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Summary 

Since 2010, the Key Stage 2 National Curriculum test in science that was taken by 

the whole national cohort at the age of 11 in England has been replaced with a 

sampling test. Pupils taking the sampling test come from a nationally representative 

sample of schools annually. The study reported in this paper compares the 

performance of different subgroups of the samples (classified by gender, ethnicity, 

English as an additional language, eligibility for free school meals, and special 

educational needs) in the test over the 2010 and 2011 test series. To study 

measurement invariance of the test across the different subgroups, factor analysis 

and Rasch modelling have been used to analyse item level data for differential item 

functioning (DIF) and differential test functioning (DTF) in order to investigate the 

functioning of the items in the tests and the overall tests across the subgroups. A 

range of measurement properties related to the science construct being measured by 

the tests, including dimensionality, item difficulty, expected scores on individual items 

and expected total test scores, have been examined. It is concluded that the Key 

Stage 2 science sampling tests function similarly across the different subgroups at 

both item level and the overall test level and provide a measure of pupils’ attainment 

in science on the same measurement scale for all subgroups studied over the past 

two years. 
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1. Introduction 

1.1 Measurement invariance and its importance 

Educational and psychological tests are often used for making inferences about the 

performances of individuals in the underlying theoretical constructs or latent traits. 

They should therefore provide a valid and reliable measure of all test-takers’ level on 

the latent construct being assessed. Since a test only represents one 

operationalization of the unobservable psychological construct, and its tasks or items 

only serve as indicators of the underlying construct, the accuracy of any inferences 

made based on individual test-takers’ results about their level on the assessed 

construct will depend to a certain extent on the accuracy of the operationalization of 

the construct. Meaningful and fair comparison of test performances between test-

takers from different subgroups within a population (or between test-takers from 

different populations) requires a high level of measurement invariance (MI) of the test 

across the different groups (or populations) (Dragow, 1984; Drasgov and Kanfer, 

1985; Reise, Widaman and Pugh, 1993; Carle, Millsap and Cole, 2008; Milfont and 

Fischer, 2010; Millsap, 2011; Zhang, Fokkema and Cuijpers et al., 2011; Dai, Han 

and Hu et al., 2011). Measurement invariance requires that a test measures the 

same construct in the same way for all subgroups of the population or that the 

measures for individuals from different subgroups are on the same measurement 

scale in terms of the underlying construct being assessed (Reise et al., 1993). In 

other words, measurement invariance requires that measures from a test be 

independent of other attributes of the test-takers (or invariant in relation to construct-

irrelevant aspects of the test-takers such as gender or ethnicity), other than the 

attribute the test is intended to measure. Individual test-takers with similar standing 

on the latent trait should perform similarly on test items and the overall test, 

regardless of which group they come from. 

Measurement invariance implies that the relationship between the properties of the 

measures from the test with respect to the underlying latent trait being measured by 

the test should be the same across the different subgroups of the population. 

However, a test is only an operationalization of the intended construct and is 

generally developed by test developers with particular knowledge of the domain of 

interest from which the test tasks are sampled and knowledge of the intended target 

population, and individuals from different subgroups of the population with the same 

level of the underlying trait being measured may perform differently on specific tasks 

in the test due to factors such as tasks requiring additional ability or trait or unfairly 

favouring pupils from specific subgroups. The extent to which measurement 

invariance holds can be investigated at both item level and the overall test level. 

1.2 Approaches for investigating measurement invariance 

The basic principle in conducting measurement invariance investigations is to 

examine the degree of similarity in the relationship between the properties of the 
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measures concerned and the underlying latent construct across different subgroups 

of the population or between different populations. Two frequently used approaches 

in measurement invariance studies are the confirmatory factor analysis (CFA) and 

item response theory (IRT) approaches (Reise et al., 1993; Meade and 

Lautenschlager, 2004; Dimitrov, 2006; Carle et al., 2008; Koh and Zumbo, 2008; 

Milfont and Fischer, 2010; Dai et al, 2011; Millsap, 2011; Zhang et al., 2011). In the 

CFA approach, the measured variables (observed variables or scores on test items) 

are expressed as linear functions of the latent variables (latent traits or variables 

used to represent the assessed construct) or factors with the loadings of the 

measured variables on the latent variables as the regression coefficients. The level of 

measurement invariance is investigated by comparing the similarities of the factor 

loadings of the measured variables (or covariance between test items) across the 

subgroups. Similar factor loadings across the groups would indicate a high level of 

measurement invariance. 

