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Abstract

The validity of chemistry achievement assessments remains a concern due to the multidimensional
nature of the construct and the continued reliance on fragmented validation approaches. This study
addresses this gap by adopting an integrated psychometric validation framework grounded in
multidimensional Item Response Theory (MIRT). A 150-item dichotomously scored Chemistry
Achievement Test (CAT) was administered to 741 senior secondary school students. Dimensionality
was examined using Stout’s DETECT procedure, revealing weak multidimensionality characterised
by a dominant general factor and three secondary dimensions, thereby supporting a four-
dimensional structure. Competing MIRT models (M1PL, M2PL, M3PL, and M4PL) were evaluated
using likelihood-ratio tests and information criteria. The multidimensional three-parameter logistic
(M3PL) model demonstrated superior fit and parsimony, underscoring the importance of modelling
both item discrimination and guessing in multiple-choice contexts. Local item independence,
assessed via Yen’s Q3 statistic, showed no evidence of problematic residual correlations. Item
parameter screening indicated that 84% of items met established criteria, leading to the removal of
poorly functioning items. Measurement invariance was evaluated through IRT likelihood-ratio
Differential Item Functioning (DIF) analysis across sex and school type, resulting in a final set of
112 invariant items. The findings provide strong evidence for the structural validity, reliability, and
fairness of the CAT. Beyond its empirical contribution, the study advances an integrated validation
framework that systematically combines dimensionality assessment, model evaluation, local
independence diagnostics, and invariance testing, offering a robust template for developing equitable
and psychometrically sound science assessments.
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INTRODUCTION

The assessment of students' achievement in science education, particulatly in chemistry, remains a
persistent challenge in educational measurement due to the inherently complex nature of the
construct being assessed (Embretson & Reise, 2000). Chemistry learning extends beyond the
acquisition of isolated facts to encompass conceptual understanding, symbolic representation,
quantitative reasoning and the application of scientific principles across diverse contexts.
Consequently, students' performance in chemistry assessments reflects multiple interrelated
cognitive processes rather than a single homogeneous ability. Despite this complexity, many
chemistry achievement tests continue to be developed and interpreted using simplified measurement
frameworks raising critical concerns about the validity, fairness and interpretability of the resulting

Scofres.

Item Response Theory (IRT) has become a dominant paradigm for modelling the relationship
between latent ability and observed item responses because of its capacity to provide item-level
diagnostic information and parameter invariance across examinee populations. However,
conventional IRT applications are largely grounded in the assumption of unidimensionality, whereby
a single latent trait is presumed to account for examinees' performance. Although this assumption
offers analytical convenience, it is often untenable in domains such as chemistry, where learning
outcomes are inherently multidimensional and cognitively complex (Reckase, 2009; De Ayala, 2009).
Consequently, applying unidimensional models to multidimensional data structures may produce
biased item parameter estimates, distorted reliability indices, and ultimately invalid inferences about

students' achievement.

In response to these limitations, Multidimensional Item Response Theory (MIRT) has emerged as a
more flexible and theoretically appropriate framework for modelling complex achievement
constructs (Reckase, 2009; Ackerman, Gierl, & Walker, 2003). Unlike conventional IRT models,
MIRT allows multiple latent traits to simultaneously influence item responses, thereby providing a
more realistic representation of students' performance (Reckase, 2009). However, the effective
application of MIRT depends on robust empirical evidence regarding the dimensional structure of
the assessment instrument (Stout, 1987; Reckase, 1979). Without such evidence, model specification
remains largely arbitrary, potentially undermining the wvalidity of subsequent analyses and the

interpretability of the resulting scores (American Educational Research Association, American
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Psychological Association, & National Council on Measurement in Education [AERA, APA, &
NCME], 2014).

One of the most robust approaches for evaluating dimensionality in dichotomously scored
achievement data is Stout's DETECT procedure, which assesses essential dimensionality based on
conditional covariance structures (Stout et al., 1996; Zhang & Stout, 1999). Unlike traditional factor-
analytic techniques, DETECT does not rely on restrictive distributional assumptions and is
particularly well suited to large-scale multiple-choice assessments. Importantly, it facilitates the
identification of a dominant general factor alongside meaningful secondary dimensions, thereby
providing empirical guidance for multidimensional model specification. Nevertheless, dimensionality
assessment alone is insufficient for establishing the overall psychometric adequacy of an assessment

instrument.

A comprehensive evaluation of test quality requires the integration of multiple sources of
psychometric evidence. First, model—data fit must be rigorously evaluated to determine whether the
selected measurement model adequately represents the observed response patterns. For multiple-
choice assessments, Multidimensional Item Response Theory (MIRT) models that estimate item
discrimination and, where appropriate, pseudo-guessing parameters such as the multidimensional
two-parameter logistic (M2PL) and multidimensional three-parameter logistic (M3PL) models,
provide greater flexibility for modelling complex educational data than more restrictive alternatives
(Reckase, 2009; DeMars, 2010). Second, the assumption of local item independence must be
evaluated because violations arising from item redundancy, shared stimuli or overlapping content
may inflate reliability estimates, bias item parameter estimates and compromise model fit. Among
the available diagnostic procedures, Yen's Q3 residual correlation statistic remains one of the most
widely used indices for detecting local item dependence (Yen, 1984; Christensen, Makransky, &

Horton, 2017).

In addition to internal structural properties, the fairness of an assessment instrument must also be
established. Measurement invariance ensures that test scores are comparable across groups and that
observed differences reflect true variations in ability rather than systematic bias. Differential Item
Functioning (DIF) analysis plays a critical role in establishing measurement invariance by identifying

items that function differently across subpopulations after controlling for ability (Zumbo, 1999;
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Woods, 2009). In science education, such differences may arise from variations in instructional
exposure, access to laboratory resources or socio-cultural contexts, thereby making measurement

invariance testing essential for ensuring equitable assessment practices.

Despite the availability of these advanced psychometric techniques, existing studies on chemistry
achievement assessment in Nigeria have largely adopted fragmented validation approaches. Many
studies rely exclusively on Classical Test Theory or apply isolated Item Response Theory (IRT)
analyses without systematically integrating dimensionality assessment, model evaluation, local item
independence, item parameter estimation, and measurement invariance within a unified validation
framework. Consequently, the fragmented evaluation of these psychometric properties limits the
accumulation of comprehensive validity evidence and reduces confidence in the interpretation,

fairness and defensibility of inferences drawn from students' achievement scores.

To address this critical gap, the present study developed and evaluated an integrated
multidimensional Item Response Theory (IRT) validation framework for a Chemistry Achievement
Test (CAT). Specifically, the study sought to determine the dimensional structure of the instrument
using the DETECT procedure, evaluate model—data fit through comparative multidimensional Item
Response Theory (MIRT) modelling, assess local item independence using Yen's Q3 statistic,
examine the psychometric quality of the calibrated items, and investigate measurement invariance
through IRT likelihood-ratio Differential Item Functioning (DIF) analysis across sex and school
type. The novelty of this study lies in the systematic integration of these complementary sources of
psychometric evidence within a unified validation framework. By integrating evidence from
dimensionality assessment, model evaluation, local item independence, item parameter analysis and
measurement invariance, the study provides robust evidence of the validity, reliability and fairness of
the Chemistry Achievement Test while offering a replicable methodological framework for the

development and evaluation of complex achievement assessments in science education.
LITERATURE REVIEW

