplinary core knowledge and crosscutting concepts (Harris, et al., 2016). 

Accordingly, an urgent need for the development of valid and reliable assessments has arisen, 

in order to provide students with varied opportunities to demonstrate their integrated 

knowledge and skills in terms of scientific content, practices, and thematic understanding, 

particularly as they reflect the integration of the three dimensions envisioned by the National 

Research Council Framework and the NGSS (Sondergeld, Peters-Burton, & Johnson, 2016). 

Accordingly, rather than using one test mode, it would be most appropriate to utilize multiple 

test modes in assessing students' scientific competencies, especially as they integrate the 

aforementioned dimensions envisioned in the framework and the NGSS. The present study 

provides an exemplification of integrating different test administration modes in one 

instrument for measuring students' scientific competencies. Thus, it may be useful for 

assessment designers to consider our study when developing assessments involving multiple 

test modes (i.e., performance assessment, computer-based assessment). 

In addition, the present study provides empirical evidence of the existence of the test 

administration mode effects, and of interaction effects between mode and trait, as well as 

gender and trait. In light of the above findings, when designing assessments, designers not 

only must pay attention to equivalency and comparability between the different testing modes, 

they must also bear in mind that certain concepts, core ideas, and practices may be 
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appropriately measured only through certain test modes, as opposed to all test modes. We 

recommend using Many-facet Rasch modeling measurement, which has advantage of keeping 

student and item estimates independent of the test modes. 

Based on the results indicating that more experience in taking hands-on based tests are 

positively associated with better hands-on based test performance, educators should provide 

students more opportunities to conduct inquiry-oriented hands-on activities- such as spending 

time in the laboratory working on practical experiments- and should utilize a variety of 

assessments, including diverse test modes, to evaluate key complex and significant scientific 

competencies in more complete, authentic, and meaningful ways. 

Limitations 

There are a number of ways in which this study could be further improved and expanded. 

Firstly, the instrument could be improved by the suggestions mentioned in previous sections 

(i.e., by adding more items). Secondly, further studies may benefit from the use of mixed 

methods (i.e., qualitative methods, such as interviews and observations) to investigate the 

causes of the differences and interactions (i.e., trait-by-gender interaction) found in this study. 

Thirdly, the findings of this paper only took into account the results of certain Performance 

Expectations (i.e., MS-PS 1: Matter and its Interaction), which intertwine practices of scientific 

and engineering reasoning, crosscutting concepts, and core or "big" ideas within disciplinary 

areas. It follows that future studies should investigate test mode effects on assessments for 

other Performance Expectations and dimensions envisioned in the framework (NRC, 2012) 

and the NGSS (Achieve, 2013). Lastly, although test mode effects and bias interactions had 

been identified in this study, the Many-facet Rasch model measurement does not suggest any 

mechanism to counter those effects; further studies are needed to remedy this. 
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APPENDIX 

Pilot Test 
(English version) 

1.The diagrams below show the structural representation of carbon elements. The small 

circles in the pictures represent carbon atoms. 

A B C 

1-P1(2') Observe the atoms models above carefully. Do A, B, and C have the same physical 
and chemical properties? ______________ 

1-P2(2') Use the above models to support your answers. 

Co is the chemical formula of the substance C, shown in the figure to 

the right. One of the elementary substances of Silicon has the same 

numbers of atoms as, and similar structures to, C. A scientist has tried to 

formulate a new molecule by putting a molecule of C into a molecule of 

one of the elementary substances of Silicon, mentioned above. 
1-P3(2') Write down the chemical formula of the new molecule___ 

1-P4(2') Graphene is a new monolithic sheet-like material made of carbon atoms. Its structure 

is illustrated by the diagram to the right. Which structural representation(s) has/have the same 

carbon atomic arrangement as graphene: A, B, or C? What physical properties 
does graphene have? ____________ 

Recently, scientists have synthesized a compound, X, at the low temperature of -

100 °C; its model is shown to the right. Every in the picture represents a 

carbon atom. Every O in the picture represents a hydrogen atom. 

1-P5(2') What is the ratio of hydrogen atoms to carbon atoms in this molecule? 

1-P6(2') If the equal masses ofX and methane are completely burnt up in oxygen, which one 
will need more oxygen? __________ 

relative atomic mass: C:12, H:1, 0:16 

The diagrams below represent various models of Borane. 
------------- - - ----- ---- ---- -- ---- --- ----------- - -- -- ------ . --J ---- r ---------- -- --- . -- ----------------

o- hydrogen atom 

•- Boron atoms 

Some hydrogen atoms are not 

BsHv (pcntaboranc) 8 6H 10 (hcxaboranc) M labeled in M 
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------------------------------

1-P7(2') Write down the chemical formula ofM___ 

2. Chemical materials and technology are widely used in the construction of smart houses and 
home life products. 

Drinking water purification system., 
Solar panel ., (The schematic diagram is shown below) .,

'\ / 
DirectToxic gas sensor ,, Raw - Activated~ Ultralilter. - IOzone, I- drinking 

water carbon, 
water. 

New carbon fiber ,• .& ,/ Smart house , 
Equipment 1 Equipment2 Equipment3 ., 

Solar cells supply power to smart houses, the production of which requires pure silicon. The 
process of producing pure silicon from crude silicon is shown in the diagram: 

Crude silicon Cl2, ► SiCu. DiStillation . SiCl~(pure) H2 •' ► Pure silicon. 

460°C ' ' 110°c ' 

Step I - Step II. Step III . 