In the IRT approach, the level of the latent construct being assessed for each test-

taker and the characteristics of each of the items in the test are specified, and an 

item response model is used to describe the interactions between the test-takers and 

the test items for all subgroups. An IRT model generally uses a non-linear 

mathematical function (item response function (IRF), or item category probability 

curve (ICPC)) to describe the probability that an examinee will have a specific score 

on a particular item given his/her ability (trait level or person parameters) and the 

characteristics of the item (item parameters) (Lord, 1980; Hambleton, Swaminathan 

and Rogers, 1991; Yen and Fitzpatrick, 2006). The person and item parameters are 

estimated based on the responses from the test-takers on the items in the test using 

a variety of estimation techniques (see Embretson and Reise 2000; Linacre 2012; 

Simon 2008). For each item, an expected score for an examinee can be calculated 

using the corresponding IRFs. The relationship between the expected score on an 

item and the person ability is termed the item characteristic curve (ICC). The 

expected score on the test for a person can then be calculated as the sum of the 

expected scores on the items. The relationship between the expected score on the 

test and the person ability is termed the test characteristic curve (TCC). If the ability 

measures of persons from all groups are calibrated onto the same ability scale, the 

level of measurement invariance can be investigated by examining the degree of 

similarity (invariance) of the IRFs or ICCs and TCC (or the item parameter values) 

between the different subgroups. Similar item parameter values would indicate a high 

level of measurement invariance (that is, the IRFs or ICCs and TCCs are the same 

across different subgroups). Items with parameters significantly different between 

groups would indicate differential item functioning (DIF) between the groups (Raju, 

van der Linden and Fleer, 1995; Clauser and Mazor, 1998; Oshima and Morris, 

2008), that is, test-takers from different subgroups with the same ability or trait have 

different probabilities of succeeding with the same item. If the aggregated effect of 

the functioning of the items in the test is different between the groups, the test 
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exhibits differential test functioning (DTF) between the groups (Raju, van der Linden 

and Fleer, 1995; Clauser and Mazor, 1998; Flowers, Oshima, and Raju, 1998; 

Oshima and Morris, 2008). DIF items are a potential source of test bias. 

1.3 The Key Stage 2 National Curriculum science sampling test in 
England 

The Key Stage 2 National Curriculum tests in England include tests in three subjects: 

English (reading and writing), mathematics and science for pupils aged 11. The 

English and mathematics tests are taken by the whole national cohort and the 

science tests by pupils from a nationally representative 5 per cent sample of schools 

annually. These tests are designed to assess the performance of pupils at the end of 

Key Stage 2 (from ages 7 to 11) in the National Curriculum, which was introduced in 

the late 1980s in England (Qualifications and Curriculum Authority (QCA), 1999a; 

Whetton, 2009; Isaacs, 2010). The science sampling test began in 2010, involving a 

sample size over 25,000 pupils each year. Item level data for all pupils taking the 

science sampling test since 2010 are available as a result of the introduction of 

online marking. 

The Key Stage 2 science tests are developed using standard test-development 

procedures. Items are created by experienced assessment experts and evaluated by 

review panels consisting of experts from a variety of relevant areas, including 

curriculum subjects, and inclusion and cultural awareness, and with different 

perspectives, such as teachers, local authorities and markers. Initially selected items 

are used to construct tests for pre-testing before they are used in live testing. The 

pre-testing process is well-defined and rigorous. The purposes of the pre-testing are 

to evaluate the quality of items further, to produce item statistics, to ensure the tests 

are at the appropriate difficulty level for the target population, and to produce initial 

performance level boundary scores by equating the test with an anchor test. Test 

equating is to ensure that the comparability of performance standards over time is 

maintained. 

The live science sampling test consists of two components (Test A and Test B), each 

45 minutes long and each with a maximum of 40 marks. The papers are composed 

of a mixture of objective and short-answer questions. Most of the items are 

dichotomous (i.e. items with the response scored as either correct or wrong). There 

are a few items that are marked out of two marks. Representative samples of schools 

are selected, and all pupils in Year 6 (the final year of the primary phase in England) 

from the selected schools sit the test on a specified day in May each year, unless 

they are assessed by their teachers to be operating below the level of the test. 

Pupils’ scripts are scanned and marked by trained human markers online, with 

scores recorded on each item or sub-item for each pupil. Scores from the two 

components are aggregated to generate a composite score for the science subject. A 

standard-setting process (QCA, 2009b), which involves the use of both statistical 
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information and professional judgement of the quality of sampled pupils’ work, is 

used to set thresholds for National Curriculum performance at levels 3, 4 and 5 for 

the mark distribution. Pupils are awarded a National Curriculum attainment level for 

the science subject based on their composite scores. Outcomes are aggregated and 

published nationally in order to monitor national attainment in science at the end of 

the primary phase. 

1.4 Aims of the present study 

In England we are currently conducting a research programme, the Assessment 

Validity Programme, investigating a number of issues concerned with the validity of 

national tests and public exams in England (Ofqual, 2012; Opposs and He, 2012). As 

part of this programme, the study reported in this paper aims to provide an evaluation 

of the level of measurement equivalence of the Key Stage 2 National Curriculum 

science sampling tests for 2010 and 2011 across different subgroups (classified by 

gender, ethnicity, English as an additional language, eligibility for free school meals, 

and special educational needs). Factor analysis and Rasch modelling have been 

used to analyse item level data for differential item functioning (DIF) and differential 

test functioning (DTF) in order to investigate the way items in the test and the overall 

test functioned across the subgroups. 
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2. The partial credit Rasch model 