The validation of educational assessment instruments has evolved considerably from the traditional
reliance on Classical Test Theory (CTT) to the adoption of latent trait models that provide more
comprehensive information about test items and examinee performance (Embretson & Reise, 2000;
DeMars, 2010). Among these models, Item Response Theory (IRT) has become a cornerstone of

contemporary educational measurement because it estimates item characteristics and examinee
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abilities on a common latent scale, thereby supporting more accurate and informative measurement
(Hambleton, Swaminathan, & Rogers, 1991; DeMars, 2010). Nevertheless, the validity of inferences
derived from IRT depends on the empirical verification of its fundamental assumptions, including
dimensionality, local item independence and measurement invariance (Reckase, 2009; American
Educational Research Association, American Psychological Association, & National Council on
Measurement in Education [AERA, APA, & NCME], 2014). Although these assumptions are well
established in psychometric theory, their comprehensive evaluation has not been consistently
incorporated into applied validation studies. Furthermore, previous studies on educational
achievement assessment have frequently examined these psychometric properties in isolation rather
than within an integrated validation framework, thereby limiting the accumulation of comprehensive
validity evidence and weakening confidence in the interpretation and use of students' achievement

scores (Rios & Wells, 2014; AERA, APA, & NCME, 2014).
Dimensionality and the Structure of Achievement Tests

Dimensionality is a fundamental concept in educational measurement because it defines the number
and nature of the latent traits underlying examinees' responses. Traditional unidimensional Item
Response Theory (IRT) models assume that a single latent trait accounts for item performance.
However, this assumption has been increasingly challenged in complex academic domains such as
science education, where student performance is influenced by multiple cognitive processes.
Empirical evidence suggests that achievement in chemistry reflects multiple interrelated
competencies, including conceptual understanding, symbolic reasoning, and quantitative problem-
solving (Reckase, 2009; De Ayala, 2009). Consequently, imposing strict unidimensionality may

oversimplify the construct and result in model misspecification.

In response, the concept of essential dimensionality has gained prominence, recognising that
assessment data may be dominated by a general factor while simultaneously exhibiting meaningful
secondary dimensions (Stout, 1987; Reise et al., 2010). This perspective provides a more realistic
representation of students' cognitive performance, particularly in multidimensional academic
domains. Among the available methods for assessing dimensionality, Stout's DETECT procedure
has emerged as a robust alternative to traditional factor-analytic approaches. By relying on

conditional covariance structures rather than restrictive distributional assumptions, DETECT is
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particularly well suited to dichotomously scored achievement data and large-scale educational
assessments (Stout et al., 1996; Zhang & Stout, 1999). Empirical studies have demonstrated its
effectiveness in identifying latent structures and informing multidimensional model selection (Jang &
Roussos, 2007; Zhang, 2007). Despite these advantages, however, DETECT remains underutilised
in applied educational research, where dimensionality is often assumed rather than empirically

evaluated.
Multidimensional Item Response Theory (MIRT)

The recognition of multidimensionality has led to the development of Multidimensional Item
Response Theory (MIRT), which extends traditional Item Response Theory (IRT) by allowing
multiple latent traits to simultaneously influence item responses. MIRT provides a theoretically
coherent and empirically flexible framework for modelling complex educational constructs, making
it particularly suitable for science achievement assessment. Unlike unidimensional models, MIRT
captures the interplay among multiple cognitive skills, thereby providing a more comprehensive

understanding of students' performance.

A range of MIRT models has been developed, including the multidimensional Rasch model (M1PL),
the multidimensional two-parameter logistic model (M2PL), the multidimensional three-parameter
logistic model (M3PL), and the multidimensional four-parameter logistic model (M4PL). These
models differ in their treatment of item discrimination and guessing behaviour. Whereas the
multidimensional Rasch model assumes equal item discrimination, the M2PL and M3PL models
relax this assumption, with the M3PL model additionally incorporating a pseudo-guessing parameter
to account for the probability of correct responses by low-ability examinees (Reckase, 2009; DeMars,
2010). Empirical evidence consistently indicates that models incorporating both discrimination and
pseudo-guessing parameters provide superior model fit for multiple-choice assessments because they

more accurately reflect examinees' response processes (Hambleton et al., 1991; DeMars, 2010).

Despite these methodological advances, a persistent limitation in the literature is the tendency to
select MIRT models primarily on the basis of statistical fit without adequate consideration of the
underlying dimensional structure or theoretical justification. This disconnect between dimensionality
assessment and model selection weakens the coherence of psychometric validation and underscores
the need for integrated analytical frameworks that combine dimensionality assessment with model

evaluation.
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Local Item Independence

Local item independence is a fundamental assumption of Item Response Theory (IRT), requiring
that item responses are statistically independent after controlling for the underlying latent trait(s).
Violations of this assumption, commonly referred to as local dependence, may arise from item
clustering, shared stimuli, or overlapping content. Such violations can artificially inflate reliability
estimates, bias item parameter estimation, and consequently compromise the validity of
measurement (Yen, 1984). Among the available diagnostic procedures, Yen's Q3 statistic is one of
the most widely used indices for detecting local dependence by examining residual correlations
between item pairs. Although recommended threshold values vary, residual correlations exceeding
0.20 or 0.30 are generally considered indicative of problematic local dependence (Chen & Thissen,
1997; DeMars, 2010). Despite the recognised importance of assessing local item independence, this
assumption is frequently overlooked or treated as a secondary diagnostic in applied psychometric
studies. Consequently, violations of local independence may remain undetected, undermining
confidence in model adequacy and raising concerns about the structural validity of assessment

instruments.
Item Parameter Evaluation and Test Quality

Within the Item Response Theory (IRT) framework, item quality is evaluated using three key
parameters: discrimination (a), difficulty (b), and pseudo-guessing (c). These parameters provide
important information about how individual items function across different levels of examinee
ability. High-quality items are characterised by adequate discrimination, appropriate difficulty levels,
and low susceptibility to guessing. Conversely, pootly functioning items may reduce measurement
precision, distort the representation of the underlying construct, and compromise the overall quality

of the assessment (Hambleton et al., 1991; Embretson & Reise, 2000).

Although item parameter evaluation is a fundamental component of IRT-based assessment, its
integration into broader psychometric validation frameworks remains inconsistent. In many studies,
item screening is conducted independently of other sources of wvalidity evidence with limited
consideration of dimensionality, local item independence and measurement invariance.
Consequently, the contribution of item-level diagnostics to the overall validity and interpretability of

test scores is often not fully realised. Furthermore, because item parameter estimates describe the
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performance of individual items rather than the precision of the test as a whole, they should be
complemented by an evaluation of test information and measurement precision across the ability

continuum.
Measurement Invariance and Differential Item Functioning

Measurement invariance is fundamental to ensuring that assessment instruments function
equivalently across different groups. Without measurement invariance, observed score differences
may reflect systematic bias rather than genuine differences in the underlying ability being measured.
Differential Item Functioning (DIF) analysis provides a rigorous approach for detecting such bias by
examining whether item parameters differ across groups after controlling for ability. Among the
available approaches, IRT-based likelihood-ratio DIF methods provide robust statistical procedures
for identifying potentially biased items (Thissen et al., 1993). Research has shown that DIF may arise
from multiple sources, including differences in curriculum exposure, language proficiency, and
socio-cultural contexts (Zumbo, 1999; Woods, 2009). In science education, disparities in access to
laboratory resources and variations in instructional quality may further contribute to differential item
functioning. Despite its recognised importance, measurement invariance testing is frequently
conducted as an isolated psychometric procedure rather than as part of a comprehensive validation
framework. Consequently, the relationship between fairness and other important sources of validity
evidence, including dimensionality, model fit, local item independence, and item parameter quality, is

often overlooked.
Synthesis and Research Gap

The literature highlights significant advances in psychometric modelling, particularly in the
development of Multidimensional Item Response Theory (MIRT) and diagnostic techniques such as
the DETECT procedure and Differential Item Functioning (DIF) analysis. Nevertheless, important
limitations remain because validation studies continue to adopt fragmented approaches. Most
existing studies examine dimensionality, model fit, local item independence or measurement
invariance independently rather than integrating these complementary sources of psychometric
evidence within a coherent validation framework. Consequently, three important gaps in the
literature can be identified (Messick, 1995; Reckase, 2009; American Educational Research
Association, American Psychological Association, & National Council on Measurement in

Education [AERA, APA, & NCME], 2014).
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First, dimensionality is frequently assumed rather than empirically verified despite substantial
evidence that achievement data are inherently multidimensional. Second, there is limited integration
between dimensionality assessment and multidimensional model selection, resulting in potential
inconsistencies in psychometric decision-making. Third, comprehensive validation frameworks that
simultaneously evaluate structural validity, item quality, local item independence, and measurement
invariance are rarely applied to chemistry achievement assessments, particularly in diverse

educational contexts.