2-P1(2') During which of the procedures does the physical change occur, and why is this the 
case 
2 -P2 ( 2 ') Please describe the changes in Step 1 from the point of view of atoms and molecules 

2-P3(2') New carbon fibers have characteristics such as anti-electromagnetic radiation and 

corrosion resistance, and have a density smaller than those of aluminum, a strength 20 times 

than that of iron, and chemical properties similar to those of carbon. New carbon fiber can be 
used as_ in the construction of smart houses. (Fill in the blank with one of the following) 
A. Building materials B. Electromagnetic radiation shielding materials 
C. Fireproof materials 

Material 1 : In a study on the nature of metal, the teacher brought three samples of metals 

which looked exactly like gold, silver, and copper. The students did the following research on 

the samples: 

(D The gold sample was easily broken and cracked when stretched with a tool. 
@After the addition of diluted sulfuric acid, no chemical reaction was observed in the samples 
of gold and copper, while a large number of bubbles appeared on the surface of the silver 
sample. 
@The density data of the samples is as follows: For the gold sample, 4.9g/cm3, for the silver 
sample, 7.lg/cm3, and for the copper, 7.5g/cm3 

• 

© The following table indicates the density of several common metals: 

Metal Gold Silver Copper Iron Zinc 

Density 
19.3 10.5 8.9 7.9 7.1

(g/cm3
) 
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Material 2: Not long ago, scientists at an institute in Japan invented a "carbon nanotube 

thermometer"- potentially the smallest thermometer in the world. Researchers filled carbon 
nanotubes, which are about 10·6m in length and 10·1m in diameter, with liquid metal gallium. 
As the temperature rises, the gallium in the tube expands, and the temperature can be read by 
an electron microscope. The range of the thermometer measures from 30 to 490 degrees, with 
high accuracy. It can be used to check for abnormalities in electronics, the temperature of 
capillary veins, and so on. Infer the physical properties ofmetal gallium, according to the above 
information. 

Material 3: An alloy is a substance with metallic properties formed by the fusion of two, or 

more than two, metals (or the fusion of metals and non-metals). The following table provides 
the melting point data for several metals. 

Metal Copper Zinc Tin Lead Bismuth Cadmium 

Melting 
1083 419.6 231.9 327.5 271.3 320.9

point/°C 

2-P4(2') Based on the information provided by Material 1, please explain why the "gold" 
sample gold is not real gold. Infer what metal the "silver" sample may be, and provide your 

reasons 

2-P5(2') As Material 2 stated, gallium can be used as the material for a carbon nanotube 
thermometer; infer its physical properties, according to the information provided. 

2-P6(2') According to the table above, and the chart 
Melting ointto the right, determine, for A, B, and C, which is r 

alloy of copper and zinc, formed via certain Copper 

technical means, from pure cooper and pure zinc? 
Zinc /

/A. 
2-P7(2') Is this a physical change or chemical change? Why? 

3. When people refer to synthetic materials, they often are talking about plastics, synthetic 
fabric, and synthetic rubber. Plastics are widely utilized. At present, several hundred kinds of 
industrial plastic products exist, and more than 60 kinds of plastics are commonly used. The 
most widely used plastics are made ofpolyethylene or polyvinyl chloride. Specific applications 
of plastics are numerous and familiar to most people. 

Synthetic fibers have different, unique properties and usages, depending on what kind of 
synthetic fiber it is. These include high-temperature-resistant fibers, high-temperature
corrosion-resistant fibers, high-strength fibers, and radiation-resistant fibers . The clothes we 
wear are generally woven from fibers. Cotton and wool are natural fibers . Polyester, nylon and 
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acrylic are synthetic fibers. Wool, the main component of which is protein, has good air 
permeability- as does cotton- but is not wear-resistant. Synthetic fibers often have properties 
ofgreat strength and elasticity, wear-resistance, and chemical corrosion resistance, but their air 
permeability is usually bad. 

Commonly used synthetic rubber generally includes styrene-butadiene rubber, cis-1,4-
polybutadiene rubber, chloroprene rubber, etc. As compared to natural rubber, synthetic rubber 
has properties of high elasticity, insulation, oil-resistance, and high-temperature-resistance. 
Therefore, it is widely used in industry, agriculture, national defense, transportation, and daily 
life. 

However, sharp increases in the volume of synthetic materials being created has brought 
about environmental problems, of which "white pollution", caused by waste plastic, is 
particularly serious. Because most plastics are difficult to break down in a spontaneous 
combustion environment, after long-term accumulation, they do harm to the soil and 
groundwater, and negatively affect marine life. If chlorine-containing plastics are burned, they 
produce hydrogen chloride, which gives off a pungent odor, and causes air pollution. 
3-P1(2') Please carefully read the material above, and, in combination with aspects of with 
your own life, talk about the impact of the existence of synthetic materials on human 
life 

You have been provided with pieces of wool, polyester, and cotton fabric; please distinguish 
them. First, write down your experimental plan, and then conduct an experiment to identify 
each according to your plan. 
Experimental objective: identifying wool, polyester, and cotton. 
Material: One piece of wool, one piece of polyester, and one piece of cotton 
3-Hl(l ') What instruments do you need for this experiment? Please write down the instruments 
required for this experiment according to your plan. 