Item response theory and Rasch measurement models have been widely used in 

psychological and educational testing (Yen and Fitzpatrick, 2006; Wright and Stone, 

1979; Wright and Maters, 1982). There are two types of item response theory 

models: unidimensional IRT (UIRT) models for items in a test measuring a single 

ability in common, and multidimensional IRT (MIRT) models for items measuring 

multiple abilities (see Embretson and Reise 2000; Reckase and Martineau 2004; 

Sijtsma and Junker 2006; Reckase 2009; He, 2012). In the present study, the 

measurement model used is the unidimensional Rasch model for dichotomous items 

along with its extension, the partial credit model (PCM), for polytomous items. The 

Rasch model for a dichotomous item can be expressed mathematically as (Rasch, 

1960; Wright and Stone, 1979): 

 























0for
)exp(1

1

1for
)exp(1

)exp(

),(

x
b

x
b

b

xP







       (1) 

where: 

   = person ability 

 b  = the difficulty of the item 

 ),( xP   = the probability of a person with ability   scoring x  on the item. 

For the dichotomous Rasch model, when the item difficulty is close to the person 

ability, the test-taker will have a 50 per cent chance of answering the item correctly. 

The PCM for a polytomous item with a maximum available score of m  can be 

expressed as (Masters 1982, 1999; Wright and Masters 1982): 

 

 

 

 





























 

 



 

 



0for

]exp[1

1

,...,2,1for

]exp[1

exp

),(

1 1

1 1

1

x

mx

xP

m

l

l

k

k

m

l

l

k

k

x

k

k








    (2) 



Measurement Invariance of the Key Stage 2 National Curriculum Science Sampling 

Test in England 

Ofqual 2014 8 

In Equation (2), k  is the kth threshold location of the item on the latent trait 

continuum, which is also referred to as the item step difficulty. The PCM reduces to 

the dichotomous Rasch model when 1m . 

Two important assumptions are required for unidimensional item response theory 

and Rasch measurement models, including the partial credit Rasch model: 

unidimensionality and local independence. Unidimensionality requires that one ability 

or a single latent variable is being measured by the items in the test. Local 

independence requires that test-takers’ responses to any questions in the test are 

statistically independent when the underlying ability influencing their performance on 

the whole test is held constant. That is, answers to any items in the test are 

independent of answers to any of the other items but only depend on the level of 

latent trait of the test-taker. In situations where items having the same stimulus are 

analysed as individual items, the assumption of local independence could be 

violated. Such items can be grouped to form a testlet and treated as one polytomous 

item and analysed using polytomous IRT and Rasch models (Thissen, Steinberg and 

Mooney, 1989; Yen, 1993). 

An important feature of the Rasch model, and of IRT models in general, is that when 

test data meet the model assumptions and the model fits the data, values of model 

parameters used to characterise items that have been estimated using different 

samples drawn from the population will be similar (that is, invariance of model 

parameter estimates). This is the basis for conducting DIF and DTF analyses. The 

partial credit Rasch model has been widely used for investigating measurement 

invariance issues (Smith, 2004; Teresi, Ramirez, Lai et al., 2008; Schulz and Fraillon, 

2009; Munkholm, Berg, Löfgren et al., 2010; Dai et al., 2011; Taylor and Lee, 2011; 

Pae, 2012). It will also be used in the present study to explore the measurement 

invariance of the Key Stage 2 National Curriculum science sampling tests discussed 

above. 
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3. Methods 

3.1 The dataset 

The data analysed in the present study are the pupils’ item level data from the 2010 

and 2011 live test series. For the 2010 test, there were 73 items (sub-items), with 66 

sub-items marked out of 1 mark and 7 sub-items out of 2 marks (see Table 1). For 

the 2011 test, there were 10 sub-items worth a maximum of 2 marks, with the 

remaining 60 items being dichotomous. The sample size is similar for both years, 

with over 25,000 pupils taking the tests. 

 

Table 1  Number of items and sample sizes for the 2010 and 2012 Key Stage 2 

National Curriculum science sampling tests 

Test Maximum marks 
No of items No of pupils 

2010 2011 2010 2011 

Test A 40 34 35 25922 25561 

Test B 40 39 35 25922 25561 

Overall 80 73 70 25922 25561 

 

3.2 Data analysis 

Item level data from each year were analysed for some basic item and test statistics 

for the overall samples and different subgroups. The internal consistency reliabilities 

of the subtests and the overall test for the overall sample and individual groups were 

estimated using Cronbach’s coefficient alpha (Cronbach, 1951). The relationship 

between the two subtests was also investigated through correlation analysis. SPSS 

was used to conduct factor analysis. 

The Rasch analysis software WINSTEPS (www.winsteps.com/index.htm), which 

implements the partial credit Rasch model, was used to conduct Rasch analysis on 

the item level data (combined from the two subtests). Outputs from WINSTEPS 

include item and person measures, model-derived standard error of measurement for 

both persons and items, model fit statistics and other statistics. WINSTEPS also 

allows investigation of the degree to which the model assumptions are met by the 

test data and DIF of items between groups. 