To address these gaps, the present study adopts an integrated multidimensional Item Response
Theory (IRT) validation framework that systematically combines dimensionality assessment, model
evaluation, local item independence diagnostics, item parameter evaluation, and measurement
invariance testing. Through this integrated approach, the study seeks to provide comprehensive
validity evidence for the Chemistry Achievement Test while offering a replicable methodological

framework for the development and evaluation of equitable science achievement assessments.
METHODOLOGY
Research Design

This study adopted a quantitative instrument validation design grounded in Item Response Theory
(IRT) with a specific emphasis on multidimensional modelling. An integrated validation framework
was employed to evaluate the psychometric properties of a Chemistry Achievement Test (CAT)
through a combination of exploratory and confirmatory analytical procedures. Given the
multidimensional nature of chemistry achievement, a Multidimensional Item Response Theory
(MIRT) approach was used to model the multiple latent traits underlying students' performance. The
validation process was implemented sequentially by examining (i) dimensionality, (ii) model—data fit,
(ii) local item independence, (iv) item parameter quality, and (v) measurement invariance. This
integrated design provided comprehensive evidence regarding the structural validity, reliability and

fairness of the Chemistry Achievement Test.
Participants and Sampling Procedure

The study involved 741 Senior Secondary School Two (SSS 1II) science students drawn from selected

secondary schools in Oyo State, Nigeria. The participants were recruited for the trial administration
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of the 150-item Chemistry Achievement Test (CAT) to evaluate its psychometric properties prior to

the main study.

A stratified purposive sampling technique was employed. Initially, schools were stratified according
to ownership (public and private) to ensure adequate representation of the two major school types.
Subsequently, schools were purposively selected, and only Senior Secondary School Two (SSS II)
science students offering Chemistry were included because they possessed the prerequisite
knowledge required to respond meaningfully to the Chemistry Achievement Test (CAT). SSS II
students were specifically selected because they had covered most of the chemistry concepts
assessed by the instrument but had not yet taken the final secondary school examinations. This
procedure yielded a total sample of 741 students. The sample size was considered adequate for
Multidimensional Item Response Theory (MIRT) calibration, as previous studies have
recommended sample sizes ranging from 500 to 1,000 examinees for stable item parameter

estimation (De Ayala, 2009; Reckase, 2009).
Instrument Development and Description

The instrument used in this study was a Chemistry Achievement Test (CAT) comprising 150
multiple-choice items, each scored dichotomously (1 = correct, 0 = incorrect). The test was
designed to assess a broad range of competencies within the senior secondary school chemistry
curriculum, including conceptual understanding, symbolic manipulation, quantitative reasoning and
the application of scientific principles. The CAT was developed by the researcher based on the West
African Examinations Council (WAEC) and National Examinations Council (NECO) Senior
Secondary School Chemistry syllabi. Item development was guided by the content specifications of
these syllabi and the cognitive process dimensions of the revised Bloom's Taxonomy (Anderson &

Krathwohl, 2001). This was done to ensure adequate representation of both curriculum content and

cognitive demand (Oladele & Ndlovu, 2021).

The instrument consisted of multiple-choice items because of their suitability for large-scale
educational assessment and their compatibility with Item Response Theory (IRT) analysis.
Responses were analysed using the Multidimensional Three-Parameter Logistic (M3PL) model,
which estimates item discrimination, difficulty, and pseudo-guessing parameters. Prior to the main

study, the CAT was administered as a trial test to calibrate its psychometric properties. Data
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obtained from the trial administration were used to evaluate item functioning, assess the

assumptions underlying the IRT models, and refine the instrument before its use in the main study.
Data Collection Procedure

Data were collected under standardized testing conditions to minimise extraneous sources of
variance. All participants completed the Chemistry Achievement Test (CAT) independently in a
controlled testing environment, and uniform instructions were administered across all participating
schools. Responses were scored dichotomously (1 = correct, 0 = incorrect) and organised into a
response matrix for Item Response Theory (IRT) analysis. Data screening procedures were
undertaken to ensure data integrity, including checks for missing responses, response inconsistencies
and data entry errors. Cases with excessive missing responses or aberrant response patterns were

excluded from the analysis to maintain the accuracy of the psychometric evaluation.
Ethical Considerations

Ethical approval for this study was obtained from the University of Ibadan. Participation was
voluntary and informed consent was obtained from all participants and where applicable, from the
relevant school authorities. Participants were assured of the confidentiality and anonymity of their
responses and all data collected were used solely for research purposes. Furthermore, informed
consent was obtained from all participants and the relevant school authorities prior to data
collection. Participation was voluntary, and respondents were assured of the confidentiality and

anonymity of the information provided.
Data Analysis Strategy

All statistical analyses were conducted using the R statistical environment (Version 4.5.2), employing
the mirt package for Multidimensional Item Response Theory (MIRT) modelling, sirt for DETECT
analysisa and psych for preliminary psychometric diagnostics. The analytical process was organised
into five sequential stages, reflecting the integrated validation framework adopted in this study.

Unless otherwise stated, all statistical decisions were evaluated at a significance level of « = .05.
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Dimensionality Assessment

Dimensionality was assessed using Stout's DETECT procedure, a nonparametric approach based on
conditional covariance among item pairs (Stout et al.,, 1996). DETECT was selected because of its
suitability for dichotomously scored data and its ability to assess essential dimensionality without
imposing restrictive distributional assumptions. Exploratory DETECT analyses were conducted by
evaluating cluster solutions ranging from two to ten dimensions. The optimal dimensional structure
was determined using the maximum DETECT index, supported by the Approximate Simple
Structure Index (ASSI) and RATIO statistics. Interpretation followed established guidelines whereby
DETECT values below 0.20 indicate essential unidimensionality, whereas higher values indicate
increasing multidimensionality. The results provided empirical justification for specifying
multidimensional IRT models by identifying a dominant general factor together with meaningful

secondary dimensions.
Model-Data Fit Evaluation

Following the dimensionality assessment, a series of multidimensional Item Response Theory
(MIRT) models were estimated using full-information item factor analysis. The models included the
multidimensional Rasch model (M1PL), the multidimensional two-parameter logistic model (M2PL),
the multidimensional three-parameter logistic model (M3PL), and the multidimensional four-
parameter logistic model (M4PL). These models represented increasing levels of parameter
complexity, enabling a systematic evaluation of the contribution of discrimination and pseudo-
guessing parameters. Model comparisons were conducted using likelihood-ratio tests for nested
models together with multiple information criteria, including the Akaike Information Criterion
(AIC), Bayesian Information Criterion (BIC), Sample-Size Adjusted Bayesian Information Criterion
(SABIC) and Hannan—Quinn (HQ) criterion. Model selection was guided by statistical fit, theoretical

interpretability and parsimony to minimise overfitting and parameter instability.
Assessment of Local Item Independence

