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Background and Context. There is a constant, demonstrated need for valid and reliable assessments in computing education research.
While there exist assessments at a course-based level (e.g., CS1, Data Structures, Discrete math, etc.), instructors and researchers would
also like concept-based subscales that are more fine-grained. However, assessments designed and validated at the course level need
additional work to determine whether they can reliably and validly measure individual concepts.

Objectives. In this paper, we explore the content and factor structure of an existing CS1 assessment, the Second CS1 (SCS1)
assessment, which consists of nine CS1 concepts and three question types (definitional, code tracing, and code completion). We
investigate the underlying structure of the assessment in terms of these concepts and question types to determine whether the
assessment could be separated into subscales.

Method. We used a mixed-methods approach to answer our research question. We first investigated the designer-intended subscales
of concepts and question types using confirmatory factor analysis, constructing multiple models using data from 547 students. We then
qualitatively coded the assessment using an established framework to better understand our findings. Finally, we used a combination
of exploratory and confirmatory factor analysis to take a data-driven approach to understanding the underlying factor structure.

Findings. We argue that SCS1 cannot discretely measure student knowledge in terms of the concepts or question types. However,
more work is needed before the assessment can be split into reliable, valid, and useful subscales.

Implications. We discuss the future work needed to create a CS1 assessment to fit the needs of the computer science education
community; namely, the need to revise and expand SCS1 to more appropriately measure its intended constructs and to be used outside

of controlled experiments.
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1 INTRODUCTION

Assessments are used in education research to evaluate the impact of an intervention, to inform the design of learning
activities or curricula, or to simply understand what students know at a point in time. Many modern education research
assessments are modeled after the Force Concept Inventory (FCI), which was developed by the physics education
community [17]. The FCI has become iconic in part because it is scoped for a single concept: force. However, because a
thorough understanding of force is contingent upon understanding force’s connection to other concepts, the assessment
must be multifaceted. The authors of the FCI designed the instrument to measure six conceptual dimensions that, when
combined, represented a student’s knowledge of force [17]. However, when this purported dimensionality was tested
using exploratory factor analysis, Huffman and Heller found only two distinct dimensions for high school students
and one for university students [18]. In fact, the authors explicitly cautioned against decomposing FCI scores into the
designed six dimensions, even though the questions seemed distinct enough to warrant division into subscales [18].

This mismatch between assessment design and post-hoc measurement of factor structure holds important takeaways
for standardized assessments. Unless explicit verification steps are taken, designers of assessments cannot reliably say
what their assessment measures in practice. Put differently, if the factor structure of an assessment is of importance, it
needs to be verified to ensure the structure is what was intended for each of the assessment’s target populations.

There are a growing number of assessments in computer science education research (CSER) [28], though most
of them are focused at the course level, such as introductory computer science (CS1) [14, 32], Data Structures [35],
and Discrete Mathematics [1]. Because of this course-focused approach to assessment design, researchers must take
additional steps to interpret and validate the assessment of individual concepts, such as conditionals or arrays. As
illustrated with FCI, there is no guarantee that these assessments discretely measure the concepts they contain. We
sought to engage with this level of analysis on a CSER assessment: the Second CS1 (SCS1) assessment [31].

SCS1 is a pseudocode-based assessment for introductory undergraduate computer science (CS) courses [32] that
is commonly used in CSER [31]. Based on the Foundational CS1 (FCS1) assessment [13], SCS1 includes 27 questions
designed to cover nine intro-level computing concepts: basics (e.g., variables, assignment), logical operators, conditionals,
for loops, while loops, arrays, function parameters, function return values, and recursion. To measure different aspects
of these concepts, SCS1 also contains three styles of items: definitional, code tracing, and code completion.

Despite its broad use, the construct(s) SCS1 actually measures is yet to be explored. Similar to the creators of the
FCI, the FCS1 creators had notions of the dimensions that the assessment should measure [14]. However, neither the
FCS1 nor SCS1 have been analyzed to verify that the intended dimensionality is reflected in real student responses.
Without this analysis, we cannot be confident that SCS1 is robust to adaptations that use a subset of the original items.
Precisely understanding what an assessment measures is important for ensuring that conclusions drawn from the use
of the assessment are appropriate. Validity is the concept that an instrument measures what we want it to measure. To
establish the validity of an assessment for a specific use, we need to collect evidence and establish a chain of reasoning
that connects student responses with scores and specific interpretations of those scores. In this paper, we address two
types of validity evidence: content-oriented evidence and evidence regarding internal structure [2].

To develop evidence based on SCS1’s internal structure, we performed factor analysis on SCS1 data from 547 students
to explore what dimensions currently exist in the assessment, using factors designed within the assessment (i.e., concepts
and question types). To develop content-oriented evidence, we qualitatively analyzed the content of the assessment with
expert coders using established computing curricula and conceptual frameworks. Finally, we attempted a data-driven

approach to analyzing the items, using exploratory analytical methods to let the underlying structure of SCS1 be
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determined without preconceived structures being applied. We discuss our findings within the context of existing
assessment frameworks and computing education literature. Our findings will help the CSER community understand
the implications of the assessments we use and guide future development of introductory CS assessments.

We conducted the above set of analyses to examine whether or not SCS1 can be used as a valid and reliable measure

of distinct subconcepts. We asked the following research question to guide our study:

RQ: Does there exist usable and reasonable subscales within SCS1? If so, what SCS1 items align to which

subscales?