  

http://www.winsteps.com/index.htm
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4. Results and discussion 

Figure 1 shows the score distributions for the samples for the 2010 and 2011 tests. 

As can be seen, the score distributions are considerably negatively skewed. As with 

other Key Stage 2 National Curriculum tests, this might be partly due to policy 

decisions regarding test construction to ensure that the test targets pupils at level 4 

and that the majority of pupils have a positive experience in taking the test. Further, 

the improvement in the performance of pupils since the introduction of the test in the 

late 1980s along with the effort to ensure similar performance level boundary marks 

in different test series and the level criteria may also have contributed to the 

negatively skewed score distributions. Although the shape of the score distributions 

for both Test A and Test B and the overall test for the two years are similar, the 

average scores for the 2011 tests are slightly higher than those for the 2010 tests, 

indicating that the 2011 tests, particularly Test A, are easier relative to the respective 

sample in comparison with the 2010 tests (also see Table 2). The average 

percentage scores from the samples on the tests are 67 per cent for the 2010 test 

and 69 per cent for the 2011 test respectively. 

 

 

 

 

 

 

 

 

 

Figure 1  Score distributions of the 2010 and 2011 science subtests and the overall 

tests 
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Table 2  Mean scores and standard deviations of the 2010 and 2011 Key Stage 2 

science tests 

  
2010 2011 

Mean St Dev Mean St Dev 

Test A 27.39 6.92 28.48 7.14 

Test B 26.22 7.17 26.76 7.18 

Overall 53.61 13.52 55.24 13.75 

 

4.1 Performance of different subgroups 

Pupils in the samples were classified into a number of subgroups according to 

ethnicity, English as the first language, English as an additional language (EAL), 

eligibility for free school meals (FSM), special educational needs (SEN), and gender 

(see Table 3). Table 4 shows the number of pupils in each subgroup, their overall 

mean score and the standard deviation of scores for the 2010 and 2011 tests. As can 

be seen from Table 4, boys and girls on average performed similarly for both years. 

Pupils with SEN performed substantially less well than pupils without SEN. Similarly, 

pupils with EAL performed less well than pupils with English as their first language. 

Black pupils performed below the average of the whole samples (see Table 2). 
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Table 3  Codes used for classifying subgroups 

Group Code Explanation 

Ethnic group 

A Asian 

B Black 

C Chinese 

G Any other ethnic group 

M Mixed 

U Unclassified 

W White 

Language 

group 

E English as the first language 

O 
Other language as the first 

language (EAL) 

U Unclassified 

Free school 

meal (FSM) 

N Not eligible for FSM 

Y Eligible for FSM 

Special 

educational 

needs (SEN) 

N Non-SEN 

S 
Having a formal statement of 

SEN 

Y 
Assessed by the school as 

having SEN 

Gender 
F Female 

M Male 
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Table 4  Sample size, mean score and standard deviation of scores for different 

subgroups 

Group 

2010 2011 

No of 

p 
Mean 

St 

Dev 
No of p Mean St Dev 

Ethnic group 

A 2213 51.88 14.25 2569 52.55 15.17 

B 1129 50.00 14.19 1242 51.08 14.62 

C 91 59.57 11.92 79 61.99 12.52 

G 295 50.75 15.39 262 50.68 15.22 

M 1029 54.96 13.44 1029 55.99 13.57 

U 157 52.26 14.49 158 54.03 13.94 

W 21008 53.95 13.32 20222 55.84 13.39 

Language 

group 

E 22356 54.03 13.28 21548 55.91 13.31 

O 3530 50.97 14.67 3990 51.67 15.38 

U 36 53.67 14.05 23 48.13 17.46 

Free school 

meals 

N 21568 54.80 13.07 21022 56.59 13.29 

Y 4354 47.75 14.15 4539 48.99 14.12 

Special 

educational 

needs 

N 19710 56.65 11.82 19690 58.21 12.01 

S 386 39.72 15.71 416 43.95 15.63 

Y 5826 44.27 13.88 5455 45.38 14.40 

Gender 
F 12675 53.51 13.39 12655 55.51 13.73 

M 13247 53.71 13.64 12906 54.97 13.76 

 

4.2 Relationship between subtests and test internal consistency 
reliability 

Values of correlation coefficient between the two subtests based on the item level 

data from the overall sample are provided in Table 5. These are 0.84 for both the 

2010 and 2011 tests. These values are similar to those reported for the 2005 to 2009 

Key Stage 2 science pre-tests (Maughan, Styles and Lin et al., 2012). The correlation 

between two subtests reflects the strength of a linear relationship between the scores 

from the subtests and to a degree the magnitude of errors associated with the 

observed scores. If the two subtests are designed to be equivalent forms, then the 

correlation between the two subtests can also be interpreted as a measure of the 

equivalent forms reliability of the test. Equally, if the subtests are assumed to assess 

similar constructs, the correlation could be viewed as a measure of concurrent 

validity of the subtests. 
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Table 5  Correlations between subtests and Cronbach’s alpha for the subtests and 

the overall tests 

Test 

Cronbach's 

alpha 

Correlation 

(A and B) 