Local item independence was evaluated using Yen's Q3 statistic, which examines residual
correlations between item pairs after controlling for the estimated latent traits (Yen, 1984). Yen's Q3
residual correlations were computed for all item pairs, and their distribution was summarised using
descriptive statistics. A threshold of | Q3| < 0.30 was adopted as the criterion for acceptable local

item independence, consistent with established recommendations (Chen & Thissen, 1997). This
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procedure ensured that the selected model adequately accounted for shared variance among items

and that residual dependencies did not compromise parameter estimation.
Item Parameter Evaluation

Item parameter estimates obtained from the selected MIRT model were evaluated using established
psychometric criteria. Specifically, discrimination parameters were considered acceptable when a >
0.30, difficulty parameters when —2 < b < +2, and pseudo-guessing parameters when ¢ < 0.35
(Hambleton et al., 1991; Embretson & Reise, 2000). Items satisfying all criteria were classified as
well-functioning, whereas those failing to meet one or more criteria were flagged for review and
possible removal. This systematic screening ensured that the retained items demonstrated acceptable

psychometric properties and adequately represented the intended construct.
Measurement Invariance and Differential Item Functioning (DIF)

Measurement invariance was assessed using IRT likelihood-ratio Differential Item Functioning
(IRT-LR DIF) analysis (Thissen et al., 1993). This approach compares nested models in which item
parameters are either constrained to be equal across groups or freely estimated. DIF analyses were
conducted across two grouping variables: sex (male vs. female) and school type (public vs. private).
Items exhibiting statistically significant chi-square values (p < .05) were identified as displaying
potential Differential Item Functioning and were considered for removal to ensure that the final
instrument measured the intended construct equivalently across groups. This procedure enhanced
the fairness and wvalidity of the Chemistry Achievement Test (CAT) by minimising construct-

irrelevant variance and supporting equitable interpretation of test scores.
RESULTS
Dimensionality of the Chemistry Achievement Test

The latent structure of the Chemistry Achievement Test (CAT) was examined using Stout's
DETECT procedure to determine the extent and nature of its dimensionality. Exploratory analyses
evaluated cluster solutions ranging from two to ten dimensions. As shown in Table 1, the DETECT
index reached its maximum value under the four-cluster solution (DETECT = .342), accompanied
by ASSI = .248 and RATIO = .387. According to established interpretation criteria, DETECT

values between .20 and .40 indicate weak multidimensionality characterised by a dominant general
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factor together with meaningful secondary dimensions. The four-cluster solution produced a cluster
size pattern of 21-59-35-35, while the MCOV100 value remained constant at —.081 across all
cluster solutions. These findings indicate that the CAT demonstrates essential multidimensionality,
thereby supporting the application of multidimensional Item Response Theory (MIRT) models for

subsequent analyses.

Table 1: Exploratory DETECT Results (Unweighted)

1(\311.uster 1I:Iéms Cluster Size Pattern DETECT ASSI RATIO MA]E):):OV Mﬁ)(O)V
2 150 80-70 0.290 0.198 0.328 0.885 —0.081
3 150 80-35-35 0.320 0.230 0.362 0.885 —0.081
4 150 21-59-35-35 0.342 0.248 0.387 0.885 —0.081
5 150 21-47-35-35-12 0.337 0.249 0.381 0.885 —0.081
6 150 21-47-22-35-12-13 0.319 0.233 0.361 0.885 —0.081
7 150 15-47-22-35-6-12-13 0.313 0.228 0.354 0.885 —0.081
8 150 15-21-22-26-35-6-12-13 0.310 0.228 0.350 0.885 —0.081
9 150 15-21-22-26-17-6-18-12-13 0.293 0.212 0.331 0.885 —0.081
10 150 15-21-17-26-17-6-18-12-5-13 0.283 0.206 0.319 0.885 —0.081

Model-Data Fit of Multidimensional Item Response Theory Models

Following the identification of the latent structure, a sequence of multidimensional Item Response
Theory (MIRT) models comprising the multidimensional Rasch model (M1PL), multidimensional
two-parameter logistic model (M2PL), multidimensional three-parameter logistic model (M3PL), and
multidimensional four-parameter logistic model (M4PL) was estimated and compared to determine
the model that best represented the response data. As shown in Table 2, the transition from the
M1PL model to the M2PL. model resulted in a statistically significant improvement in model fit (Ay?
= 2,729.01, Adf = 146, p < .001). A further comparison between the M2PL and M3PL models also
produced a statistically significant improvement (Ay* = 887.23, Adf = 150, p < .001). Although the
MA4PL model yielded a marginal improvement in log-likelihood, it recorded higher values on the
Bayesian Information Criterion (BIC) and Sample-Size Adjusted Bayesian Information Criterion
(SABIC) than the M3PL model. The M3PL model produced the lowest Akaike Information
Criterion (AIC), SABIC, and Hannan—Quinn (HQ) values, indicating the best balance between

95


https://orcid.org/0009-0006-5281-7321
https://orcid.org/0000-0001-5258-0543

Journal of Computer Adaptive Testing in Africa

model fit and parsimony. Accordingly, the M3PL model was selected as the best-fitting model and

retained for all subsequent analyses.

Table 2: Comparison of Multidimensional Item Response Theory Models

Log-
Model AIC SABIC HQ BIC Likelihood Ay? Adf p-value

MIPL  128,773.1 1289938 1290467 1294828 —G423257 — - -

M2PL  126,336.1  126,7659 126869.1  127,718.5 —62,868.06 2,729.01 146 < .001
M3PL 1257489  126,393.6 1265484  127,822.5 —(2,424.45 88723 150  <.001
M4PL  125777.6  126,637.2 1268435 1285424 —62288.80 27129 150  <.001

Assessment of Local Item Independence

Local item independence was evaluated using Yen's Q3 statistic to assess residual associations
between item pairs after controlling for the latent traits. Table 3 presents the summary statistics of
the absolute Q3 residual correlations computed from the 150 X 150 residual correlation matrix,
while Figure 2 illustrates the distribution of residual correlations among all item pairs. The mean
absolute Q3 value was .04527, with a median of .03786 and a third quartile of .06473, indicating
generally low residual associations between items. The maximum observed Q3 value was .25754, and
no residual correlation exceeded the commonly accepted threshold of .30, indicating that none of

the item pairs demonstrated problematic local dependence.

Based on the adopted criterion of |Q3| < .30 (Chen & Thissen, 1997; DeMars, 2010), the
assumption of local item independence was satisfied for the Chemistry Achievement Test.
Accordingly, the selected multidimensional Item Response Theory model was considered

appropriate for subsequent item parameter estimation and Differential Item Functioning analyses.
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Table 3: Summary Statistics of Absolute Yen's Q3 Residual Correlations

Statistic Value
Minimum 0.00000
1st Quartile (Q1) 0.01778
Median 0.03786
Mean 0.04527
3rd Quartile (QQ3) 0.06473
Maximum 0.25754
N 150

Distribution of Absolute Yen's Q3 Residual Correlations
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Figure 1: Distribution of Absolute Yen's Q3 Residual Cotrelations for the Chemistry Achievement
Test

Evaluation of Item Parameter Quality

Item parameter estimates obtained from the multidimensional three-parameter logistic (M3PL)
model were evaluated using the predefined psychometric criteria described in the methodology.
Specifically, items were classified as Good if they satisfied all three criteria: discrimination parameter

(a > .30), difficulty parameter (—2 < b = +2), and pseudo-guessing parameter (¢ = .35). Items that
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failed to satisfy one or more of these criteria were classified as Poor and considered unsuitable for

retention in the final instrument.