In this context, we believe that subscales would be usable if they matched dimensions that instructors or researchers
use, such as concepts (i.e., CS1 knowledge) or question types (i.e., CS1 skills). Additionally, subscales would be reasonable

if a factor analysis resulted in acceptable model fit, fair factor loadings, and appropriate reliability for the subscales.

Terminology. Throughout this paper, we use the terms assessment and instrument interchangeably. Often in psy-
chometric analyses (i.e., dealing with measurement and assessment), questions in assessments are referred to as items.
Examinees’ performance on an assessment may vary in a pattern that suggests the presence of latent dimensions.
These dimensions can roughly be thought of as the tendency for performance on some set of test items to covary with
one another. If performance on all items of an assessment are strongly covariant with one another, it might be the
case that the assessment is unidimensional, and it is often reasonable to assume that all of the items are, therefore,
measuring knowledge of the same underlying concept. If performance on subsets of items covary, the assessment might
be considered multidimensional, and it is often reasonable to assume that knowledge of any single concept cannot
explain differences in performance on the assessment. Sometimes the dimensionality of an assessment is interpretable
in a way that warrants the inclusion of subscales in the scoring of the assessment. Other times the dimensionality of an
assessment may not be easily interpretable. At times, we will use the terms factor and factor structure to refer to the

assessment’s individual dimensions and the overall dimensionality respectively.

2 BACKGROUND AND RELATED WORK

Our study builds on prior work on CSER assessments. Here, we summarize the development and use of SCS1 to
contextualize the importance of our present analysis. We also provide background on the use of subscales on instruments

in computing education, highlighting the lack of subscales on assessments of computing knowledge.

2.1 History of the SCS1 assessment

The first pseudocode-based assessment validated for use with introductory undergraduate CS1 courses was the FCS1
assessment [13]. FCS1 was created by Elliott Tew, who began by surveying common CS1 textbooks to gather a list
of common topics covered in CS1 courses, which was then verified by a panel of experts [13]. Elliott Tew used this
list of topics to draft three items related to each concept: a definitional question, a code tracing question, and a code
completion question [14]. To create multiple-choice options for each item, Elliott Tew drafted open-ended items with
code written in the Java, Python, and MATLAB programming languages. Students’ responses to these open-ended items
were used to formulate distractors that would capture the most common misconceptions. Elliott Tew then translated the
assessment into pseudocode. The style of pseudocode used in the FCS1 was created from beginner programmer style
guides with minimal syntax, capitalized keywords, and specific end commands to close program blocks [14]. Students
were given both the language-specific version of the assessment (according to what language their CS1 course was

using) and the pseudocode-based version. Students’ final exam scores in their CS1 course were also gathered. Using
3
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these data, Elliott Tew argued that the interpretation and use of the scores obtained through this pseudocode-based
assessment were valid for undergraduate students at the end of a CS1 course taught in Java, Python, or MATLAB [13].

FCS1 was not broadly disseminated due to concerns that cheating would negatively impact the validity of the
assessment as a research instrument. To create an instrument available to the community, SCS1 replicated FCS1 [32]
with isomorphic versions of the items developed by altering the context of the problem, the variable names, and the
corresponding answer choices. Everything else, including the content and types of items and the ordering of the
items, remained the same. FCS1 and SCS1 were administered to students in a counter-balanced study to verify that
SCS1 measured CS1 concepts in the same way that FCS1 did and the scores on the two assessments were found to be
correlated, r(183) = 0.57, p < 0.01 [32]. Following publication of this result, SCS1 was released to be used in CSER.

Since its release, SCS1 has been used in research on CS learning and to inform the development of additional valid
assessment instruments in CS [31]. Psychometric research has also been done on SCS1, including identifying items that
could be improved [49]. Some researchers have adapted SCS1, including shortening it when the original 60-minute
version was too cumbersome for research projects [4, 34]. The SCS1 assessment has also been translated into Java,
Python, and MATLAB and into other world languages, including Finnish and German [3, 11, 12, 24, 40, 45].

SCS1 has been used by the CSER community in a variety of ways, but there is not always evidence to support
the validity of a particular use. All of the aforementioned modifications altered SCS1 in order to use it in a condition
that was amenable to the researchers. This demonstrates, in part, why SCS1 is not an ideal tool for studying CS1
performance: it had to be modified before use. When it was published, SCS1 intentionally included items that were
difficult for students to correctly answer to avoid ceiling effects in research; 22 of the 27 items had less than 50% of the
students answer them correctly [32]. Seven of the items, all of which were identified as “hard,” were found to have poor
discrimination, indicating that students’ performance on those items was not a good predictor of their performance
as a whole [32]. Further analysis using item response theory confirmed that some items were especially difficult and
may not be assessing the same knowledge as other items on the assessment [49]. Additionally, SCS1 is based on nine
concept areas that were identified when Elliott Tew created FCS1 [14]. Not all CS1 courses, then or now, necessarily
cover those concept areas. Additionally, some concepts may be outside the scope of what a researcher intends to study.

For these reasons, a version of SCS1 that included concept-specific subscales could better serve the CSER community.

2.2 Subscales and their use in Computing Education Instruments

Subscales are pieces of an assessment that are theoretically distinguishable from each other. Depending on the type of
construct measured, an instrument could provide one or more subscales designed towards assessing factual knowl-
edge [14], designed towards capturing beliefs and attitudes [10], designed towards measuring traits [27], or any
combination thereof [38].