2010 2011 2010 2011 

Test A 0.85 0.87 

0.84 0.84 Test B 0.87 0.86 

Overall 0.93 0.93 

 

The internal consistency reliabilities of the two subtests represented by Cronbach’s 

alpha vary from 0.85 to 0.87 for the two years (see Table 5). These values are also 

similar to those for the 2005 to 2009 Key Stage 2 science pre-tests reported by 

Maughan et al. (2012). Cronbach’s alpha refers to the degree to which groups of 

items in a test produce consistent or similar scores for individual test-takers (or 

consistency in test scores from different sets of items in a test). As items in a test can 

be viewed as a sample from a domain of potential items, Cronbach’s alpha may also 

be viewed as a measure of the extent to which the scores from test-takers on a test 

represent the expected scores of equivalent tests from the entire domain. At the 

overall test level, values of Cronbach’s alpha are 0.93 for both years. Values of 

Cronbach’s alpha for the overall test scores for the subgroups vary from 0.91 to 0.94, 

and are close to 0.93 for the overall samples (see Table 6). This suggests that the 

items in the tests functioned similarly across the subgroups. For the group with 

unclassified language, Cronbach’s alpha was not calculated due to small sample 

sizes. 

Although Cronbach’s coefficient alpha is probably the most widely used measure of 

the internal consistency reliability of a test, its use as a measure of both test reliability 

and internal structure or unidimensionality has been widely criticised by 

psychometricians (for example Green, Lissitz and Mulaik, 1973; Cortina, 1993; 

Sijtsma, 2009a, 2009b, 2012; Revelle and Zinbarg, 2009; Yang and Green, 2011). It 

has been shown that coefficient alpha is not a measure of test unidimensionality but 

only a lower bound to test reliability (Green et al., 1973; Cortina, 1993; Sijtsma, 

2009a). However, a high value of Cronbach’s alpha is a necessary condition of 

unidimensionality (Cortina, 1993; Green et al., 1977). 
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Table 6  Cronbach’s alpha for subgroups on the overall tests 

Group 

2010 2011 

Cronbach's 

Alpha 

Cronbach's 

Alpha 

Ethnic 

group 

A 0.93 0.94 

B 0.93 0.93 

C 0.91 0.93 

G 0.94 0.94 

M 0.93 0.93 

U 0.93 0.93 

W 0.92 0.93 

Language 

group 

E 0.92 0.92 

O 0.94 0.94 

U   

Free 

school 

meals 

N 0.92 0.92 

Y 0.93 0.93 

Special 

education 

need 

N 0.91 0.91 

S 0.94 0.94 

Y 0.92 0.93 

Gender 
F 0.93 0.93 

M 0.93 0.93 

Overall 0.93 0.93 

 

4.3 Test dimensionality and invariance of first factor loadings 

The issue of dimensionality has been an important consideration for test 

development, evaluation and use (Cortina, 1993; Furr and Bacharach, 2008; Furr, 

2011). A clear understanding of the dimension structure of a test would facilitate test 

score construction and interpretation. To assess the dimensionality of the 2010 and 

2011 science sampling tests investigated here, exploratory factor analysis was 

carried out. Figure 2 shows the distributions of the eigenvalues of the factors (latent 

variables) for the overall samples. As can be seen, the eigenvalues decrease 

considerably from the second factor, suggesting that the first factor is the dominant 

common factor shared by all items in the tests. For individual subgroups, a similar 

pattern exists. 

Table 7 shows the ratios of the first to the second eigenvalues and the second to the 

third eigenvalues for the different subgroups and the overall samples for the two 

tests. Apart from the Chinese group, which has a small sample size, these ratios are 

similar for the subgroups and the overall sample for both years, suggesting again that 
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the items functioned similarly across the groups. Further, the ratio of the first to the 

second eigenvalues is substantially higher than the ratio of the second to the third 

eigenvalues, indicating that there is a strong common dimension that runs through all 

the items in the tests. Figure 3 compares the loadings of items on the first factor 

estimated for individual subgroups with the loadings on the first factor for the overall 

sample for the 2010 and 2011 tests. Apart from the Chinese group, a strong linear 

relationship exists between these factor loadings, which again suggests that the test 

and its items functioned similarly across the different groups. 