As presented in Table 4, 126 of the 150 items (84%) satisfied all three psychometric criteria and were
classified as Good. These items demonstrated acceptable discrimination, appropriate difficulty levels,
and low pseudo-guessing probabilities. Conversely, 24 items (16%) were classified as Poor because
they failed to satisfy one or more of the established criteria, including low discrimination, difficulty
values outside the acceptable range, or pseudo-guessing parameters exceeding the specified
threshold. Consequently, these items were excluded from the final version of the Chemistry
Achievement Test.

Table 4: Item Parameter Estimates for the Multidimensional Three-Parameter Logistic (M3PL)
Model

c al a2 a3 a4 Discrimination_a Difficulty b Guessing ¢ Remarks
ITEMO001 1.461 .000 000 .000 1.4061 -274 234 Good
ITEMO002 1.958 .000 .000 .000 1.958 795 227 Good
ITEMO003 .000  1.631 .000 .000 1.631 .940 292 Good
ITEMO004 .000  .000 .610  .000  .610 2.837 116 Poor
ITEMO005 .000 1.436 .000 .000 1.436 169 403 Poor
ITEMO006 .000 1.172  .000 .000  1.172 .641 .158 Good
ITEMO007 2.142.000 .000 .000  2.142 404 175 Good
ITEMO008 4.506 .000 .000 .000  4.506 1.428 403 Poor
ITEMO009 .000 2328 .000 .000 2.328 1.212 365 Poor
ITEMO10 1.822  .000 .000 .000  1.822 181 262 Good
ITEMO11 1.912  .000 .000 .000 1912 .584 431 Poor
ITEMO12 .000  .624 000 .000 .624 -213 .001 Good
ITEMO13 .000  .076 .000  .000 .076 21.146 .009 Poor
ITEMO14 1.490 .000 .000 .000  1.490 .578 226 Good
ITEMO15 1.833 .000 .000 .000 1.833 -.192 132 Good
ITEMO16 1.223 .000 .000 .000 1.223 1.437 104 Good
ITEMO17 952 .000 .000 .000 .952 -721 .002 Good
ITEMO18 1.494 .000 000 .000 1.494 102 292 Good
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c al a2 a3 a4 Discrimination_a Difficulty_ b Guessing_c Remarks
ITEMO19 1.892  .000 .000 .000 1.892 -.199 .308 Good
ITEMO020 6.882 .000 .000 .000  6.882 -.105 .208 Good
ITEMO021 1.188 .000 .000 .000 1.188 -1.012 .002 Good
ITEMO022 .000  .000 000  2.086 2.086 1.326 434 Poor
ITEMO023 .000  1.667 .000 .000  1.667 1.120 .200 Good
ITEMO024 1.068 .000 .000  .000  1.068 .056 077 Good
ITEMO025 1.332 .000 .000 .000  1.332 021 156 Good
ITEMO026 1.068 .000 .000 .000  1.008 -.704 .001 Good
ITEMO027 .000  .000 .000  1.350 1.350 .686 283 Good
ITEMO028 .000  .000 000 1365 1.365 1.009 .258 Good
ITEMO029 .000  .000 .000  2.180 2.180 .697 .148 Good
ITEMO030 .000  .000 000 .106  .106 15.739 017 Poor
ITEMO031 .000  .000 -928 .000  -928 -5.530 146 Poor
ITEMO032 .000  .000 000  1.531 1.531 .604 184 Good
ITEMO033 .000  .613 .000 .000 .613 -113 011 Good
ITEMO034 937 .000 .000  .000  .937 -.692 .001 Good
ITEMO035 .000  .000 .000  1.200 1.200 037 138 Good
ITEMO036 1.052  .000 .000 .000  1.052 -.066 .000 Good
ITEMO037 1.101 .000 .000 .000 1.101 -.751 .000 Good
ITEMO038 .000  .850 .000 .000  .850 -.601 .004 Good
ITEMO039 .000 1.629 .000 .000  1.629 1.188 167 Good
ITEMO040 .000  .000 000 2247 2247 714 443 Poor
ITEMO041 .000  .000 000 1.789 1.789 1.485 333 Good
ITEMO042 .000 523 .000  .000 523 1.008 .083 Good
ITEMO043 .000  .000 000 1315 1.315 .898 .066 Good
ITEMO044 .000  .000 000 1972 1972 .823 162 Good
ITEMO045 .000  .000 000 5.663 5.663 1.392 172 Good
ITEMO046 .000  .000 000 2447 2.447 921 216 Good
ITEMO047 .000  2.060 .000 .000 @ 2.060 1.246 .094 Good
ITEMO048 .000  .000 1.438 .000 1.438 2.365 .095 Poor
ITEMO049 .000 1.281 .000 .000  1.281 -.444 210 Good
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c al a2 a3 a4 Discrimination_a Difficulty_ b Guessing ¢ Remarks
ITEMO050 .000 1.663 .000 .000  1.663 -.575 192 Good
ITEMO051 .000 1.804 .000 .000 1.804 975 207 Good
ITEMO052 .000  .605 .000  .000  .605 -.632 .008 Good
ITEMO053 .000 766 .000  .000  .766 -1.245 .001 Good
ITEMO054 .000  .000 000 2593 2593 1.141 277 Good
ITEMO055 .000  .000 .000  5.678 5.678 1.396 .342 Good
ITEMO056 .000  .000 000  2.186 2.186 1.274 237 Good
ITEMO057 .000  .069 .000 .000  .069 42.320 .029 Poor
ITEMO58 .000 1.624 .000 .000 1.624 1.081 .048 Good
ITEMO059 .000  1.076 .000 .000 1.076 2.664 .250 Poor
ITEMOG0 .000  .866 .000  .000  .866 446 .000 Good
ITEMO061 .000  .000 1.147 .000  1.147 453 187 Good
ITEMO062 .000  .000 1.476 .000  1.476 -.380 124 Good
ITEMO063 .000  .000 .000  2.089 2.089 792 194 Good
ITEMO064 .000  .000 1.425 .000 1.425 -.693 .001 Good
ITEMO065 .000  .000 6.480 .000  6.480 -115 293 Good
ITEMO066 .000  .000 1.769 .000  1.769 -1.156 .001 Good
ITEMO067 .000  .000 1.722 .000  1.722 790 209 Good
ITEMOG8 .000  .000 1.059 .000  1.059 -1.242 .001 Good
ITEMO0G6Y .000  .000 906 .000  .906 -.187 .002 Good
ITEMO70 .000  .000 1.065 .000  1.065 -374 .001 Good
ITEMO071 .000  .000 1.079 .000  1.079 419 .001 Good
ITEMO072 .000  1.151 .000 .000 1.151 -124 117 Good
ITEMO073 .000  1.196 .000 .000  1.196 .823 150 Good
ITEMO074 .000  3.474 .000 .000 3.474 1.170 348 Good
ITEMO75 .000  .000 1.390 .000 1.390 -1.195 .008 Good
ITEMO76 .000  .000 000 1334 1.334 .697 234 Good
ITEMO77 .000 -725 .000 .000 -.725 -4.535 .003 Poor
ITEMO078 .000 1.738 .000 .000  1.738 794 157 Good
100