It is an accepted practice to revisit scales and their factor structures, which may depend on underlying traits of
the study population and may change over time. For instance, such analyses have been done to (1) confirm factor
structures obtained in earlier analyses [5], (2) to understand the effects of alterations to the instrument [21], or (3) to
examine whether the instrument’s factor structure is invariant for different demographic groups [26]. For instance,
Torkzadeh and Koufteros [46] found that the original factor structure of a scale developed by Murphy et al. [30] could
be interpreted in such a way that justified breaking a larger subscale into two smaller pieces. In another case, the factor
structure of Ramalingam and Wiedenbeck’s self-efficacy scale [37] was revisited in the context of different populations

and changed course content [8, 42].
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Instrument subscales have been used in CSER previously with regards to measuring student attitudes towards
computing [10, 48] or self-efficacy [8, 37, 42, 47]. While instruments that intend to assess computing knowledge have
been designed with subscales in mind, e.g., grouping items by content area tested [14, 50], the verification of these
factors often proceeds by assessing the internal structure of the instrument as a whole (e.g., [33]). Other researchers
have assessed the model fit of different CSER instruments’ scores through methods from item response theory [22, 49].

Most of the work around assessments of knowledge in computing education focuses on the particular class of
assessments known as concept inventories [44]. While the name may suggest that concept inventories measure a
singular concept, and are thus unidimensional, this is often not the case. Our earlier discussion of the multidimensionality
of “force” as it is represented in the Force Concept Inventory exemplifies this discrepancy [18]. The establishment of
subscales within SCS1, which already purports to measure knowledge across nine different computing concepts, would

be novel with regard to past computing knowledge assessment efforts.

3 RESEARCH PLAN
3.1 Study Data

When SCS1 was released to the community, one way to access it was through a centrally-hosted Qualtrics-based version
of the assessment. We conducted a secondary data analysis on the responses to that instance of SCS1. The responses
come from multiple independent administrations of SCS1 in a number of different contexts. These data include multiple
studies that used SCS1 to do research on specific courses, workshops, or tools. We did not use timing data to filter
SCS1 responses, given the unknowns around the context of the various administrations of SCS1. Addressing a possible
statistical regression threat to internal validity, we only include responses from SCS1 administrations that were not
a pre-test. Pre-test scores can vary widely due to an uneven distribution of prior experience with CS, in addition
to statistical artifacts like regression to the mean, which can make the estimation of factor structures unstable and
challenging to interpret. Further, we were not interested in using the pre-test scores to control for the post-test scores
or analyze changes over time, due to the increased complexity that either analysis can introduce [25]. There were a
total of 617 participants across all contexts.

We conducted a complete-case analysis on the data from SCS1. Not all participants completed all items. Given the
format of the Qualtrics survey, students could only move forward and could not revisit items after they had submitted
an answer. SCS1 items do not include an "I don’t know" response option. We could not assume that the incomplete
submissions were from students who ran out of time, nor could we assume that they were from students who gave
up; these two scenarios have different implications for the answers that the participants did submit. We considered
imputing the missing data values but eliminated it as a valid method in our case given the lack of randomness of the
missing data. We ultimately performed listwise deletion for participants missing more than one response to a question,
which resulted in the use of 547 observations of data. This is the set of data we used for all of our quantitative analyses.

Due to the setup of the Qualtrics-based version of the SCS1 assessment, demographic questions were not mandatory.
When they were administered, the demographic questions were presented at the end of the assessment. Owing to this,
we have demographic information for only 265 students, or 48% of our sample. The demographics that we have are

presented in Table 1. All respondents were at least of college age (18 years of age).
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Table 1. Demographics for the 265 students that completed the relevant questions when attached to the end of SCS1.

Gender n  Race/Ethnicity n Primary Language n  Programming Skills n
Female 98 White/Caucasian 106 English 164 None 47
Male 163 Asian/Pacific Islander 119 Chinese 42 Very little 60
Other 4 Black 3 Korean 17 Some 113
Hispanic 7 Vietnamese 7 Strong 37

Multiple 30 Spanish 5 Very Strong 5

Other/(No answer) 30 (No answer) 3

3.2 Analytical Frameworks

Our efforts are guided by two assessment frameworks from the education research literature. We draw on the assessment
triangle presented in [6], which hinges on three components: cognition, observation, and interpretation. In our context,
cognition refers to the design of SCS1, namely that the questions are constructed to provide a representation of students’
knowledge in CS1. This has previously been established through the construction of FCS1 and its replication [13, 14, 32].
Observation would refer to whether the questions are carefully designed to link to students’ knowledge of CS1. While
this has been previously discussed with regards to the types of questions on SCS1 (definitional, code tracing, and code
completion) [32], there has yet to be a mapping of what knowledge unit each question is eliciting. Interpretation is a
characterization of patterns based on student results, drawing on observations of students’ CS1 knowledge. In this paper,
we are investigating the cognition side of SCS1 through observation and interpretation. We apply a framework of CS1
concepts in order to observe the potential responses from students. Then, we interpret student responses quantitatively
to understand whether student performance on SCS1 can be used to indicate their understanding of specific concepts.

