
 1

NOTE!!  ARTICLE IN PREPARATION – NOT YET PUBLISHED 
 

Science Concept Inventory Development in Higher Education: A Mixed-
Methods Approach in the Geosciences 

 
Julie C. Libarkin, Department of Geological Sciences, Ohio University, Athens, Ohio 45701 
libarkin@ohio.edu 
 
Steven W. Anderson, Science Department, Black Hills State University, Spearfish, SD  57799-
9102, steveanderson@bhsu.edu 
 
 
Abstract  
Accurate assessment of learning is vital for progress in higher education, and development of 
concept inventories can aid in this assessment. We advocate a three-pronged approach to concept 
inventory development where three distinct theoretical frameworks, scale development theory, 
grounded theory, and item response theory, are utilized to ensure inventory validity. 
 
Introduction 
Student conceptual understanding and the impacts of instruction on student ideas is a burgeoning 
field of research (e.g., Oliva, 2003). At the college level, significant work has been done in 
mathematics (e.g., Adams, 1997), physics (e.g., Lewis and Linn, 1994), and chemistry (e.g., 
Basili and Sanford, 1991), with researchers in biology (e.g., Windscitl and Andre, 1998; 
Anderson et al., 2002) and geology (e.g., Dodick and Orion, 2003; Libarkin et al., in press) 
rapidly catching up to other disciplines. While the majority of work in conceptual change has 
utilized qualitative methods to ascertain student ideas, mixed methods approaches and 
quantitative studies are becoming increasingly common. Assessment test development for the 
college student population is also receiving more attention, with significant work emerging 
across science, technology, engineering, and mathematics (STEM) disciplines. Multiple-choice 
instruments for assessing conceptual understanding in undergraduate STEM fields have been 
created in recent years  (e.g., physics-Hestenes et al., 1992; astronomy-Zeilik et al., 1999; heat 
and temperature-Yeo and Zadnick, 2001; natural selection-Anderson et al., 2002), and may 
significantly impact the way faculty view classrooms as loci for research. Other initiatives to 
create concept inventories on a variety of topics, such as the Foundation Coalition’s drive to 
create concept inventories in engineering (e.g., Rhoads and Roedel, 1999), are ongoing. 
 
As many researchers have discovered, development of high quality tools for assessing student 
learning is needed to accurately reveal links between learning and teaching. We envision two 
primary uses for concept inventories: As diagnostics of conceptual understanding and modes of 
thinking, and as assessments of student learning. We believe that valid and reliable assessment 
tools are most applicable to a wide variety of college students when 1) test questions and answers 
are developed through careful qualitative evaluation of student conceptions, following 
pioneering work in other fields; 2) careful attention is paid to scale development theory; and 3) 
modern statistical techniques are used to ensure a high degree of validity and reliability. We 
report here on our application of these methods during development of initial questions for a 
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Geoscience Concept Inventory (GCI), and assessment tool designed for use in college-level 
environments. 
 
Background  
The significant research into concept test development in some areas of higher education 
provides an excellent basis for test development in other disciplines. Most existing instruments 
utilize a number of common approaches, including: 1) Using a pre-determined content focus, 
usually through expert opinion or a review of texts; 2) Designing alternative responses 
(distracters) to multiple-choice items based upon developer experiences in the classroom, a 
review of existing literature, open-ended questionnaires, or interviews with students; and 3) 
Choosing participating institutions (N=1-5) according to type (e.g. large state schools) or similar 
geographical area (e.g. schools in Arizona). Studies differ on the number of students tested 
during initial piloting and on the type of statistical analyses performed. For studies discussed 
here, the number of college students tested during piloting ranged from 50 to 500 students and 
reliability and factor analyses were performed in some studies but not others.  
 
Ongoing development of the Geoscience Concept Inventory (GCI) builds upon these existing 
studies and incorporates additional methodologies for development and validation, blending 
three theoretical bases, scale development theory, grounded theory, and item response theory, 
and utilizes a diverse population of students and institutions during piloting (Table 1). We report 
here on results from preliminary testing of 29 inventory questions, called items, that were 
developed, piloted, and evaluated in 2002-2003. 
 