3-H2(2') Describe your plan in identifying the wool, polyester, and cotton: 

Experimental process 
3-H5(2') The phenomenon you observe through this experiment is: 

3-H6(2') Please draw a conclusion based on the phenomenon observed during the experiments: 

Experimental development: 
Tom bought a certain brand of detergent. The instructions on the packaging are shown in the 
following picture. On the basis of the information on the detergent packaging, and the 
experiment previously conducted, please explain why dacron, but not silk or wool cloth, can 
be washed with this detergent 3-H7(2') ___________ 
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lngredient:A lkaline prote as , 
etc. 
Usage: Soak your d o th es in 
detergent so lution for sever I 
hours before wash ing. The 
detergent in w arm w ater 
w orks best. 
Notice: Do not be used for 

There are two pieces of fabric provided, cotton and polyester. Please design an experiment 
comparing and contrasting the water absorption properties of these two fabric types. 
Experimental purpose: Comparing and contrasting the water absorption properties of cotton 
and synthetic fiber. 
Material: one piece each of polyester and of cotton fabric. 
3-H3(1 ') What instruments are required for this experiment? Please write down the instruments 
which must be used, according to your experimental plan: 

3-H4(2') What is your plan for comparing the water absorption properties of cotton fibers and 

synthetic fibers: 

3-H8(1 ') The phenomenon you observe through this experiment is: 
3-H9(2') Please draw the conclusion of this experiment, according to the phenomenon: 

Experimental development: 
3-H10(2') Synthetic fibers are often blended with cotton or wool fibers, to make clothes that 
are comfortable and wrinkle-resistant. According to the information in the material, and the 
experimental conclusion above, please write down the possible reasons: 

4. In 1827, Brown put pollen grains in the water, and observed them through a microscope. He 
found that the pollen granules were engaged in a jittery motion within the water. The direction 
and speed of each small particle changed rapidly; they didn't cease moving. These small 
particles were actually molecular groups made up of thousands of molecules. Because as they 
were not balanced by the impact of the liquid molecules, they showed irregular movements. 
This is the famous Brownian Motion. 
4-P1(2') Someone argues that "Brownian Motion is an irregular and thermal movement of 
molecules". Do you support the above argument? If you do not agree, provide your own 
argument: _________________ 

4-P2(2') A student did an experiment (shown in the figure to the right) verifying the theory 
that molecules are engaged in never-ending and irregular movement. Ammonia gas is very 
volatile. It is also very water-soluble, forming a solution in water which renders 
phenolphthalein solution reddish. Do you think the student's experimental method is correct? 
If you feel that the experimental method is inadequate, write down your reasoning and 

140 



----------------------------

-----

----------------------------

---------------

alternative experimental design. If you feel it is correct, you do not have to include a 
reasomng____________________ 

Xiao Ming put a beaker on an alcohol lamp in order to heat it. During the heating process, he 
found the movement of pollen grains was speeding up, and that the pollen grains rolled up and 
down. Xiao Ming concluded that the higher the temperature is, the more intensely molecules 

move. 
4-H1(3') Please explain whether you agree or disagree with Xiao Ming's 
conclusion 
4-H 2 ( 3 ') Please design an experiment to explore the impact of temperature on particle velocity, 
based on the materials and equipment provided below 

Research objectives: To explore the impact of temperature on particle velocity. 
Experimental materials: phenolphthalein, concentrated ammonia liquor. 

Experimental apparatus: tube (four 15mm x 20cm tubes), rubber plugs and 
catheters, beaker (two 50mL beakers). 

4-H3(2') Describe what you have observed during the experiment 
4-H4(2') Draw a conclusion on the basis of the experimental phenomena 

4-H5(2') Provide an example from your daily life to support your 
conclusion 

5. Material I: In 1999, Ahmed Zewail won the Nobel Prize in Chemistry for his work on 

femtochemistry, which took nearly 20 years to develop, and which revolutionized modem 
chemistry, and other related disciplines. The rapid ultrafast laser technique (femtosecond 
laser) allows us to observe how atoms in a molecule react during a chemical reaction, which 

helps us to understand and predict important chemical reactions=. In the late 80s, using one 
of the fastest laser flash cameras in the word, Dr. Zewail captured the moment of the 
breaking, and formation, of chemical bonds between atoms in a chemical reaction, to a one 
hundred trillionth of a second 
Material II: In 1909, the chemist Haber synthesized ammonia in a laboratory for the first 

time. In 2007, another chemist, Gerhard Etel, confirmed that the reaction of hydrogen and 
nitrogen during the synthesis of ammonia had taken place on a solid catalyst surface at the 
Haber Institute. This achievement got him the Nobel Prize in chemistry. If we use 

Q}0 OO ~ to symbolize N2, H,, and NH3. respectively, a schematic illustration of the 

reaction of hydrogen and nitrogen during the synthesis of ammonia can be done using the 
following figures (not in order here). 
5-P1(3 ') Using your knowledge of chemistry, please arrange the process of the reaction in the 

correct order, according to the two materials above 

5 -P 2 ( 3 ') Going off of the schematic illustration, please explain the meaning of the phrase "the 

atom is the smallest particle in chemical reaction" ____________ 

5-P3(3 ') What is the quantitative relationship between the total mass of nitrogen and hydrogen 
participating in the reaction, and the mass of ammonia produced? Please write the specific 
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reason, from a microscopic point of view_______________, 

5-P4(3 ') Please write out the main differences between molecules and atoms _____, 

5-P5(2') Recently, scientists learned that tree cellulose can be transformed into a super energy 
storage device through a simple chemical reaction. The microscopic sketch for this reaction is 

as follows; the molecular number ratio of X, Y participating in the reaction is ______ a 

1I drog1m nt(lm 

e 
h.igh 

X: remporamre ~ z___W__~ 

5-P6(2') In addition to the catalyst and high temperature conditions, this reaction also 
reqmres___________ 

6. Material I: The following table shows the price and calorific value of several gas fuels: 
Fuel Coal gas Liquefied petroleum gas (LPG) Natural gas 

-
· Price 1.4 yuan/kg 6.0 yuan/kg 1.8 yuan/kg 

Calorific value 1.56xl04kJ/kg 4.5xl04kJ/kg 3.9xl04kJ/kg 

6-Pl(l ') Taking all factors into consideration, which fuel type would you choose __ . 