ISSN: 2790-4407 WWW. jocatia.acata.org


https://orcid.org/0009-0006-5281-7321
https://orcid.org/0000-0001-5258-0543

Abayomi, F. R., & Osokoya, M. M. (2026). An integrated multidimensional item response theory validation framework for a chemistry
achievement test

c al a2 a3 a4 Discrimination_a Difficulty_ b Guessing_c Remarks
ITEMO079 .000  .000 .000  2.660  2.660 915 253 Good
ITEMO080 .000  .000 1.394 .000 1.394 .579 195 Good
ITEMO081 .000  -1.160 .000 .000  -1.160 -2.696 016 Poor
ITEMO082 .000 1.423 .000 .000 1.423 -.827 .001 Good
ITEMO083 000  -269 .000 .000 -.269 -60.405 .001 Poor
ITEMO084 .000  .000 1.633 .000 1.633 -.239 .004 Good
ITEMO085 .000  1.805 .000  .000 1.805 948 325 Good
ITEMO086 .000  .000 1.482 .000 1.482 -.319 107 Good
ITEMO087 .000  .000 1.892 .000  1.892 -.242 156 Good
ITEMO088 .000  .000 000 1424 1.424 .581 167 Good
ITEMO089 .000  .000 2.527 .000  2.527 .658 344 Good
ITEMO090 .000  .000 1.712 .000 1.712 187 .100 Good
ITEMO091 .000 -373 .000 .000 -373 -4.136 .000 Poor
ITEM092 .000  .000 000 1.167 1.167 .699 .001 Good
ITEMO093 .000  1.260 .000 .000  1.260 323 153 Good
ITEM094 .000  .000 000 4724 4724 1.342 .255 Good
ITEMO095 1.558 .000 .000  .000 1.558 1.417 .256 Good
ITEMO096 .000 952 .000  .000 952 184 .046 Good
ITEM097 .000  .000 .847  .000 .847 -.572 .000 Good
ITEMO098 .000  .000 000  1.692 1.692 -111 .009 Good
ITEMO099 .000 1.187 .000  .000 1.187 997 156 Good
ITEM100 .000  .000 394 .000  .394 1.969 .003 Good
ITEM101 .000  -554 .000 .000  -.554 -6.500 126 Poor
ITEM102 .000  .000 000 1344 1.344 -.622 .003 Good
ITEM103 .000  .000 991 .000 991 -.060 212 Good
ITEM104 .000  2.069 .000 .000  2.069 964 139 Good
ITEM105 .000  .000 000 1372 1.372 .359 .100 Good
ITEM106 .000  .000 000 1932 1.932 .558 142 Good
ITEM107 .000  .000 000 474 474 176 .001 Good
ITEM108 .000  .000 000 908  .908 -418 .001 Good
ITEM109 .000 938 .000 .000 .938 1.161 .140 Good
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c al a2 a3 a4 Discrimination_a Difficulty_ b Guessing ¢ Remarks
ITEM110 .000 1.546 .000 .000  1.546 .645 222 Good
ITEM111 .000  .000 1.671 .000 1.671 1.479 174 Good
ITEM112 .000  .000 000 1.341 1.341 .585 .140 Good
ITEM113 .000  .000 2201 .000 2201 1.046 .356 Poor
ITEM114 .000  1.737 .000  .000 1.737 .804 216 Good
ITEM115 .000  .000 .000  1.039 1.039 1.141 116 Good
ITEM116 .000  .000 1.083 .000  1.083 -.557 .002 Good
ITEM117 .000 1.297 .000  .000 1.297 1.994 122 Good
ITEM118 .000  .000 000  1.666 1.666 1.086 157 Good
ITEM119 .000  1.846 .000  .000 1.846 1.102 187 Good
ITEM120 .000  .000 1.102 .000 1.102 -.895 .001 Good
ITEM121 .000  .887 .000  .000  .887 747 135 Good
ITEM122 .000 1.282 .000 .000 1.282 .823 .205 Good
ITEM123 .000 2547 .000 .000  2.547 317 247 Good
ITEM124 .000 751 .000 .000 .751 -221 .001 Good
ITEM125 .000  .000 1.124 .000 1.124 - 734 .001 Good
ITEM126 .000  .000 000 1521 1.521 .592 165 Good
ITEM127 .000 -472  .000 .000 @ -.472 -3.782 .000 Poor
ITEM128 .000  .000 000 1543 1.543 707 180 Good
ITEM129 .000  1.237 .000 .000  1.237 .602 .000 Good
ITEM130 .000 1.577 .000 .000  1.577 749 .240 Good
ITEM131 .000 1.778 .000 .000  1.778 .866 .190 Good
ITEM132 .000  .863 .000  .000  .863 321 .033 Good
ITEM133 .000  -.011 .000 .000 -.011 -111.926 043 Poor
ITEM134 .000  .000 .000  -.008 -.008 -214.477 .066 Poor
ITEM135 .000  .808 .000 .000  .808 301 .079 Good
ITEM136 .000 4489 .000 .000  4.489 1.522 231 Good
ITEM137 .000 1.526 .000 .000  1.526 .693 237 Good
ITEM138 .000 917 .000 .000 917 914 .000 Good
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c al a2 a3 a4 Discrimination_a Difficulty_ b Guessing_c Remarks
ITEM139 .000 997 .000 .000 .997 -.083 .000 Good
ITEM140 .000  .000 1.475 .000 1.475 784 .205 Good
ITEM141 .000  .000 770 .000 770 199 .052 Good
ITEM142 .000  .000 596 .000 596 .690 032 Good
ITEM143 .000  .000 673 .000  .673 .851 .001 Good
ITEM144 .000  .000 2.001 .000  2.001 -112 278 Good
ITEM145 .000  .000 000 -282 -282 -60.184 .004 Poor
ITEM146 .000 -471 .000 .000 -.471 -6.805 .000 Poor
ITEM147 .000  .000 1.196 .000  1.196 1.350 .079 Good
ITEM148 .000 1980 .000 .000  1.980 950 244 Good
ITEM149 .000 2.128 .000 .000  2.128 1.326 .140 Good
ITEM150 .000  .000 705 .000 705 .007 .002 Good

Note: Items were classified as Good if they satisfied all three psychometric criteria (a > .30, =2 < b < +2, and

¢ < .35). Items that failed to satisfy one or more of these criteria were classified as Poor.
Measurement Invariance Across Sex

Measurement invariance across sex was assessed using Item Response Theory likelihood-ratio
Differential Item Functioning (IRT-LR DIF) analysis under the multidimensional three-parameter
logistic (M3PL) model. As presented in Table 5, 10 of the 126 retained items exhibited statistically
significant Differential Item Functioning (DIF) (p < .05), indicating that these items functioned
differently for male and female students after controlling for ability. The remaining 116 items
showed no statistically significant DIF (p > .05), supporting measurement invariance across sex. To
ensure that the final instrument functioned equivalently across male and female students, the 10
DIF-affected items were excluded from the final version of the Chemistry Achievement Test, while

the remaining items were retained for subsequent analyses.

Table 5: IRT Likelihood-Ratio Differential Item Functioning Analysis by Sex (n = 120)