Grounded Theory 
The goal of grounded theory research is to construct theories in order to understand phenomena. 
Grounded theory is one that is: (1) derived through inductive analysis of data, (2) subjected to 
theoretical explanation, and (3) adequately meets a number of evaluative criteria. Although it has 
been developed and principally used within the field of sociology, grounded theory has been 
successfully in a variety of different disciplines. These include education, nursing, politics, and 
psychology. Glaser and Strauss (1967) do not regard the procedures of grounded theory as 
discipline specific, and many researchers have applied the methodology within their own 
disciplines (Haig, 1996).  
 
Grounded theory hinges on the notion that studies should be embedded in the perceptions and 
reality of the study population. This ensures that conclusions based upon research will be 
meaningful, and that the researcher does not superimpose their own perspective on research 
findings. While grounded theory is most often applied to qualitative studies, we argue that a 
fundamental limitation in the development of most concept tests is the lack of attention paid to 
grounded theory during the initial phases of test development. Although use of qualitative data 
ensures that test items will be grounded, test items are generally pre-designed. That is, a review 
of existing tests, scientific theory, or expert opinion is used to predetermine the content of test 
questions, and these questions are generally used verbatim in interviews or open-ended questions 
used in qualitative phases of test development. In addition, because test item composition is 
predetermined, questions often contain technical language that may limit the researcher©s ability 
to uncover alternative conceptions. In fact, many existing tests assume understanding of 
fundamental concepts in assessing specific target information (Table 1). We hoped to embed our 



 3

research, i.e., the development of the GCI, in the experiences and perspectives of the population 
being studied. As a consequence, the GCI test items were only partially based upon 
predetermined content, and were developed from coding of questionnaire and interview data.  
 
Scale Development Theory 
Measurement of psychological phenomena, such as learning, is a well-established field of 
research (psychometrics) and has specific procedures for ensuring validity and reliability. 
Development of the GCI involved an iterative process of qualitative data collection 
(questionnaires and interviews), question development, review by educators and geoscientists, 
pilot testing, statistical analysis, revision, testing, and further collection of Think-Aloud 
Interviews (e.g., Heller et al., 1998) to ascertain the reasons behind student responses. 
 
Table 1. Comparison of the development of existing concept inventories and the Geoscience 
Concept Inventory (GCI). 

TYPICAL CONCEPT 
INVENTORY 

DEVELOPMENT* 

DEVELOPMENT OF THE 
GCI 

COMMENTS ON GCI 
APPROACH 

Predetermined content Test content is based upon ideas 
presented by students 

Questions are grounded in 
data gathered from college 

students 

Alternative choices based on 
existing studies, 

questionnaires, and/or 
interviews (N<30) 

~20 existing studies used 
260 questionnaires 

50+ interviews 
4 institutions 

Analysis (coding) of 
qualitative data allowed 

development of authentic 
“ incorrect”  choices 

50-500 college students tested 
during piloting 

Fall 2002: N = 2219 pre-tests 
For N >~300, statistical 

sampling of sub-populations 
is usually possible 

Institutions of similar type or 
locality (N = 1-5) 

Fall 2002: 32 Community 
colleges, public and private 
institutions, with 40 courses 
from 8-250 students each. 

The GCI should be 
generalizeable to all 

populations of students. 

Statistical analyses either not 
performed, or reliability 

scores only ‡ 

Item Response Theory (Rasch) 
analysis performed. Some items 
removed due to statistical bias. 

Raw scores can be re-scaled 
relative to test difficulty, 

providing a more accurate 
measure of pre v. post-test 

changes. 
 *  Blend of development strategies utilized by Hestenes et al., 1992, Zeilik et al., 1999, Yeo and 

Zadnick, 2001, and Anderson et al., 2002. ‡Anderson et al. (2002) perform a factor analysis. 
 