6-P2(2')Explain your reasoning: _________ 

Material II: Magnesium hydroxide is widely used in plastics, rubber, and other polymer 

materials, resulting in excellent flame retardants. Compared with similar inorganic flame 
retardants, magnesium hydroxide has a better smoke suppressing effect, whose decomposition 

temperature is from 340°C lli} 490 °C. 

6-P3(2') Please explain why magnesium hydroxide is used as a flame retardant in material 

III 

Dissolution of chemical substancs, or chemical reactions, are always accompanied by 
changes in energy. Some students want to explore the energy changes that occur in the 
dissolution of chemical substances and in chemical reactions, as they think it would help them 

understand endothermic and exothermic processes in substance dissolution and during 
chemical reactions. 

Experimental purpose: To explore energy changes in chemical reactions. 
Experimental apparatus and reagents: 

6-Hl(l ')Apparatus: test tube, mortar, glass, medicine spoon, measuring cylinder, and_ 

(Please write in what would make the experimental apparatus complete) 
Reagents: Magnesium strips, 7.3% hydrochloric acid, Ba(OH),·8H,O crystal, NH.Cl 

crystals, NaCl solid, NaOH solid, KNO3 solid, CaO 
Experiment procedure: 
Experiment 1: To explore the thermal changes of substances dissolved in water 

6-H2(2') According to the experimental phenomenon mark the corresponding box with 11 ✓". 

142 



_

---------------

SolidNaOH Solid KNO3soluble Solid NaCl 
Changes in heat 

soluble in water in water soluble in water 

Rise in temperature 

Decrease in temperature ,. 

No change in temperature 

6-H3(2')According to the records in the table above, please draw the conclusion of this 
experiment_________ 

Expansion of the experiment: 

6-H4(2') An ice pack made of ammonium nitrate can be used to cool down someone suffering 

from fever. Please speculate on the possible causes, based on the above experiment: 

Experiment 2: To explore the thermal changes of substances dissolved in water 

6-H5(3 ') Taking into consideration the experimental phenomenon, mark in the corresponding 

box with 11 ✓ " 
Magnesium strips Ba(OH),·8H,O crystal react CaO react with 

Changes in heat 
react with HCl with NH.Cl crystal* H,O 

Rise in 

temperature 

Decrease in 

temperature 

No change in 

temperature 

*A Ba (OH) , ·8H,O crystal is ground finely ma mortar and 1s then put ma beaker, along with 

a 10g NH.Cl crystal, and stirred rapidly with a glass rod. 

6-H6(2') According to the records in the table above, please draw a conclusion for this 

experiment: 

Expansion of the experiment: 

6-H7(3 ') Adding a certain amount of quicklime to water 

will cause white phosphorus to bum. According to the 

three essential conditions for combustion, the role of 

quicklime is--------, 
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Field test 
(English version) 

1. The diagrams below show the structural representation of carbon elements. The small 
circles in the pictures represent carbon atoms. 

~~ 

-~ + @)
~ -

A B C 
1-Pl(l ') Observe the atom models above carefully, noting their structure. Do A, B, and C have 
the same physical properties, and if so, why? __________ 
1-P2(1 ') Do A, B, and C have the same chemical properties, and if so, why? _____ 

Co is the chemical formula for substance, C, shown in the figure to the 
right. Given that one of the elementary substances of Silicon has the same 

numbers of atoms, and a similar structure to C, a scientist tried to form a 
new molecule by putting a molecule of C into a molecule of one of the 
elementary substances of Silicon, as mentioned above. 
1-P3(1 ') Write down the chemical formula of the new molecule___ 

1-P4(2 ') Graphene is a new monolithic, sheet-like material made ofcarbon atoms. Its structure 
is illustrated in the diagram to the right. Which option(s) has/have the same carbon atomic 
arrangement as graphene, A, B or C? What are the physical properties of 
graphene?____________ 

Recently, scientists have synthesized a compound X at a low temperature of 

-100 °C; its model is shown on the right. Every in the picture represents 

a carbon atom. Every O in the picture represents a hydrogen atom. 
1-P5(1 ') what is the ratio of hydrogen atoms to carbon atoms in this 
molecule? 

1-P6(1') If the equal masses ofX and methane are completely burnt up in oxygen, which of 
the two will need more oxygen? __________ 

relative atomic mass: C:12 H:1 0:16 
The diagrams below represent various models of Borane. 

o- hydrogen atom 

• - Boron atoms 

Some hydrogen atoms are not 

B; H9 (pcntabornnc) B6H 10 (hcxaboranc) M labeled in M 
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1-P7(2') Write down the chemical formula ofM___ 
1-P8(1 ') Provide the reason why Borane could be used as a clean energy __~ 
2. Chemical materials and technology are widely used in the construction of smart houses and 
home life products. 

Drinking water purification system., 
Solar panel., (The schematic diagram is shown below) ., 

Direct . 
Raw ---. Activated_,__. 

Ultralilter- - IOzone, I- drinking
water carbon. 

water. 

New carbon fiber., al- ,/ Smart house ., 
Equipment! Equipment2 Equipment3., 

Solar cells supply power to smart houses, the production of which requires pure silicon. The 
process of producing pure silicon from crude silicon is shown in the diagram: 

Crude silicon Cb··., SiCI➔• DiS
tillation. , SiCl~(pure) H2• ► Pure silicon.· 

460°C, 110°c. 

Step I. Step ll. Step ill, 

2-P1(2') During which of the procedures does the physical change occur, and why is this the 
case 
2 -P2 ( 2 ') Please describe the changes in Step 1 from the point of view of atoms and molecules 

2-P3(2') New carbon fibers have characteristics such as anti-electromagnetic radiation and 

corrosion resistance, and have a density smaller than those of aluminum, a strength 20 times 

than that of iron, and chemical properties similar to those of carbon. New carbon fiber can be 
used as___ in the construction of smart houses. (Fill in the blank with one of the following) 
A. Building materials B. Electromagnetic radiation shielding materials 
C. Fireproof materials 

Material 1 : In a study on the nature of metal, the teacher brought three samples of metals 

which looked exactly like gold, silver, and copper. The students did the following research on 

the samples: 

(DThe gold sample was easily broken and cracked when stretched with a tool. 
@After the addition of diluted sulfuric acid, no chemical reaction was observed in the samples 
of gold and copper, while a large number of bubbles appeared on the surface of the silver 
sample. 