 

 

 

 

 

 

 

 

 

Figure 2  Scree plot of factor eigenvalues for the 2010 and 2011 Key Stage 2 

science tests 
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Table 7  The ratios of the first to the second eigenvalues and the second to the 

third eigenvalues for different subgroups and the overall samples 

Group 
2010 2011 

1st/2nd 2nd/3rd 1st/2nd 2nd/3rd 

Ethnic group 

A 8.33 1.14 8.01 1.26 

B 7.41 1.12 6.89 1.22 

C 3.22 1.32 4.25 1.04 

G 7.30 1.06 6.38 1.20 

M 6.94 1.22 7.10 1.22 

U 5.44 1.16 4.97 1.16 

W 7.71 1.22 6.84 1.23 

Language 

group 

E 7.69 1.22 6.88 1.21 

O 8.52 1.14 7.80 1.32 

U     

Free school 

meals 

N 7.47 1.22 6.89 1.23 

Y 8.04 1.14 6.55 1.24 

Special 

educational 

needs 

N 6.75 1.14 6.46 1.08 

S 7.39 1.13 6.31 1.19 

Y 7.18 1.17 6.38 1.33 

Gender 
F 7.58 1.25 7.02 1.23 

M 7.94 1.20 6.99 1.29 

Overall 7.79 1.22 7.01 1.39 
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Figure 3  Relationship between loadings on the first factor for different subgroups 

and those for the overall sample for the 2010 and 2011 tests 

 

4.4 Rasch modelling 

In the Rasch model, because the probability of succeeding at a score category on an 

item is specified as a function of the difference between person ability and item 

difficulty, the person parameters and item parameters are therefore placed on the 

same measurement scale. For example, persons and items can be placed on the 

same unidimensional line used to represent the intended construct and then 

compared directly. Figure 4, the item distribution map, compares the distribution of 

difficulty of the items and the distribution of person ability for the 2010 and 2011 

tests. In this figure, the vertical lines are the Rasch continuum representing the 

construct being measured by the tests. The item measures are placed to the right 
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side of the lines and person measures to the left of the lines (the scale is displayed 

on the left side of the figure). The unit used for the Rasch measurement scale is 

logits (log-odds unit). It is to be noted that the Rasch or IRT item response function 

(IRF) is invariant when certain linear transformations are applied to both person 

ability trait and item parameters, and this creates indeterminacy when establishing 

the IRT or Rasch measurement scales (that is, the origins of person trait and item 

parameters cannot be determined independently). One possible way to deal with this 

for the Rasch model is to set the average difficulties of the items in the test to zero to 

determine the values for item parameters, which is the case for Figure 4. In Figure 4, 

M stands for mean of item measures or person measures, S for one standard 

deviation and T for two standard deviations of the respective measures. Items near 

the top are most difficult items, while those near the bottom are the easiest items. 

Similarly, pupils near the top are high-performing pupils, while those near the bottom 

are the lowest-performing pupils. 

Compared with Figure 1, Figure 4 shows that the distribution of pupils on the Rasch 

ability scale is more symmetrical than on the raw score scales. This is because 

although raw scores are sufficient statistics for estimating the Rasch model 

parameters, Rasch ability is not a linear function of raw scores – the ability of pupils 

with extreme raw scores will be stretched outwards. The use of the Rasch scale 

therefore removes the ceiling effect (and the floor effect) associated with raw scores. 

The difficulties of the items are also relatively symmetrically distributed. 

In the Rasch model, when a person’s ability matches the difficulty of the items, 

maximum information or minimum measurement error will be obtained. Therefore, 

Figure 4 suggests that the items in both the 2010 and 2011 tests, particularly the 

2011 test, are relatively easy for the corresponding pupil samples, because the 

means of the person measures are considerably higher than the means of the item 

measures for both years (see also Table 2). If it can be assumed that the 2011 

sample is similar to the 2010 sample in terms of the underlying pupil ability, Figure 4 

and Table 2 would suggest that the 2011 test is slightly easier than the 2010 test. 

More difficult items would be needed to provide more accurate measurement for 

those high-performing pupils. However, the tests are designed primarily to provide a 

reliable measure of pupils’ attainment in science at level 4. In the case of large gaps 

between item difficulties in the item distribution, pupils with ability close to the gaps 

will also be less precisely measured. Gaps along the construct continuum could be 

an indication of construct under-representation (Baghaei, 2008), which could impact 

on the validity of test score interpretation. 
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Figure 4  The Rasch item distribution map for the 2010 and 2011 Key Stage 2 

science sampling tests 

 

Figure 5 illustrates the test characteristic curves for the two tests. Because the mean 

of the item measures were set to 0 logits, pupils with ability close to 0 will have a 

mean score of about half of the maximum available marks on the tests. As can be 

seen, an approximate linear relationship between the latent ability and the raw score 

exists in the region near the middle of the ability distribution. However, in the 

extremes of the ability continuum, the relationship is not linear. As with Figure 4, 

Figure 5 also suggests that the 2011 test is relatively easier for higher-performing 

pupils in relation to the whole sample compared with the 2010 test. For average and 

low-performing pupils, the two tests performed similarly. 
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Figure 5  Test characteristic curves for the 2010 and 2011 tests 

 

As an example of using the Rasch item distribution map to compare the performance 

of items between groups in a test, Figure 6 shows the item maps for the 2010 test for 

pupils not eligible for free school meals verses those eligible for free school meals, 

resulting from separate item calibration (that is, responses for the respective group 

were used to estimate item parameters for the group concerned) with the mean of 

the item difficulties set to 0 for each group. Although the distributions of item difficulty 

measures and person ability measures show a similar pattern, the mean of the 

person measures for pupils not eligible for FSM is substantially higher than that for 

pupils eligible for FSM. This is consistent with the average raw score of the former 

being higher than that of the latter listed in Table 4. 
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Figure 6  The Rasch item distribution map for pupils not eligible for FSM and those 

eligible for FSM for the 2010 test 

 