For the interpretation step, we use an analytical framework presented by Jorion et al. as a guide [20]. This framework
provides guidance on an overall assessment level and on an individual concept level. We follow both, as we are trying to
compare a unidimensional model of SCS1 (overall level) with different possible subscales (individual level). As suggested
by this framework, we provide Classical Test Theory results, including item difficulty and discrimination (as seen in
Table 2) and reliability (as seen in Table 4). We also follow the guidelines for structural analysis, presenting results of
investigating the latent factor structure of the assessment through exploratory and confirmatory factor analyses.

The following sections use these frameworks as guidelines for our analysis. First, we present a structural analysis of
the subscales that might conceivably exist within the assessment already using confirmatory factor analysis. Then,
we present an observation of the SCS1 items, to help explain our findings from the first analysis. Last, we present an
exploratory structural analysis using the dataset to guide the factors, in order to compare it with our hypothesis-driven

model. Classical Test Theory results are referred to throughout these sections to provide further context for our findings.

4 DESIGNER-INTENDED SUBSCALES

To reveal a possible factor structure underlying SCS1, we conducted a quantitative analysis examining response data

from SCS1. We started by investigating possible factor structures that could be inferred from the design of the instrument.

4.1 Methods for CFA

In multivariate statistics, there are two types of analyses used to gauge the potential latent structure in examinees’ item
responses: confirmatory factor analysis (CFA) and exploratory factor analysis (EFA). If researchers already have some

hypothesis regarding the underlying structure, either informed by theory or by the design of the set of items, they can
6
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Table 2. Difficulty, Iltem-total correlation, and discrimination index for each item on SCS1, as well as their factor labels. Values < 0.2
are bolded to indicate hard difficulty or poor discrimination.

Item | Difficulty Item—to?al Discrimination 9 Factor CFA | 3 Factor CFA | 3 Factor EFA
Correlation Index

Qo1 0.60 0.25 0.41 For Definition Factor 2
Q02 0.55 0.27 0.45 Logic Tracing Factor 2
Q03 0.67 0.40 0.57 While Definition Factor 1
Qo4 0.29 0.22 0.34 Arrays Definition Factor 2
Q05 0.17 0.35 0.29 Return Tracing Factor 3
Q06 0.43 0.26 0.41 Conditional | Definition N/A
Qo7 0.24 0.31 0.31 While Completion | Factor 3
Qo8 0.35 0.24 0.30 For Tracing N/A
Q09 0.39 0.38 0.48 While Tracing Factor 2
Q10 0.43 0.35 0.49 Logic Definition Factor 2
Q11 0.38 0.37 0.48 Return Definition Factor 2
Q12 0.45 0.36 0.46 Basics Definition Factor 1
Q13 0.22 0.12 0.16 For Completion | N/A
Q14 0.44 0.45 0.60 Recursion Definition Factor 2
Q15 0.24 0.25 0.28 Return Completion | Factor 3
Q16 0.29 0.39 0.43 Parameters Completion | Factor 3
Q17 0.31 0.32 0.39 Arrays Completion | Factor 3
Q138 0.27 0.16 0.18 Recursion Completion | N/A
Q19 0.49 0.50 0.71 Conditional | Tracing Factor 1
Q20 0.19 0.05 0.03 Parameters Definition N/A
Q21 0.34 0.28 0.36 Conditional | Completion | Factor 3
Q22 0.42 0.29 0.42 Arrays Tracing Factor 1
Q23 0.59 0.35 0.52 Basics Tracing Factor 1
Q24 0.25 0.23 0.25 Recursion Tracing N/A
Q25 0.49 0.26 0.38 Basics Completion | Factor 1
Q26 0.34 0.40 0.45 Logic Completion | Factor 3
Q27 0.17 0.12 0.13 Parameters Tracing N/A

aggregate the items per factor of this structure and run a CFA in the examinees’ item responses [19, 29]. If, on the other
hand, no such hypothesis exists or can be confirmed, EFA can be performed [15, 41]. After the removal of ambiguous
items, i.e., items similarly loading onto multiple factors or items that are not well explained by any factor, the fit of the
data to the resulting factor structure then can be assessed using CFA. In both cases, the analysis results in what is called
a “fit” of the data to the modeled factor structure. The analyses also report factor loadings, which demonstrate how
strongly an item is related to a factor. Even though rules of thumb are by nature limited, one rule of thumb for factor
loadings suggests that loadings larger than 0.45 should be considered “fair”, with higher values indicating stronger
relationships between the items and factors [43].

Given the goal of this stage of the project of investigating designer-intended subscales, we did have hypotheses
about the underlying structure of SCS1. Thus, we used CFA for this phase and report on model fit and factor loadings.

We complemented our CFA with Classical Test Theory methods, including calculating item-level statistics and the
reliability of each of the subscales for each of the models. Item-level statistics calculated include difficulty (proportion of
correct responses to an item; i.e., 0 indicates no correct answers while 1 indicates every answer was correct), item-total

correlation (correlation between performance on an item and performance on the assessment as a whole, minus the
7
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Fig. 1. Path diagram for 1-factor (unidimensional) CFA model. The numeric labels represent the path coefficients from the model. All
paths were significant at the p < 0.05 level except for the path to Q20 (p = 0.448) and Q27 (p = 0.062).

item being analyzed), and discrimination index (the ability of an item to discriminate between those that score high on
the assessment and those that score low on the assessment). These last two variables can both serve as indicators of
the discrimination of the item, which is a measure of how the item is performing, and values below 0.2 indicate poor
discrimination. The reliability of the subscales was measured via Cronbach’s alpha; an alpha value of less than 0.5 is

unacceptable, whereas a score of more than 0.7 is acceptable [23].