@The density data of the samples is as follows: For the gold sample, 4.9g/cm3, for the silver 
sample, 7.lg/cm3, and for the copper, 7.5g/cm3

• 

(±)The following table indicates the density of several common metals: 

Metal Gold Silver Copper Iron Zinc 

Density 
19.3 10.5 8.9 7.9 7.1

(g/cm3
) 
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Material 2 : Not long ago, scientists at an institute in Japan invented a "carbon nanotube 

thermometer"- potentially the smallest thermometer in the world. Researchers filled carbon 

nanotubes, which are about 10·6m in length and 10·1m in diameter, with liquid metal gallium. 

As the temperature rises, the gallium in the tube expands, and the temperature can be read by 

an electron microscope. The range of the thermometer measures from 30 to 490 degrees, with 

high accuracy. It can be used to check for abnormalities in electronics, the temperature of 

capillary veins, and so on. Infer the physical properties ofmetal gallium, according to the above 

information. 

Material 3: An alloy is a substance with metallic properties formed by the fusion of two or 

more metals (or the fusion of metals and non-metals). The following table provides the melting 

point data for several metals. 

Metal Copper Zinc Tin Lead Bismuth Cadmium 

Melting point/°C 1083 419.6 231.9 327.5 271.3 320.9 

2-P4(2') Based on the information provided by Material 1, please explain why the "gold" 

sample gold is not real gold. Infer what metal the "silver" sample may be, and provide your 

reasons 

2 -P 5 (1 ') Infer what metal the "silver" sample may be, and provide your reasons 

2-P6(2') As Material 2 stated, gallium can be used as the material for a carbon nanotube 

thermometer; infer its physical properties, according to the information provided. 

2-P7(2') Based on the table and figure, Ming claims that A is an alloy of copper and zinc; he 

also argues that it was formed by a physical change rather than a chemical change. Please use 

evidence from the table and diagram to explain whether his claims are 
supported ______________________ 

3. When people refer to synthetic materials, they often are talking about plastics, synthetic 

fabric, and synthetic rubber. 

Plastics are widely utilized. At present, several hundred kinds of industrial plastic products 

exist, and more than 60 kinds of plastics are commonly used. The most widely used plastics 

are made of polyethylene or polyvinyl chloride. Specific applications of plastics are numerous 

and familiar to most people. 

Synthetic fibers have different, unique properties and usages, depending on what kind of 
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synthetic fiber it is. These include high-temperature-resistant fibers, high-temperature
corrosion-resistant fibers, high-strength fibers, and radiation-resistant fibers. The clothes we 
wear are generally woven from fibers. Cotton and wool are natural fibers. Polyester, nylon and 
acrylic are synthetic fibers. Wool, the main component of which is protein, has good air 
permeability- as does cotton- but is not wear-resistant. Synthetic fibers often have properties 
ofgreat strength and elasticity, wear-resistance, and chemical corrosion resistance, but their air 
permeability is usually bad. 

Commonly used synthetic rubber mainly includes styrene-butadiene rubber, cis-1,4-
polybutadiene rubber, chloroprene rubber, etc. As compared to natural rubber, synthetic rubber 
has properties of high elasticity, insulation, oil-resistance, and high-temperature-resistance. 
Therefore, it is widely used in industry, agriculture, national defense, transportation, and daily 
life. 

However, sharp increases in the volume ofsynthetic materials being produced has brought 
about environmental problems, of which "white pollution", caused by waste plastic, is 
particularly serious. Because most plastics are difficult to break down in a spontaneous 
combustion environment, after long-term accumulation, they do harm to the soil and 
groundwater, and negatively affect marine life. If chlorine-containing plastics are burned, they 
produce hydrogen chloride, with gives off a pungent odor, and causes air pollution. 
3-P1(2') Please carefully read the material above, and, in combination with aspects of with 
your own life, talk about the impact of the existence of synthetic materials on human 
life 

Wool, polyester, and cotton can be identified on the basis of their burning characteristics, 
including their smell and other properties of the remains, such as smoke and ash. 
Experiment 1: Observing the phenomenon of burning tests 
Please write down the phenomenon observed in the burning of wool, polyester, and cotton. 
3-Hl(l ')Wool: ____________ 
3-H2(1 ')Polyester: ____________ 
3-H3(1 ')Cotton: _____________ 

Experiment 2: Identification 
Experimental objective: Identify wool, polyester, and cotton. 
Material: One piece of wool, one piece of polyester, and one piece of cotton. 
3-P2(1 ') The experiment design for the identification of wool, polyester, and 
cotton: 
3-H4(2') Please identify the provided pieces of fabric. 

A: ---~ B: ----~ C:____ 
Experimental development: 
Tom bought a certain brand of detergent. The instructions on the packaging are shown in the 

following picture. On the basis of the information on the detergent packaging, and the 
experiment previously conducted, please explain why dacron, but not silk or wool cloth, can 
be washed with this detergent. 