Model fit and test dimensionality 

The extent to which items in a test meet the model assumptions (local independence 

and unidimensionality assumptions) needs to be investigated. Violation of model 

assumptions can invalidate the interpretation of results. Unidimensionality and local 

independence can be evaluated using factor analysis and analysis of residual 

correlation matrices (Yen, 1993; Smith 2002; Reeve and Fayers, 2005; Reckase, 

2009; also see previous discussion). However, as indicated by Hambleton et al. 

(1991), as long as a coherent scale can be constructed by the items, strict 

unidimensionality will not be needed because IRT and Rasch analysis is relatively 

robust to violations of the unidimensionality assumption (also see Bèguin 2000; 

Hanson and Bèguin 2002). 

The application of IRT and Rasch models to analyse test data also assumes that the 

model reflects the functioning of the test items correctly. As indicated by Barnard 

(1999), an evaluation of how well the model chosen fits the data is essential in IRT 

and Rasch modelling to ensure the usability of test results. Embretson and Reise 

(2000) and Reckase (2009) outline procedures for assessing the fit of IRT models. 

The degree to which the model fits the test data can be evaluated using model fit 
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statistics which are normally calculated and exported by the software used for IRT 

and Rasch item calibration. 

As illustrated by the high eigenvalues for the first factor from factor analysis and the 

high values of the internal consistency reliabilities of the tests discussed above, there 

is a dominant dimension that runs through the items in the test for both the 2010 and 

2011 series. Principal components analysis (PCA) using WINSTEPS suggests that 

the Rasch model accounts for 31.4 per cent and 30.8 per cent of the total variance 

for the two tests respectively (see Table 8). Analysis of the residuals (the residual is 

defined as the difference between a person’s observed score on an item and his/her 

Rasch model predicted score on the item) indicated that the first contrast in the 

residuals, in eigenvalue terms, accounts for 1.7 per cent of the unexplained variance, 

the second contrast 1.5 per cent of the unexplained variance, and the third contrast 

1.4 per cent of the unexplained variance, for both the 2010 and 2011 tests. These 

residual contrasts are of relatively equal importance in explaining the variance 

unexplained by the Rasch model, and therefore no meaningful second dimension 

could be constructed for the original responses. These tests can be essentially 

treated as unidimensional (see Pae, 2012; Linacre, 2012). Further analysis of paired 

item residuals suggested that, for the 2010 test, there were only two pairs of items 

with a residual correlation greater than 0.20. The first pair had a residual correlation 

of 0.24 and the second pair had a residual correlation of 0.22. The maximum 

correlation between paired item residuals was 0.126 for the 2011 test. The mean 

correlations between paired item residuals were -0.012 for the 2010 test and -0.013 

for the 2011 test respectively (see Table 8). It was noted that an initial analysis of the 

2011 test data suggested that two sub-items had a correlation of over 0.75 between 

their residuals, indicating local dependence between the two items. These two items 

were then combined into a two-mark polytomous item and the data were re-analysed. 

As can be seen from Table 8, the standard deviations of the correlations are 0.021 

and 0.019 for the two tests respectively, which are relatively small, suggesting that 

they are close to their mean values. The correlations between pairs of item residuals 

are small, suggesting that the final structure of the items in the tests exhibit local item 

independence for the two tests (Yen, 1993; Yen, Bené and Huynh, 2000). 
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Table 8  Variance explained by the Rasch model for the 2010 and 2011 tests, 

contrasts of residuals and correlations between paired item residuals 

 

 2010 2011 

Variance explained by 

model (%) 31.40 30.80 

Unexplained variance (%) 68.60 69.20 

          Explained by first 

contrast (%) 1.70 1.70 

          Explained by second 

contrast (%) 1.50 1.50 

          Explained by third 

contrast (%) 1.40 1.40 

          Explained by fourth 

contrast (%) 1.30 1.30 

Correlation between pairs of item residuals 

          Average -0.012 -0.013 

          Standard deviation 0.021 0.019 

 

Frequently used Rasch model fit statistics include some of the residual based fit 

statistics such as unweighted fit mean squares (Outfit) and weighted fit mean 

squares (Infit) for items and persons (see Wright and Master, 1982; Wu and Adams, 

2007; Linacre, 2012). Both Infit and Outfit have an expected value of 1. The extent to 

which the values of Infit or Outfit depart from 1 reflects the level of dissimilarity 

between the shapes of the observed item characteristic curve and the theoretical 

ICC. For items with Infit less than 1, their observed ICC will be steeper than the 

model ICC (over-fit, or more discriminative), while items with Infit greater than 1 will 

have observed ICC flatter than the model ICC (under-fit or less discriminative). Items 

and persons with Infit statistics in the range from 0.70 to 1.30 are normally regarded 

as fitting the Rasch model reasonably well (Keeves and Alagumalai, 1999). However, 

some researchers set the range of acceptable values for Infit even wider, from 0.60 

to 1.40 (Tan and Yates, 2007; Wong, McGrath and King, 2011). 