4.2 Findings of CFA

We began by running a CFA! under the assumption of unidimensionality, i.e., assuming that all items measured a
single underlying concept. The result of running a CFA for this factor structure indicated an acceptable fit. As shown in
Table 3, the model fit was reasonable for the population (as indicated by the Root Mean Square Error of Approximation
(RMSEA) and Standardized Root Mean Square Residual (SRMR) statistics), as well as within the acceptable range for
two more restrictive, global statistics, the Comparative Fit Index (CFI) and Tucker Lewis Index (TLI). Despite finding
overall good model fit, the loadings of each item (as seen in Figure 1) were relatively poor, ranging from a minimum of
0.02 to a maximum of 0.30, as seen in Figure 1. The reliability of the test overall is acceptable (o = 0.78).

Elliott Tew presented the concept that each question on FCS1 is intended to measure [14]. When SCS1 was created
by replicating FCS1, that conceptual correspondence was maintained as part of the isomorphic mapping procedure [32].
In other words, the first question on FCS1 was intended to measure for loops, so the first question on SCS1 was also

intended to measure for loops. Given that the designer of SCS1 had classified the 27 SCS1 items according to nine

! All models in this paper were created by one author in R, using the lavaan package.
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Fig. 2. Path diagram for 9-factor CFA model, based on the nine concepts: basics (bsc), logical operators (Igc), conditionals (ifs), for
loops (frl), while loops (whl), arrays (arr), function parameters (fpr), function return values (frt), and recursion (rcr). The numeric
labels represent the path coefficients from the model. All paths were significant at the p < 0.05 level except for the path to Q20
(p = 0.409).

concepts the items were intended to measure [14, p. 56], we continued our analysis by assessing the fit of the data to
the induced nine-factor structure. The results, shown in the second row of Table 3 indicate that this assumption leads
to a model with a consistently better fit across all statistics than the one-factor model. Figure 2 shows that the factor
loadings for this model look much stronger than the 1-factor model. In this case, 10 of the 27 items had loadings that
were fair or higher. This higher maximum loading is noteworthy because it indicates that these factors may better
explain item responses than a single factor alone, despite little difference in the model fit statistics. This suggests that,
despite similar model fit, the 9-factor model might be closer to the true structure of the factor space of SCS1. However,
all of the concept-based subscales have reliability measures of & < 0.5, indicating unacceptable reliability. That is to say,
administering these items as concept-based subscales would not produce consistent results.

For the final CFA informed by the design of the instrument, we assumed that the underlying model was induced by
the question type of items: definitional, code tracing, and code completion [14, p. 58]. As seen in Table 3, this model had
similar fit statistics to the 9-factor model. Figure 3 shows that the factor loadings range from 0.04 up to 0.58. In this
model, five items meet or exceed the threshold for factor loadings, which is less than the concept-based 9-factor model.
Thus, although the model fit statistics were slightly (and not significantly) better than the 9-factor model, the factor
loadings do not indicate that the 3-factor question-type-based model is any better. On the other hand, the reliability
of each of these subscales is above 0.5, though not above the 0.7 threshold for acceptability. This higher reliability
may simply be due to there being more items per subscale in this case (9 items per subscale, compared to 3 items per

9
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Fig. 3. Path diagram for 3-factor CFA model, based on the item types: definitional (dfn), code tracing (trc), and code completion (cdc).
The numeric labels represent the path coefficients from the model. All paths were significant at the p < 0.05 level except for the path
to Q20 (p = 0.485) and Q27 (p = 0.063).

Table 3. Model fit statistics of the models induced by the instrument design [14, p. 58] as well as induced by our data-driven
exploratory factor analysis (see Section 6) along with “acceptable thresholds”, as reported by Schreiber et al. [39].

CFI TLI RMSEA SRMR

Acceptable Range [39] >0.95 =095 <0.060 <0.080
One-factor (unidimensional) structure 097  0.97 0.024 0.046
Nine-factor concept-based structure [14, p. 58] 0.98 097 0.022 0.042

Three-factor question-type-based structure [14, p. 58]  0.98  0.98 0.020 0.044

Three-factor data-driven structure (Section 6) 098  0.98 0.021 0.042

concept-based subscale). Because the number of items is a factor in the calculation of Cronbach’s alpha, the « value

does tend to increase with more items present [7].

5 THEORY-INFORMED DIMENSIONS

Our first phase presented some evidence for the concept- and question-type-based subscales. However, the factor
loadings in these models and reliability measures of the subscales were generally poor. In response, we sought to
investigate the subscales within SCS1 using CSER theory. To this end, we conducted a qualitative analysis to observe
SCS1 items so as to best evaluate student responses on the assessment and, thus, the data on which our models are

based. Our qualitative analysis looked at each item individually and assigned codes based on which CS concepts are
10
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Table 4. Cronbach’s alpha measures for potential subscales of SCS1

Overall Cronbach’s « = 0.78

Concept [14, p. 58] a Question Type [14,p. 58] « EFA (Section 6) «
Basics 0.46 Definitional 0.54 EFA Factor 1 0.63
Logic 0.41 Tracing 0.54 EFA Factor 2 0.58
Conditionals 0.35 Code Completion 0.56 EFA Factor 3 0.60
for Loops 0.14

while Loops 0.36

Arrays 0.27

Function Parameters 0.23

Function Returns 0.34

Recursion 0.18

either present in the item or the knowledge of which is required to correctly respond to this item. These codes then
could be used to better understand which concepts are truly being tested in SCS1 and whether or not those concepts

are distributed across items as intended in the original design.