147 



---------

-----

-----

-------------
---

3-H5(1') ______________ 

Ingred ient: Alka line proteas , 
et c. 
Usage: Soak your d oth es in 
deterg ent so lution fo r sever I 
hours before washing. The. 
detergent in wa rm wat er 
w orks best. 
Not ice: Do notbe us ed far 

Tofu, or bean curd, is a food of Chinese origin which is known throughout the world. The 
following table provides the main components of Tofu: 

Component Water Protein fat Sugar Calcium Phosphorus Iron Vitamin Bl Vitamin B2 
weight% 89.3 4.7 1.3 2.8 0.24 0.064 1.4 0.00006 0.00003 

A biuret reagent is used to determine the presence of an analyte, or a chemical substance, in a 
solution. Specifically, it tests for protein in a sample. If the sample turns purple when the biuret 
reagent is added, this indicates that there is protein in the sample. 
Now, try to test whether there is protein in soybean sample through hands-on based 
experiments. 
3-P3(1 ') Please write down the research question: 

Note: First add the solution ofNaOH into the biuret reagent , and then add the solution of 

CuSO,. 
3-P4(1 ') What instruments are required for this experiment? Please write down the instruments 
required, according to your experimental plan: 
3-P5(2') Write down your research design for testing whether there is protein in the soybean 
sample.--------------~ 
3-H6(1 ') The phenomenon observed in this experiment is: 
3-H7(1') Please draw the conclusion of this experiment, according to the 
phenomenon: 
3 -H8(1 ') Which option in the following list contains protein? 

1) Rice 2) Egg 3) Soy flour 4) Tomato 
4. In 1827, Brown put pollen grains in the water, and observed them through a microscope. 
He found that thr pollen granules were engaged in a jittery motion within the water. The 
direction and speed of each small particle changed rapidly; they didn't cease moving. These 
small particles were actually molecular groups made up of thousands ofmolecules. Because as 
they were not balanced by the impact of the liquid molecules, they showed irregular 
movements. This is the famous Brownian Motion. 
4-P1(2') Ming claims "Brownian Motion is an irregular and thermal movement of molecules". 
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Use evidence from the diagram to explain whether Ming's claim 1s supported 

Xiao Ming put a beaker on an alcohol lamp in order to heat it. During the heating process, he 
found the movement of pollen grains was speeding up, and that the pollen grains rolled up and 
down. Xiao Ming concluded that the higher the temperature, the more intensely molecules 
move. 

4-P2(2') Please explain whether you agree or disagree with Xiao Ming's conclusion__ 
4-P3(2') Please design an experiment, based on the materials and equipment provided below, 
exploring the impact of temperature on particle velocity ________ 

Research objectives: To explore the impact of temperature on the particle velocity. 
Experimental materials: phenolphthalein, concentrated ammonia liquor. 
Experimental apparatus: tube (four 15mm x 20cm tubes), rubber plugs and 

catheters, beaker (two 50mL beakers). 

4-H1(2') Describe what you have observed during the experiment _________ 

4-H2(1 ') Draw a conclusion on the basis of the experimental phenomena 

4-H3(1 ') Provide an example from your daily life to support your conclusion 
5. Material I: Ahmed Zewail won the Nobel Prize in Chemistry for his work on 
femtochemistry, which took nearly 20 years to develop, and which revolutionized modem 

chemistry, and other related disciplines.The rapid ultrafast laser technique (femtosecond laser) 
allows us to observe how atoms in a molecule react during a chemical reaction, which helps us 
to understand and predict important chemical reactions=. In the late 80s, using one of the fastest 
laser flash cameras in the word, Dr. Zewail captured the moment of the breaking, and formation, 
of chemical bonds between atoms, in a chemical reaction, to a one hundred trillionth of a 
second 

Material II: In 1909, the chemist Haber synthesized ammonia in a laboratory for the first 
time. In 2007, another chemist, Gerhard Etel, confirmed that the reaction of hydrogen and 

nitrogen during the synthesis of ammonia had taken place on a solid catalyst surface at the 
Haber Institute. This achievement got him the Nobel Prize in chemistry. If we use 

<iJ}0 OO ~ to symbolize N2, H2, and NH3, respectively, the reaction of hydrogen and 
nitrogen occurred on the solid catalysis can be described through schematic illustration using 
the following figures (Five figures are shown, out of the sequential order). 

5-P1(2') Using your knowledge of chemistry, please arrange the process of the reaction in the 

correct order 

5 -P 2 ( 2 ') Going off of the schematic illustration, please explain the meaning of the phrase "the 

atom is the smallest particle in chemical reaction" ___________ 

5-P3(3 ') What is the quantitative relationship between the total mass of nitrogen and hydrogen 
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participating in the reaction, and the mass of ammonia produced? 

5-P4(2') Please write out the main differences between molecules and atoms. 

5-P5(1 ') Recently, scientists learned that tree cellulose can be transformed into a super energy 
storage device through a simple chemical reaction. The microscopic sketch for this reaction is 

as follows; the molecular number ratio of X, Y participating in the reaction is a 

Uydro1;t,e'11 atom 

cmt:i.Iyste Yitro,g,ii-n atom 
high I + 

0 

X y ternperature z w 18 Cnrbon 11tom 

5-P6(1 ') Please use evidence from the diagram to explain why the reaction also requires 

isolation from oxygen __________ 

6. Material I: The following table shows the price and calorific value of several gas fuels: 
Fuel Coal gas I Liquefied petroleum gas Natural gas I 

Price I 1.4 yuan/kg 6.0 yuan/kg 1.8 yuan/kg i 

Calorific value . ' 1.56x104kJ/kg ' I 4.5 x 104kJ/kg 3.9x104kJ/kg 

6-P1(2') Taking all factors into consideration, which fuel type would you choose? 

Material II: Magnesium hydroxide is widely used in plastics, rubber, and other polymer 

materials, resulting in excellent flame retardants. Compared with similar inorganic flame 
retardants, magnesium hydroxide has a better smoke suppressing effect, whose decomposition 

temperature is from 340°C lli} 490 °C. 