Item Response Theory 
Developers of multiple-choice instruments for higher education generally perform classical item 
analysis on test results (e.g., Hestenes et al., 1992; Anderson et al., 2002). Item analysis is 
primarily used to observe the statistical characteristics of particular questions and determine 
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which items are appropriate for inclusion on a final instrument. Classical Test Theory generally 
drives most item analysis, with focus on item difficulty and item discrimination, and thus item 
characteristics are tied closely to the population sampled. Item Response Theory (IRT), an 
alternative item analysis technique, assumes that the characteristics of a specific item are 
independent of the ability of the test subjects. IRT at its foundations is the study of test and item 
scores based upon assumed relationships between the trait being studied (i.e. conceptual 
understanding of geosciences) and item responses. Most researchers would agree that items on 
any test are generally not of equal difficulty, and in fact most published concept tests report 
"item difficulty", defined by the % of participants answering a specific item correctly. For 
example, Anderson et al. (2002) present a 20-item test on natural selection, with item difficulties 
ranging from 13-77%. In addition, discriminability reported for these items suggests a strong 
correlation between the difficulty of items and the overall score achieved by a student. This 
suggests, then, that some items are easier to answer than others. Because difficulty ranges so 
widely on this and most concept tests, the question of linearity must be addressed. Linearity 
implies that conceptual understanding is linearly correlated with raw test scores; a student 
answering 1/3 of items correctly has exactly half the understanding of a student answering 2/3 
correctly. 
 
Equivalent changes in raw score for multiple students may not translate to equivalent changes in 
conceptual understanding. Item response theory implies that not all test items are created equal, 
and some items will be more difficult than others. Rather than calculate a raw test score that 
simply reflects the number of “correct”  responses, IRT allows for score scaling that more 
accurately reflects the difficulty of a given set of test items. Using a statistically calculated IRT 
scale to offset the assumption of scale linearity allows the determination of test scores that more 
accurately reflect “understanding” . IRT can also be used to study test item bias (do sub-
populations, women, for instance, score differently on certain questions?). At this time, IRT is 
generally not used in concept inventory development in higher education, although some well-
known exams, such as the Graduate Record Exam (GRE) utilize IRT analysis  
 
Method 
A multi-step methodology, blending scale development theory, grounded theory, and item 
response theory, was used in developing the GCI, incorporating a mixed methods approach and 
using advanced psychometric techniques not commonly employed in developing content-specific 
assessment instruments (Libarkin et al., 2002). Questionnaires (265) and interviews (50) 
collected from four institutions, were used to determine question stems and distracters. Proof of 
concept of a method for developing a grounded quantitative assessment instrument based on 
these data was established during creation and validation of a set of 29 test items during 2002. 
These test items cover topics related to general physical geology concepts, as well as underlying 
fundamental ideas in physics and chemistry, such as radioactivity, that are integral to 
understanding the conceptual Earth. In brief, development of the GCI involved: interviewing 
students and collecting open-ended questionnaires, generating test items based upon student 
responses, external review of items by both scientists and educators, pilot testing of items, 
analysis of items via standard factor analysis and item response theory, Think Aloud interviews 
with students during test piloting, and revision, re-piloting, and re-analysis of items iteratively. 
Although time consuming, the resulting statistical rigor of the items on an IRT scale is 
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suggestive of the reliability of this method for assessment test development. The following steps 
were carefully followed in designing, developing, implementing, and evaluating the GCI: 
 
1. Review of Concept Goals. A general list of topics that could be covered on a geosciences 
concept test was generated based on the expertise of two of the researchers, both with PhDs in 
geology, as well as a review of common entry-level texts. This list was not used to write test 
items directly, but rather helped frame the development of a semi-structured interview protocol 
and an open-ended questionnaire.  
 
2. Qualitative Data Collection. Open-ended questionnaires were disseminated to 265 students at 
three institutions. These institutions are representative of types of four-year institutions across 
the country: an elite private school (Harvard University, HU), one large state school (University 
of Arizona, UA), and a small teaching university (Black Hills State University, BH). Interviews 
from four sites (2 from UA, 5 from HU, 16 from BH, and 27 from Indiana University-
Bloomington, IU) were used in conjunction with the questionnaire data in developing test items. 
 
3. Generate Test Items. Test items were generated based on coding of questionnaires and 
interviews. This direct correlation between qualitative data and item development forced the test 
to assess fundamental concepts, rather than simply higher order ideas. Wording of questions was 
carefully chosen to be unambiguous and non-technical. Finally, question stems were written to 
be short and clear, although a few readable scenario questions with longer stems were included. 
All answers and distracters were written in similar language or presented as similar figures. 
 
4. Review of Test Items. Test items were reviewed and revised by the two authors. Test items 
were externally reviewed by both education (3) and geoscience faculty (4). 
 