5.1 Methods for Qualitative Analysis

We followed a deductive coding technique to analyze the SCS1 items. Below, we describe what and how we coded SCS1

to find theory-informed subscales.

5.1.1 Coding Framework. To analyze the concepts on SCS1, we used a set of concepts identified by Goldman et al. [16]
for use in a concept inventory. The work by Goldman et al. presents a set of concepts and competencies that can be
taught and assessed in CS1-like courses ranked by difficulty and importance. This set was derived through a Delphi
process with 20 experts and is presented as the foundation upon which a CS1 concept inventory might be built. Since
Parker et al. report that SCS1 has been used to “build more valid instruments” [32], e.g., in the context of the Basic
Data Structures Inventory [35], we used Goldman et al.’s framework to assess the degree to which these concepts are
covered in SCS1.

5.1.2 Item Analysis. Every item on SCS1, as on any multiple-choice assessment, has two parts: the question stem and
the answer choices. In the case of SCS1, every question stem has a prompt-a direct question to the test-taker. When
coding based on Goldman et al. [16], we focused on what concepts are needed to understand and accurately respond to
the question prompt. We deliberated also coding the answer choices. However, some answer choices introduce other
concepts to serve as distractors. Knowledge of these concepts helps to eliminate answer choices but is not essential to

correctly answering the item. Thus, we only coded the question prompt.

5.1.3 Coding Process. Two authors, both faculty members with experience in CSER for over a decade, acted as coders
on the assessment, using MaxQDA 2022 for this analysis. One coder had not used SCS1, nor seen the items in detail
prior to the coding, but had ample experience with teaching CS1-like courses, including the use of concept inventories,
at different institutions and for different audiences. This coder did an initial pass of deductively coding the items using
the concept framework. Then, a second coder looked over the initial codes. This coder had used SCS1 before and was
familiar with the items, providing an expert checking of the codes. If the second person disagreed with a code, the two

coders discussed these discrepancies until an agreement was reached. The items and corresponding codes were also
11
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presented to the research team as a whole to provide an overall quality check. Total agreement was ultimately reached

in the codes as a result of this process.

5.2 Findings of Qualitative Analysis

From work by Porter et al., we expected that items on programming fundamentals (e.g., "Assignment Statements")
would appear more often than items on more advanced concepts (e.g., "Call by Reference/Call by Value") [36]. This
pattern can be seen in our results in Table 5-more advanced topics are seen in fewer items. Meanwhile, the most
common concepts are "Assignment Statements,’, and "Conditionals", which is to be expected. Our coding provides a
replication of this prior work, which helps to verify that our coding process was accurate.

We coded many items with more than one concept. In some cases, this is evidence of the inevitable structure of CS
courses. For example, Q08, which was intended to measure for loop knowledge, was coded for "Using loop variable
inside a loop," but also "Tracing nested loops." It would be difficult to include the latter code without the former. However,
the latter code is not strictly necessary in order to assess for loop knowledge. This coupling of codes, which occurs for
every question that was intended to measure for loop knowledge, indicates a heightened complexity of the item that
may be unnecessary for every question on that topic. There are some items that have multiple codes that are certainly
not necessary to assess the intended concept. For example, Q15, which was intended to measure knowledge of function
return values, was coded for "Assignment Statements," "Conditionals," and "Using loop variables inside a loop." While
some of these appear necessary to assess the concept (e.g., "Assignment Statements"), it is not clear that the other two
codes are strictly necessary; again, these additional codes add complexity to the item beyond what is required to assess
the intended concept. Coincidentally, Q20 was labeled with the most Goldman concepts and was identified as a difficult
question with poor discrimination, as seen in Table 2.

Regardless of the exact codes, the finding that most items cover more than one concept suggests that SCS1 may have
a complex factor structure. The items do not map consistently or uniquely to concepts. Additionally, it is not the case
that every tracing type question has "Control Flow Tracing." This code is also applied to some code completion items,
further complicating the question-type factor structure. We did not attempt running a CFA using the 12 codes from
the Goldman framework, given the clear lack of unique loadings of items onto concepts. As a result, this phase of our
analysis provided two bits of information: insight into the findings from the designer-intended subscales, and that an

exploratory, data-driven analysis of the underlying factor structure of SCS1 was needed.

6 DATA-DRIVEN FACTOR ANALYSIS

Although we could find some evidence for subscales when using designer-intended constructs, such as concepts and
question types, we continued with a third phase of analyzing SCS1 to determine if there was a different latent factor
structure within our data. We investigated what factors were within SCS1 without prior declaration of the factors (e.g.
concepts) or items assigned to those factors (e.g. Q01 being a for loop question). We thus turned to a data-driven,

exploratory analysis.