6-P2(1 ') Based on the principle of fire extinguishing preliminarily, please explain why 
magnesium hydroxide is used as a flame retardant in material II. 

Dissolution of chemical substances, or chemical reactions, are always accompanied by 

changes in energy. Some students want to explore the energy changes that occur in the 
dissolution of chemical substances and in chemical reactions , as they think it would help them 
understand endothermic and exothermic processes in substance dissolution and during 
chemical reactions. 

Experimental purpose: To explore energy changes in chemical reactions. 
Experimental apparatus and reagents: 

6-P3(1 ')Apparatus: test tube, mortar, glass, medicine spoon, measuring cylinder, and 

(Please write in what would make the experimental apparatus complete); 
Reagents: Magnesium strips, 7.3% hydrochloric acid, Ba(OH),·8H,O crystal, NH.Cl 

crystals, NaCl solid, NaOH solid, KNO3 solid, CaO 
Experiment procedure: 
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------------

----------

Experiment 1: To explore the thermal changes of substances dissolved in water 
6-H1(2') According to the experimental phenomenon mark the corresponding box with 11 ✓ ". 

Changes in heat 
Solid NaOH 
soluble in water 

Solid KNO, soluble 
in water 

Solid NaCl 
soluble in water 

Rise in temperature 

Decrease in temperature 

No change in . ' 

temperature 

6-H2(1 ')According to the records in the above table, please draw the conclusion of this 

experiment:~----------
Chemical reactions often involve changes in energy. A research team is investigating the 

changes in energy in the reaction ofNaOH and HCl. One student dropped the HCl solution on 
the solid NaOH, and found that the temperature has risen during the reaction. He concluded 
that this was an exothermic reaction. However, his teacher told him that his experiment could 
not support this claim. 
Please design an experiment (A) to support or oppose to the claim. 

Instrument: thermometer, test tube, plastic head dropper 
Materials: water, 10% HCl, 10% NaOH solution, Solid NaOH 

6-P4(2') Write down the experiment design (B) for an experiment to test whether the reaction 
ofNaOH and HCl is an exothermic reaction 
Please fill out the following: 

Phenomena Conclusion l I 

Experiment A - 6-H3(1 ') 
~-Experiment B -

1 6-H4(1 ') -

While a student was working with lime, he found that the plastic reagent 
bottles filled with quicklime had burst and ruptured (as shown in the 
picture). Please provide an experiment design to support your claim 6-
H5(1 ') 
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Context questionnaire 

School 
Class 
Name 
Id 
Gender Birthday /y Im /d 

1. Have you done the hands-on based test before ( ) 
a. Never b. Once or twice before c. 3-5 times d. More than 5 times 

2. If given a choice between hands-on based tests and paper-based tests ( ) 
a. I prefer taking hands-on based tests 
b. I prefer taking paper-based tests 
c. I like both 
d. I don't like either 

3. How often do the following activities occur while you are learning school science topics at 
school? (Select one from the following options:) 

a. Never or hardly ever 
b. In some lessons 
c. In most lessons 
d. In every lesson, or almost every lesson 

i. Students are given opportunities to explain their ideas ( ) 
ii. Students spend time in the laboratory conducting practical experiments ( ) 
iii. Students are required to provide argumentation for science questions ( ) 
iv. Students are asked to draw conclusions from experiments they have conducted () 
v. The teacher explains how a <school science> idea can be applied to a number of different 

phenomena (e.g. the movement of objects) ( ) 
vi. Students are allowed to design their own experiments ( ) 
vii. There classroom debate about investigations occurs ( ) 
viii. The teacher clearly explains the relevance of <broad science> concepts to our daily lives 

( ) 

Table Al 
Score conversion for hands-on based test 

Raw score Measure S.E. Normed (500/100) S.E. 
0 -4.56E 1.84 126 132 
1 -3.31 1.03 216 74 
2 -2.55 .75 270 54 
3 -2.08 .64 304 46 
4 -1.72 .57 330 41 
5 -1.41 .53 352 38 
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6 -1.14 .51 371 36 
7 -.89 .50 389 36 
8 -.65 .49 407 35 
9 -.41 .49 424 35 
10 -.16 .50 442 36 
11 .10 .52 460 37 
12 .38 .54 480 39 
13 .69 .57 503 41 
14 1.04 .61 527 44 
15 1.44 .67 557 48 
16 1.94 .75 592 54 
17 2.59 .87 639 63 
18 3.57 1.14 709 82 
19 5.00E 1.91 812 137 

Table A2 

Score conversion for inquiry-based teaching and learning activities 
Raw score Measure S.E. Normed (500/100) S.E. 

8 -5.28E 1.85 362 66 
9 -4.00 1.05 407 37 
10 -3.20 .78 436 28 
11 -2.68 .67 454 24 
12 -2.27 .61 469 22 
13 -1.92 .57 481 20 
14 -1.61 .55 492 20 
15 -1.31 .53 503 19 
16 -1.04 .52 513 19 
17 -.77 .51 522 18 
18 -.51 .51 531 18 
19 -.25 .50 541 18 
20 .00 .50 550 18 
21 .26 .50 559 18 
22 .51 .51 568 18 
23 .77 .51 577 18 
24 1.04 .52 586 19 
25 1.32 .53 596 19 
26 1.61 .55 607 20 
27 1.92 .57 618 20 
28 2.27 .61 630 22 
29 2.68 .67 645 24 
30 3.19 .78 663 28 
31 4.00 1.05 692 37 
32 5.27E 1.85 737 66 

Note. The response of"never or hardly ever" was scored as 1; "In some lessons" was scored 

as 2; "many lessons" was scored as 3 and "every lesson or almost every lesson" was scored 

as 4. 
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Rasch measurement control files 