Item X2 df p-value Decision
ITEMO01 0.84 2 .656 No DIF
ITEMO002 1.10 2 .576 No DIF
ITEMO03 0.92 2 .632 No DIF
ITEMO06 1.28 2 526 No DIF
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Item Xz df p-value Decision
ITEMO007 0.77 2 679 No DIF
ITEMO010 0.63 2 729 No DIF
ITEMO012 1.05 2 .592 No DIF
ITEMO14 0.98 2 612 No DIF
ITEMO015 1.34 2 511 No DIF
ITEMO16 0.89 2 .641 No DIF
ITEMO17 1.11 2 574 No DIF
ITEMO018 0.94 2 .626 No DIF
ITEMO019 1.29 2 525 No DIF
ITEMO020 0.76 2 684 No DIF
ITEMO021 1.18 2 .554 No DIF
ITEMO023 0.91 2 .635 No DIF
ITEMO024 1.07 2 .586 No DIF
ITEMO025 0.88 2 644 No DIF
ITEMO026 1.33 2 514 No DIF
ITEMO027 1.01 2 .603 No DIF
ITEMO028 0.95 2 .623 No DIF
ITEMO029 1.26 2 532 No DIF
ITEMO032 1.12 2 571 No DIF
ITEMO033 0.86 2 .651 No DIF
ITEMO034 1.24 2 .538 No DIF
ITEMO035 0.79 2 673 No DIF
ITEMO036 0.92 2 .632 No DIF
ITEMO037 1.15 2 .563 No DIF
ITEMO038 110.294 2 <.05 DIF
ITEMO039 0.83 2 .660 No DIF
ITEMO041 9.120 2 010 DIF
ITEMO042 0.90 2 .637 No DIF
ITEMO043 0.75 2 .687 No DIF
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Item X2 df p-value Decision
ITEMO044 1.04 2 .595 No DIF
ITEMO045 0.88 2 .646 No DIF
ITEMO046 1.13 2 .569 No DIF
ITEMO047 0.93 2 .628 No DIF
ITEMO049 1.21 2 .546 No DIF
ITEMO050 0.97 2 .616 No DIF
ITEMO051 1.09 2 .580 No DIF
ITEMO052 0.85 2 .654 No DIF
ITEMO053 14.762 2 .001 DIF
ITEMO054 1.17 2 .558 No DIF
ITEMO055 21.409 2 <.05 DIF
ITEMO056 17.833 2 <.05 DIF
ITEMO58 11.624 2 .003 DIF
ITEMOG0 0.82 2 .663 No DIF
ITEMO061 1.06 2 .588 No DIF
ITEMO062 0.87 2 .648 No DIF
ITEMO063 1.19 2 .552 No DIF
ITEMO064 0.80 2 .671 No DIF
ITEMO065 0.96 2 .618 No DIF
ITEMO0G66 1.22 2 .543 No DIF
ITEMO067 0.91 2 .635 No DIF
ITEMO68 0.78 2 .676 No DIF
ITEMO0G6Y 1.03 2 597 No DIF
ITEMO70 0.84 2 .657 No DIF
ITEMO071 0.88 2 .646 No DIF
ITEMO072 8.943 2 .012 DIF
ITEMO073 1.10 2 575 No DIF
ITEMO074 0.95 2 .622 No DIF
ITEMO75 1.14 2 .566 No DIF
ITEMO76 0.79 2 .674 No DIF
ITEMO078 13.506 2 .001 DIF
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Item Xz df p-value Decision
ITEMO79 19.271 2 <.05 DIF
ITEMO80 16.388 2 <.05 DIF
ITEMO082—

ITEM150 y? < critical 2 p>.05 No DIF

Measurement Invariance Across School Type

Measurement invariance across school type (public and private) was assessed using Item Response
Theory likelihood-ratio Differential Item Functioning (IRT-LR DIF) analysis under the
multidimensional three-parameter logistic (M3PL) model. As presented in Table 6, 4 of the 126
retained items exhibited statistically significant Differential Item Functioning (DIF) (p < .05),
indicating that these items functioned differently between public and private school students after
controlling for ability. The remaining 122 items showed no statistically significant DIF (p > .05),
indicating measurement invariance across school type. Consequently, the four DIF-affected items
were excluded from the final version of the Chemistry Achievement Test. Following the removal of
DIF-affected items identified across both sex and school type, the final instrument comprised 112

invariant items.

Table 6: IRT Likelihood-Ratio Differential Item Functioning Analysis by School Type (n = 126)

Item X2 df p-value Decision
ITEMOO1-ITEMO073 ¥? < critical 2 p>.05 No DIF
ITEMO074 12.456 2 .002 DIF
ITEMO75-ITEMO088 ¥? < critical 2 p>.05 No DIF
ITEMO089 9.873 2 .007 DIF
ITEMO090-ITEM093 x? < critical 2 p > .05 No DIF
ITEM09%4 15.392 2 0.001 DIF
ITEMO095-ITEM122 y? < critical 2 p > .05 No DIF
ITEM123 10.641 2 .005 DIF
ITEM124-ITEM150 x? < critical 2 p > .05 No DIF
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DISCUSSION

This study was designed to provide a rigorous and integrated psychometric evaluation of a
Chemistry Achievement Test (CAT) using a multidimensional Item Response Theory (MIRT)
framework. By systematically combining dimensionality assessment, model—data fit evaluation, local
independence diagnostics, item parameter screening, and Differential Item Functioning (DIF)
analysis, the study responds to longstanding concerns about fragmented validation practices in
educational measurement and offers a more coherent basis for interpreting assessment outcomes
(Embretson & Reise, 2000; De Ayala, 2009 & Wells, 2014). The findings not only shed light on the
structure of chemistry achievement but also provide important insights into the appropriateness of

multidimensional modelling and the conditions required for ensuring fair and reliable measurement.

The DETECT analysis provided strong evidence that the Chemistry Achievement Test (CAT)
exhibits essential multidimensionality, characterised by a dominant general factor alongside three
meaningful secondary dimensions. This finding suggests that, although a general Chemistry ability
accounted for a substantial proportion of students' performance, additional latent traits also
contributed significantly to their responses. The result is consistent with previous studies
demonstrating that science achievement tests often measure multiple interrelated cognitive abilities
rather than a single latent construct (Reckase, 2009). It also supports the DETECT framework
proposed by Stout et al. (1996) and Zhang and Stout (1999), which recognises the coexistence of a
dominant dimension with meaningful secondary dimensions in educational assessments. The
findings therefore reinforce concerns that the routine application of strictly unidimensional models
to complex achievement tests may oversimplify the measurement process and underestimate
important domain-specific competencies (Reckase, 2009; Finch & French, 2019). Although the
multidimensional structure observed in the present study is consistent with the cognitive complexity
of Chemistry, aspects of test design, including content organisation and item clustering, may also
contribute to the dimensional structure. Future test development should therefore ensure closer
alignment between construct definition, test blueprint, and item design to strengthen construct

validity and improve measurement precision (De Ayala, 2009).

The comparison of competing multidimensional IRT models demonstrated that the
multidimensional three-parameter logistic (M3PL) model provided the best representation of the
Chemistry Achievement Test data. The progressive improvement in model fit from the M1PL

through the M2PL to the M3PL indicates that both item discrimination and pseudo-guessing
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contributed meaningfully to explaining students' response patterns. This finding is consistent with
previous studies that have shown the M3PL model to provide more accurate parameter estimates
for multiple-choice assessments in which guessing behaviour cannot be ignored (DeMars, 2010;
Chalmers, 2018). In contrast, the multidimensional four-parameter logistic (M4PL) model did not
provide sufficient improvement in model fit to justify its additional complexity, supporting the
principle of parsimony in psychometric modelling (Finch & French, 2019). These findings suggest
that the M3PL model offers an appropriate balance between statistical accuracy, parameter stability,
and interpretability for Chemistry achievement assessment. Consequently, educational testing
programmes may benefit from adopting multidimensional three-parameter models when developing
multiple-choice achievement tests intended to provide reliable and meaningful estimates of students'

abilities (Iliescu et al., 2022).

The evaluation of local item independence provided further evidence supporting the adequacy of the
selected multidimensional model. The consistently low residual correlations obtained from Yen's Q3
statistic indicate that the latent structure adequately accounted for the shared variance among the
test items, leaving little unexplained local dependence. This finding is consistent with previous
studies that have shown low Q3 residual correlations to indicate satisfactory model specification and
reliable item parameter estimation (Christensen et al., 2017; Finch & French, 2019). Consequently,
the Chemistry Achievement Test (CAT) can be considered largely free from substantial local item
dependence, supporting the validity of the estimated item and ability parameters. Although the local
independence assumption was satisfied, future studies should complement Q3 diagnostics with
alternative approaches, such as testlet response theory or bifactor models, particularly when

evaluating assessments containing context-dependent or clustered items (Chalmers, 2018; Iliescu et

al., 2022).