5. Pilot and Pre- Testing. The 29 item pilot test was fully implemented at the beginning of the 
Fall 2002 semester/quarter, with a total of 2215 students from a wide variety of institutions 
(N=32), and entry-level courses (N=41) completing one version of two subtests consisting of 20 
questions apiece. Collecting data from a range of institutions and courses ensures that the test 
will be generalizable to the entire population of entry-level students nationally. 
 
6. External Review by Participating Faculty. Geoscience faculty, an expert population, teaching 
courses participating in the study were invited to provide feedback about the test items and 
complete the test themselves. Twenty-one faculty provided comments and test responses, 
providing us with further validity data and an expert control. Eighteen faculty answered all 29 
questions correctly, two faculty pointed out wording problems with two questions and answered 
all remaining questions correctly, and one faculty answered one question incorrectly. Based upon 
these results, we consider face and construct validity for the GCI to be high. 
 
7. Revision of Test Items. Significant comments from faculty prompted the revision of eight test 
items. These revisions included modification of figures, simple rewording of items, and 
extensive rewording to accommodate logical inconsistencies or semantic issues. 
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8. Post-Testing of Pilot Courses. 1907 students from 30 courses participated in post-semester 
testing. This second testing was vital to ensure that revision of items did not affect statistical 
findings. 
 
9. Think-Aloud Interviews. During post-testing, eleven students from two institutions 
participated in think-aloud interviews. Students were prompted to provide explanations for their 
choices of test items. This allows researchers to 1) Identify any mismatch between student 
understanding of test items and the intent of those items; 2) Identify revisions that need to be 
made to test items resulting from misunderstandings identified during interviews; and 3) Gauge 
the extent to which students were guessing as opposed to demonstrating alternative conceptions. 
Minor revisions were made to one question based upon the Think-Aloud interviews. 
 
10. Reduction of Choices to Five or Fewer. Scale development theory and simple statistical 
analysis indicates that multiple-choice items should contain at least three answers (Haladyna et 
al., 2002). Similarly, items containing more than five answers may become artificially difficult 
as students are faced with too many options. We chose up to five student-derived distracters to 
reduce the possibility that guessing would influence test results. While some concepts did not 
lend themselves to more than four conceptual ideas, several, such as age dating, yielded a wide 
range of alternative ideas. The F2002 pre-test results were used to eliminate the least pervasive 
ideas and produce test items with the optimal number of choices.  
 
11. Item Response Theory (Rasch) Analysis. IRT analysis was performed on pre-test and post-
test results to ensure the validity of item revisions. The IRT results presented here are from the 
F2002 post-testing.  
 
IRT Results 
IRT analysis based on Rasch modeling of the 29 piloted test questions provided useful 
information about the stability of questions and question bias. One question (Fig. 2a) relating to 
the global distribution of earthquakes exhibited bias relative to gender on both the pre- and post-
tests. Men outperformed women on this question, regardless of individual test results. While it is 
not clear why this item was biased, it was removed from the test to ensure test validity. In 
addition, although other questions were biased with respect to race and/or women, no other item 
exhibited bias on both the pre-and post-tests. Overall, IRT results indicate that test items 
represent a range of conceptual understanding (Fig. 1). This range is loosely correlated with 
difficulty, a traditional statistic often reported when discussing concept tests.  
 
The distribution of test items along the IRT scale is itself interesting, and provides some insight 
into the conceptual understanding of entry-level geoscience students. In particular, the presence 
of rote knowledge does not necessarily imply conceptual understanding. In this study, 82% of 
students (N=2192) correctly indicated that the Earth is ~4 billion years old (Fig. 2b) prior to 
instruction. However, after instruction only 18% of students were able to correctly indicate that 
absolute age dating is the primary technique employed to calculate the Earth©s age. In addition, 
only 5% knew that U-Pb is the only method among those listed that can be used when dating the 
Earth (Fig. 2c). Rather, the majority of students believed that the comparison of fossils or rock 
layers or the use of carbon were primary age calculation techniques. These data indicate that 
while students  
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Technique to calculate EarthÕs Age (M)

Glacier location today

Composition of Ocean Rocks (M)
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EarthÕs age
EQ definition
Scale of continental movement