&INST 
Title= "\\psf\Home\Desktop\for winstep.xlsx" 
ITEMl = 1 : Starting column of item responses 
NI = 54 ; Number of itens 
NAME1 = 56 ; Starting column for person label in data record 
NAHLEN = 6 ; Length of person label 
@GENDER=6 ; 
DIF=@GENDER ; 
XWIDE = 1 : Matches the widest data value observed 
ISGROUPS ::. · 0 ; Partial Credit model: in case items have different rating scales 
CODES = "0123 " ; matches the data 
T0TALSC0RE = Yes ; Include extreme responses in reported scores 
; ?erson Label variables: columns in label: columns in line 
DISCRIH=YES 
&END ; Item labels follow: columns in label 
1-Pl 
1-P2 
1-P3 
1-P4 
1-P5 

6-Hl 
6-H2 
6-H3 
6-H4 
6-H5 
END NAMES 
1110102111121122111120111110001112011100000000000 1 F 
1002012121220012111200101121001112111111121100000 2 F 
00121121211211221112101010100011 12111121000000000 3 F 
1101112121220021111220111021011012111120221101000 4 F 
1110102020221122111220001001001000110100100000000 5 M 
1001111121221022111210110000001112110010010000000 6 F 
0002112121221121111200102121001010011121111211200 7 F 
110110212012102211110001100011101111121010000000 8 F 
110200112122112001010001100001002000000000000000 9 H 

Figure A 1. Control file for Winstep 
Title = 2018fieldfo rfacet 
Facets = 3 ; t hree facets: modes , students,traits 
Positive = 2 ; students have higher ability with grea t er score 
Non- centered= 1 ; students and traits are centered on 0 logits, modes are allowed to float 
Hodel= #B,7,#B,R25 ; subjects, students and items produce ratings with maximum rating of 25,"#" specifies a "partial credit" model, 

; A bias/interaction analysis, #B,#B will report interactions between fac et s 1 (modes) and 3 (traits) 

Labels = 
1, modes ; name of modes: modes 

1 = paper- based 
2 = hands-on-based 

•
2, Students name of second facet: students 
1 1 
2 2 
3 3 

2686 2686 
2687 2687 
2688 2688 
2689 26891 
2690 2690 
2691 2691 
2692 2692 
2693 2693

•3, traits; name of thi rd facet: traits 
1 Developing and using models 
2 Analyzing and interpreting data 
3 Constructing explanation 
4 Obtaining evaluating and communicat ing 
5 Energy and mat t er 
6 Structure and function 
7 Cause and effect 
8 PSlA 
9 PSlB 
10 PS3A 

• 
Data= 
1, 1, 1- 10,9,9,2,4,9,2,3, 11, 13,3 
1,2.1- 10,9,8, 1,4,5,6, 1, 17 , 9 , 1 
1,3, 1-10,8, 10, 1 , 5,2,6,2 ,20, 1,2 
1, 4, 1- 10, 9,9,2,S,6, S, 4, 18, 10,4 
1, 5, 1- 10,1, 10, 1.5, 1,6,2,21 ,4,2 
1 , 6, 1-10 , 4, 10, 0,5,0,6,3, 18, 5, 3 
1, 7 , 1- 10, 10, 11, 1,3,6,S, 1, 19, 11 , 1 
1 , 8, 1- 10, 9,8,2,S, 5, S, 2, 18 , 7 ,2 
1,9, 1- 10,6, 11, 1, 3 ,2,4,2, 18 ,6,2 
1 , 10, 1-10, 0, 9, 0,4,2,6,2, 20 , 1 ,2 
1, 11, 1-10, 9, 9, 1.4,4,4, 1 , 17, 10.1 
1, 12, 1-10, 3, 1, 0,5,0,4,3, 13,4 ,3 
1, 13, 1-10, 7, 7, 1,3, 1,4, 1, 16,6 , 1 
1.14, 1- 10, 9, 9, 0, 6. 3, 5, 4, 19, 6, 4 

Figure A2. Control file for Facets (1) 
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' Title= GENDERMODESBias 
Facets= 3 ; three facets : modes , students,traits 
Positive= 2 ; students have greater creativity with greater score 
Non-centered 1 ; students and items are centered on 0 legits, subjects are allowed to float 
Model= #B, ?B,#,R25 ; modes, gender and trait produce ratings with maximum rating of 5. 

; A bias/interaction analysis, ?B,?B will report interactions between facets 1 (modes) and 2 (gender) 
Labels = 
1, modes ; name of modes: modes 
1 paper-based 
2 = hands-on-based 

* 2, gender name of second facet : gender 
1 female 
2 = male 

* 3, traits; name of third facet: traits 
1 Developing and using models 
2 Analyzing and interpreting data 
3 Constructing explanation 
4 Obtaining evaluating and communicating 
5 Energy and matter 
6 Structure and function 
7 Cause and effect 
8 PSlA 
9 PSlB 
10 PS3A 

* Data= 
1,2,1-10,9,9,2,4,9,2,3,11,13,3 
1,1,1-10,9,8,1,4,5,6,1,17,9,1 
1, 1, 1-10,8, 10, 1, 5,2,6,2,20, 7, 2 
1,1,1-10,9,9,2,5,6,5,4,18,10,4 
1,2,1-10,7,10,1,5,1,6,2,21,4,2 
1,1,1-10,4,10,0,5,0,6,3,18,5,3 
1,1,1-10,10,11,1,3,6,5,1,19,11,1 
1,1,1-10,9,8,2,5,5,5,2,18,7,2 
1, 2, 1-10,6, 11, 1,3,2,4,2, 18,6, 2 
1.2.1-10.8.9.0.4.2.6.2.20.7 . 2 

Figure A3. Control file for Facets (2) 
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