6.1 Methods for EFA

We started by using both parallel analysis and principal component analysis to discover the number of factors, both of
which pointed to a 3-factor solution. Then, in using EFA with three factors, we found items with low communalities
in all factor solutions, meaning that they did not clearly fit into data-driven factors. This resulted in the removal of

items Q6, Q8, Q13, Q18, Q20, Q24, and Q27, which all had communalities less than 0.1. Coincidentally, four of those
12
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Table 5. Mapping of SCS1 items onto competencies from the Goldman et al. framework.

‘ H Intended Concept [14, p. 56] l Type l Goldman et al. [16]
Q01 || for Loops Definitional Identifying characteristics of a problem
Q02 || Logic Tracing Boolean Logic
Q03 || while Loops Definitional Tracing nested loops
» Assignment Statements
Q04| Arrays Definitional Declaring/Manipulating Arrays
. . Assignment Statements
Q05 || Function Returns Tracing Control Flow Tracing
Q06 || Conditionals Definitional Conditionals
Assignment Statements
Q07 || while Loops Code Completion | Control Flow Tracing
Using loop variables inside a loop
Traci ted 1
Q08 || for Loops Tracing r:.acmg e
Using loop variables inside a loop
Control Flow Traci
Q09 || while Loops Tracing o.n rol ow .racmg. .
Using loop variables inside a loop
Q10 || Logic Definitional Boolean Logic
Assi
Q11 || Function Returns Definitional SSIg.l‘lTnel’lt Statements
Conditionals
Q12 || Basics Definitional Assignment Statements
Traci ted 1
Q13 || for Loops Code Completion ractng Nestec oops
Using loop variables inside a loop
Q14 || Recursion Definitional Recursion (tracing/patterns/structures)
Assignment Statements
Q15 || Function Returns Code Completion | Conditionals
Using loop variables inside a loop
Assignment Statements
16 || Function P t Code Completi
Q unction Farameters ode Lompretion Designing/using Procedures/Functions/Methods
Control Flow Tracing
Q17 || Arrays Code Completion | Declaring/Manipulating Arrays
Using loop variables inside a loop
Q18 || Recursion Code Completion | Recursion (tracing/patterns/structures)
. . Assignment Statements
Q19 || Conditionals Tracing Conditionals
Assignment Statements
Call by Refi Call by Val
Q20 || Function Parameters Definitional i er?nce/ iy Al
Designing/using Procedures/Functions/Methods
Formal/Actual Parameters
. . Assignment Statements
Q21 || Conditionals Code Completion -
Conditionals
. Assignment Statements
22 || Arn T
Q rays racing Declaring/Manipulating Arrays
Q23 || Basics Tracing Assignment Statements
Assignment Statements
Q24 || Recursion Tracing Conditionals
Recursion (tracing/patterns/structures)
Q25 || Basics Code Completion | Assignment Statements
. . Boolean Logic
Q26 || Logic Code Completion il st
. . Assignment Statements
Q27 || Function Parameters Tracing Call by Reference/Call by Value
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Fig. 4. Path diagram for 3-factor data-driven CFA model. The numeric labels represent the path coefficients from the model. All paths
in this model were significant at the p < 0.05 level.

items also had discrimination values less than 0.2 (as seen in Table 2), further indicating their inadequacy. After the
removal of these factors, we confirmed again that a 3-factor solution was most appropriate. Then an EFA model was
fit with a varimax rotation, which was used to maximize the differences between the factors and thus force items to
load strongest onto a single factor. The loadings from that model were used to specify which items loaded onto which

factors. We used this information to run a final CFA with our data.

6.2 Findings of EFA

Our data-driven CFA, using our EFA factors, had acceptable fit statistics (3-factor data-driven CFA in Table 3). Overall,
the model fits were comparable with the designer-intended models and thus not significantly better. As shown in Figure
4, loadings of items onto factors were similar to the 9-factor model, with 9 items with loadings of fair or better. This is
better than the 3-factor question-type-based model and only slightly below the 9-factor concept-based model. However,
the reliability of these EFA-produced factors as subscales of SCS1 is markedly better than the other subscales. The a
values range from 0.58 to 0.60. While not yet meeting the acceptable threshold, they are higher than the other 3-factor
model, even with fewer items per factor.

We examined which items loaded onto which factors to see if this data-driven model had any explainable features.
The model and factor loadings were presented to the research team and discussed. Each item within a factor was
brought up and compared in order to find patterns among the items. Some team members were very familiar with the
items, as they were the coders for the theory-based analysis, while other team members were seeing the items for the
first time. This variety of experience with the items allowed for a diversity of theories to emerge as to what brought

items together onto a factor.
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Factor 1 was the only factor to have every question type represented. It did include all of the items on the Basics
concepts, as well as items on while loops, conditionals, and arrays. Factor 1 and Factor 2 split the easiest items between
them, though Factor 1 did have two of the three items that 60% or greater of students answered correctly (Q03 and
Q23). Coincidentally, this factor has the highest reliability measure of a = 0.63. This factor was also interpreted by the
research team as the items that were easy to read, at least compared to other items on the assessment.

Factor 2 was observed to have most of, and be mostly defined by, the definitional items, aside from two code tracing
items. These items tended to have longer question stems and answer choices. One conclusion of the team was that this
second factor represented code-free items or items with minimal code involvement.

Factor 3 had the most difficult items on the assessment. All of the items in Factor 3 were code completion items
(with the exception of Q05, a tracing question), with most of the items involving some form of nesting behavior. As a
result, the research team determined that the third factor of the data-driven model represented items that placed a high
demand on working memory.