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. IRT analysis of test questions from Fall 2002 post-testing results on revised questions 
(N=1907 college students); these results were nearly identical to pre-test IRT results. IRT 
analysis was based upon simple Rasch models. The IRT scale runs from –3 to +4, where positive 
values represent the “difficult”  end of the scale. For example, an IRT level of 0 implies that 
students scoring a 50% on the inventory have a greater than 50% chance of getting items falling 
below 0 correct, and less than 50% chance of getting items that fall above zero correct. Labels 
refer to topics of each GCI question evaluated. M refers to questions where students were 
prompted to choose all possible answers. Analyses were performed using QUEST (Adams and 
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Khoo, 1996). Questions are available online at 
http://www.ohiou.edu/geology/facstaff/libarpag.html. 
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a. The following maps show the position of the Earth’s continents and oceans. The   ’ s on each map 
mark the locations where earthquakes occur most frequently.  Which map do you think best represents 
where earthquakes occur most frequently on Earth? 
 

Circle one: A B C D E 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b. If you could travel back in time to when c. Some scientists claim that they can determine 
the Earth first formed as a planet, how many when the Earth first formed as a planet. Which   
years back in time would you have to   technique(s) do scientists use today to determine   
travel?      when the Earth first formed?  Choose all that apply.  

 
(A) 4 hundred years          (A) Comparison of fossils found in rocks      
(B) 4 hundred-thousand years         (B) Comparison of different layers of rock      
(C) 4 million years         (C) Analysis of uranium and lead in rock      
(D) 4 billion years          (D) Analysis of carbon in rock        
(E) 4 trillion years         (E) Scientists cannot calculate the age of the Earth     

 
Figure 2. Sample questions from the GCI. Bias and assertions about difficulty are based upon 
IRT analyses performed using WINSTEPS. a) Question removed because of bias. b) Third 
easiest of the 29 piloted questions. C) Most difficult of the 29 piloted questions. Notice that the 
easier question deals with knowledge of the Earth’s age, while the most difficult question asks 
how that knowledge was created. 

C. Mostly in oceanic crust 

A. In continental and oceanic 
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are familiar with geologic topics prior to instruction, in this case the Earth©s age, few understand 
underlying concepts vital to complete conceptual understanding, even after instruction. 
 
The issue of scale linearity is also resolved through the IRT analysis. The distribution of test 
items along the IRT difficulty scale results in a proportional relationship between raw scores and 
conceptual understanding. The relationship between raw score and scaled score, as fit by the 
statistical package JMP, looks like: 
 

S = 3.13 + 6.99 - 0.39R2 + 0.009R3  (1) 
 
where S is the scaled score on a 0-100% scale and R is the raw score on a 29-item GCI. 
 
Eq. (1) is used to convert raw scores to scaled scores that are assumed to be directly correlated to 
conceptual understanding (Fig. 3). Notice that the scale is linear in the middle, but elongated on 
the edges; this elongation means that larger conceptual leaps are required for charges in score at 
the low or high ends. In essence, the "conceptual" difference between a raw score of 0 and a raw 
of 5 is much greater than the conceptual difference between a 10 and a 15. The transformation to 
scaled scores reflects this conceptual difference. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Comparison of raw GCI scores and scores scaled using one-dimensional Rasch 
modeling. Gray dots are raw score-logit conversions generated by QUEST (Adams and Khoo, 
1996). Logits have been converted to scaled scores on a 0-100% scale. The solid line is the fit as 
in eq. (1).  
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Implications for Concept Inventory Development in Other STEM Disciplines 
The application of three distinct theoretical foundations to concept inventory development was 
vital in producing the Geoscience Concept Inventory. Although time consuming, the rich 
information gained from collection and analysis of qualitative data suggested questions and 
distracters that were not obvious from classroom experience or a review of existing research. In 
addition, the development of question stems based upon questionnaire and interview responses 
allowed creation of items that were not initially obvious to the developers. Consequently, the 
grounding of both questions and responses in student experiences and perceptions allowed us to 
create an assessment instrument that is generalizable to a large and divers population of students. 
Finally, the use of IRT analysis to convert raw test scores to scaled scores provides a more 
meaningful look at student conceptual understanding and gain. Specifically, ongoing analysis of 
GCI results offers insight into student conceptions both before and after instruction, and we are 
currently exploring the relationship between conceptual change and instruction in entry-level 
geoscience classrooms. 
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