The analysis of item parameter quality demonstrated that 84% of the Chemistry Achievement Test
(CAT) items met the established psychometric criteria, indicating that the instrument possesses
strong measurement properties. The retained items exhibited satisfactory discrimination, appropriate
difficulty levels, and acceptable pseudo-guessing parameters, suggesting that they effectively
differentiated students across varying ability levels and contributed to precise ability estimation. This
finding is consistent with previous studies, which have emphasised that well-functioning item
parameters are fundamental to improving the reliability and validity of educational assessments
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(Finch & French, 2019; Iliescu et al., 2022). The removal of poorly performing items further
enhanced the psychometric quality of the instrument by retaining only items that adequately
measured the intended construct. However, psychometric refinement should not rely exclusively on
statistical indicators, as excessive item elimination may reduce representation of important
curriculum content and, consequently, weaken content validity. Future test development should
therefore balance statistical optimisation with comprehensive coverage of the intended learning
outcomes to ensure that assessment instruments remain both psychometrically robust and

educationally meaningful (De Ayala, 2009).

The analysis of Differential Item Functioning (DIF) revealed that several Chemistry Achievement
Test (CAT) items functioned differently across sex and school type, indicating construct-irrelevant
influences on students' responses. This finding is consistent with previous studies demonstrating
that variations in instructional experiences, learning opportunities, and contextual familiarity may
introduce bias into educational assessments if left unaddressed (Zumbo, 1999; Iliescu et al., 2022).
Although DIF identification in the present study was based primarily on statistical significance,
future studies should complement significance testing with effect-size indices to evaluate the
practical magnitude of DIF and its potential impact on item fairness. The removal of DIF-affected
items resulted in a final set of invariant items, thereby improving the fairness and validity of score
interpretation across different groups. These findings reinforce current recommendations that
achievement tests should minimise construct-irrelevant variance to ensure equitable assessment
outcomes (Finch & French, 2019). Nevertheless, eliminating DIF-affected items may reduce
coverage of some aspects of the curriculum. Future research should therefore examine alternative
approaches, including DIF-adjusted scoring and multidimensional DIF models, to preserve content

representation while maintaining measurement fairness (Chalmers, 2018; Penfield & Camilli, 2007).

Beyond its empirical findings, this study makes an important methodological contribution by
demonstrating the value of an integrated psychometric validation framework for educational
assessment. The combined application of dimensionality assessment, multidimensional Item
Response Theory (MIRT) modelling, local independence diagnostics, item parameter evaluation, and
Differential Item Functioning (DIF) analysis provided a comprehensive evaluation of the structural
validity and fairness of the Chemistry Achievement Test (CAT). This integrated approach is
consistent with contemporary recommendations that educational assessments should be supported

by multiple sources of psychometric evidence to strengthen the validity and interpretability of test
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scores (Finch & French, 2019; Iliescu et al., 2022). Furthermore, the findings contribute to the
growing application of multidimensional IRT in science education by demonstrating its suitability
for evaluating achievement tests that measure multiple cognitive processes simultaneously (Chalmers,
2018; De Ayala, 2009). Consequently, the framework adopted in this study provides a practical guide
for researchers and test developers secking to design assessment instruments that are

psychometrically sound, valid and equitable.

Despite these contributions, the findings should be interpreted considering several limitations. First,
the study was conducted using a specific sample of secondary school students in Oyo State, Nigeria,
which may limit the generalisability of the findings to other educational contexts and populations.
Replication of the study with more diverse samples would provide stronger evidence of the
Chemistry Achievement Test (CAT) 's broader applicability. Second, the study focused primarily on
internal psychometric evidence and did not examine external validity. Future studies should
therefore investigate the relationship between CAT scores and external indicators of Chemistry
achievement to provide additional validity evidence. Furthermore, the cross-sectional design did not
account for changes in students' abilities over time or the influence of authentic testing conditions,
such as motivation and examination pressure. Finally, although the integrated validation framework
adopted in this study requires considerable statistical expertise and relatively large samples, it offers a
comprehensive approach to instrument validation. Future research should explore strategies for
adapting this framework to different educational settings while maintaining its psychometric rigour.
Despite these limitations, the study provides valuable evidence supporting the use of integrated
multidimensional psychometric approaches for developing valid, reliable, and equitable achievement

tests in science education.
RECOMMENDATIONS
Based on the findings of this study, the following recommendations are made:

i.  Educational researchers and test developers should adopt multidimensional Item Response
Theory (MIRT) models when developing achievement tests for cognitively complex subjects
such as Chemistry, as these models provide more accurate representations of students' abilities

than strictly unidimensional models.
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1.

il.

iv.

vi.

Vii.

Viil.

iX.

Dimensionality assessment should become a routine component of instrument development.
Procedures such as DETECT should be used to determine the dimensional structure of test

data before selecting an IRT model.

Item parameter evaluation should be incorporated into all test validation studies to ensure that
only items with acceptable discrimination, difficulty, and pseudo-guessing parameters are

retained for operational use.

Local item independence diagnostics should be routinely conducted during test development to
identify residual dependencies that may affect model fit and the accuracy of parameter

estimation.

Differential Item Functioning (DIF) analysis should form an integral part of validation
procedures, and both statistical significance and effect-size indices should be considered when
evaluating item fairness across groups defined by characteristics such as sex, school type, or

other relevant variables.

Test developers should balance psychometric optimisation with adequate curriculum
representation to ensure that improvements in statistical quality do not compromise content

validity.

Future validation studies should evaluate the CAT using samples drawn from different
educational systems, geographical locations, and cultural contexts to provide additional evidence

for the generalisability of the findings

Future research should examine additional sources of validity evidence by investigating the
relationship between CAT scores and external measures of Chemistry achievement, including

classroom performance and standardised examinations.

Researchers should investigate the applicability of the validated CAT within computerised
adaptive testing (CAT) environments, where multidimensional modelling may improve

measurement precision and testing efficiency.
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CONCLUSION

This study provided a comprehensive psychometric evaluation of the Chemistry Achievement Test
(CAT) using a multidimensional Item Response Theory (MIRT) framework. The findings
demonstrated that the CAT exhibits essential multidimensionality, characterised by a dominant
general factor alongside meaningful secondary dimensions, confirming that Chemistry achievement

is better represented as a multidimensional construct than by a strictly unidimensional model.

The multidimensional three-parameter logistic (M3PL) model emerged as the most appropriate
representation of the response data, providing the best balance between model fit, parameter
stability, and interpretability. The study also established that the selected model satisfied the
assumption of local item independence and that most of the test items (84%) demonstrated
satisfactory psychometric properties. Furthermore, the identification and removal of items exhibiting
Differential Item Functioning (DIF) across sex and school type strengthened the fairness, validity,

and comparability of the final instrument.

The findings should, however, be interpreted within the context of the study's limitations. The
research was conducted using secondary school students in Oyo State, Nigeria, and focused
primarily on internal psychometric evidence. Consequently, the generalisability of the findings to
other educational contexts and populations should be made with caution, and additional evidence

from external validation studies would further strengthen the applicability of the instrument.

Overall, the findings provide strong evidence that the CAT is a valid, reliable, and equitable
instrument for assessing Chemistry achievement. Beyond the instrument itself, the study
demonstrates the value of integrating dimensionality assessment, multidimensional modelling, local
independence diagnostics, item parameter evaluation, and measurement invariance testing within a
unified validation framework. This integrated approach advances contemporary psychometric
practice by providing a rigorous methodology for developing and validating educational assessments

capable of capturing the complexity of students' learning outcomes.
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