Our interpretations of these data-driven factors suggest that features of the items were the primary predictor of

whether a student got them correct or not, rather than conceptual knowledge.

7 DISCUSSION AND LIMITATIONS

We set out to determine if there were usable and reasonable subscales within SCS1. Among the evidence that we
collected across our three phases of analysis, we cannot justify the existence of subscales within SCS1. We did find
appropriate model fits for concept- and question-type-based concepts. However, the factor loadings in these models
were not all within a reasonable range. Further, Cronbach’s alpha measures of reliability for these subscales were
consistently below acceptable ranges. Our qualitative analysis informs our model findings, indicating that most SCS1
items address multiple concepts, providing evidence for why our factor loadings and reliability values were low. While
we find subscales with higher reliability values using data-driven exploratory analysis, these factors are far less usable.
In this model, the items fell into categories that would be undesired by instructors and researchers, such as item features
instead of content or approach. Based on these results, we conclude that subscales cannot be defensibly constructed
from the SCS1 assessment.

Our results align with prior work that identified problematic items [49]. In particular, Q13, Q18, Q20, Q24, and Q27
seem to not measure what they are supposed to measure. This finding from Xie et al. hinted at the multidimensionality
of SCS1, which our findings confirm. Unfortunately, the dimensions appear to be more aligned to non-computing
constructs, such as question readability and possibly working memory capacity.

Our findings, particularly with respect to the lack of a clearly interpretable factor structure of SCS1, can be explained,
in part, through the theory of Knowledge in Pieces [9]. According to the theory of Knowledge in Pieces, knowledge is
contained in small cognitive units, called upon in certain, specific situations. These small cognitive units combine to
create an understanding of a concept or phenomenon. However, these pieces of knowledge are context-specific [18].
The Knowledge in Pieces theory can help explain why there is not a strong connection between SCS1 items in terms
of concepts or item types: students may be able to use their units of knowledge around for loops for one item type
(context) but not all. Similarly having familiarity with one item type does not guarantee the ability to answer that
type of item across concepts. Instead, students may be demonstrating their familiarity with a context more than their
understanding of the concepts. This would help explain our data-driven model findings, which resulted in factors based

on context-specific item features rather than concepts targeted within the items.
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Beyond contributing evidence about the shortcomings of SCS1, this work presents several methodological contribu-
tions to the CSER community. Our methods, both qualitative and quantitative, provide a road map for other computing
assessment developers and evaluators to follow to analyze assessment items. Additionally, our qualitative coding
strategy can also be used to identify gaps in an assessment, or construct underrepresentation. For example, two of the
three for loop items involve tracing nesting loops. More items should be added to SCS1 on for loops without nesting.

At the same time, the methods presented in this paper have limitations. In our qualitative analysis, our coders
may have been biased toward or against certain computing concepts or SCS1 items. While coder biases will always
exist, we attempted to mitigate them by selecting coders with very different relations to SCS1 and by reaching total
agreement through discussion. In our quantitative analysis, the sample was large but potentially non-representative of
CS1 students. The data is from numerous administrations of SCS1 in different contexts, and, thus, little is known about
the individual research design and incentives placed on participants taking SCS1. There is little meta-data attached
to the students’ SCS1 responses, so we cannot say how many countries or universities this data represents. We can
say, though, that we have found at least one population that serves as a counterexample to the existence of a reliable
decomposition of SCS1 into subscales.

Finally, to analyze SCS1 and examine what subscales are present, we used assessment frameworks [6, 20] and followed
the steps taken by the Huffman and Heller [18]. Instead of basing our analysis around SCS1, we could have taken a
different approach and designed a brand new CS1 assessment with subscales in mind. However, given the intensity of
work needed to create a new assessment, we first set out to work with an existing assessment to ascertain the feasibility
of subscales within it. Then, future work can build off what researchers have already carefully designed and validated,

and thereby conserve resources and focus efforts accordingly.

8 CONCLUSION

In this paper, we present evidence that the SCS1 assessment does not currently have reliable subscales. Rather, most
items include multiple concepts. High performance on SCS1 may also depend on test-taking abilities and reading
comprehension. Thus, we strongly advise against using only parts of SCS1 to measure knowledge on certain concepts or
coding skills, such as code tracing. The most valid use of SCS1 is to administer the assessment as it has been validated:
in its entirety, with undergraduates, at the end of a CS1 course, and in a research context.

Still, the SCS1 assessment provides an excellent starting point for future work. Based on how the CSER community
has used the SCS1 assessment [31], there is a demonstrated need for an introductory computing assessment that
has subscales and can be customized to meet instructional needs or answer narrower research questions. This paper
motivates future work to revise and expand SCS1 to meet these community needs.

To build a new SCS1 that includes concept subscales, we can start with the evidence from the 9-factor model which
is based on the designer-intended factor structure. As we found this model to have weak factor loadings, existing items
should be revised to facilitate stronger loadings onto their associated factors. Additionally, items should be added to
diversify the difficulty of the assessment overall. These items should be written such that they focus on singular concepts
as much as possible, as these kinds of items are not well-represented in the current version. After item creation, piloting,
and thorough testing with representative samples, we can begin to construct an argument for a valid assessment with

subscales for CS1 knowledge.
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