Figure 7 shows the item Infit and Outfit statistics for the 2010 and 2011 tests for the 

overall samples. Almost all items have Infit values within the range 0.80–1.20, 

suggesting that they fit the Rasch model well. Figure 8 depicts the distribution of 

person Infit statistics. Over 99 per cent of the pupils have Infit values within the range 

0.70–1.4, indicating that pupils also fit the Rasch model reasonably well. 
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Figure 7  Item Infit and Outfit statistics for the 2010 and 2011 tests 

 

 

 

 

 

 

 

 

 

Figure 8  Distribution of person Infit statistics 

 

Functioning of items across subgroups 

As an example of using item characteristic curves to examine the performance of 

persons from different groups on the same items, Figure 9 compares the observed 

score ICCs and model ICCs for Item 32 and Item 44 from the 2010 test for all pupils, 

girls and boys. As can be seen, for these two items, girls and boys performed 

similarly across the ability range, and the observed ICCs are close to the model 

ICCs, with Item 32 slightly under-fit and Item 44 slightly over-fit. When the relative 
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ability is 0 (that is pupils’ ability is the same as the difficulty of the item), the expected 

score is half of the maximum mark available on the item. Item 44 has a difficulty of 

0.20 logits, and Item 32 has a difficulty of 0.87 logits, which is 0.67 logits harder than 

Item 44 as reflected in Figure 9. 

 

 

 

 

 

 

 

 

 

Figure 9  Observed score ICCs and model ICCs for two items from the 2010 test for 

all pupils, girls and boys 

 

Figure 10 compares the difficulty of items estimated using pupil responses from 

different ethnic groups with those estimated using the overall sample for the 2010 

and 2011 tests. As is expected, strong linear relationships exist in item difficulty 

between the different groups. A large gap can be seen in the difficulty range from 2 

logits to 3 logits on the ability axis for the 2010 test. Inclusion of items in that range 

would produce more precise measures for pupils with ability in that range. 
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Figure 10 The relationship between item difficulties for individual ethnic groups and 

the item difficulties for the overall sample for the 2010 and 2011 tests 

 

Figure 11 shows the differences in item difficulties between those estimated based 

on responses from different ethnic groups and those estimated using the responses 

from white pupils for the two tests. Here white pupils are taken as the reference 

group and the other ethnic groups the focal groups. Items with values of differences 

in difficulty between groups less than 0.43 logits are regarded as non-DIF items, 

items with values from 0.43 logits to 0.64 logits as slight to moderate DIF items, and 

values greater than 0.64 logits as moderate to large DIF items (see Tristan, 2006; 

Linacre, 2012). Apart from a few items for the Chinese group and the group for pupils 

of any other ethnicity, the differences for most of the items between the focal groups 
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and the reference group are within the range from -0.40 logits to 0.40 logits, 

suggesting that these items showed negligible DIF. For the groups with small sample 

size, the Chinese group, the group for pupils of other ethnicities and those 

unclassified, there were a number of items that showed substantial DIF. The 

significance level of DIF for an item between two groups can be tested using a 

statistic test such as a t-test, which will involve the use of the difference in item 

difficulty and the standard errors of the difficulty measures for the two groups. 

However, when the sample size is large, the standard error of the item difficulty 

measure can be small, and this can result in significant DIF for some items even 

though the magnitude of DIF may be small. Quite a few items showed significant DIF 

between groups based on the t-test. To account for this effect of sample size on the 

significance level of DIF between groups, Tristan (2006) suggested the use of a 

normalised standard error of estimation for the item difficulty measures. When the 

normalised standard errors were used, most of the items showed insignificant DIF 

between the focal groups and the reference group. 
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Figure 11 Differences in item difficulty between the focal groups and the reference 

group for the 2010 and 2011 tests 

 

Figure 12 shows the differences in item difficulties between those estimated based 

on responses from girls and those estimated based on responses from boys 

(reference group); and the differences in item difficulty between the difficulties 

estimated using responses from pupils with EAL and the difficulties estimated using 

responses from pupils whose first language is English (reference group), for the 2010 

and 2011 tests. Girls and pupils with English as an additional language are treated as 

focal groups. For the 2010 test, most items showed negligible DIF between girls and 

boys. Item 59 showed large DIF between pupils with EAL and those whose first 

language is English, with EAL pupils performing considerably better than other pupils 

with similar ability. There were also a few items showing slight to moderate DIF. 
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However, for most of the items, DIF is negligible and insignificant between the focal 

groups and the reference groups. 

For the 2011 test, again, most items show negligible DIF between girls and boys. 

There were a couple of items that showed moderate DIF between pupils with EAL 

and pupils with English as their first language. These items appeared to be more 

difficult for pupils with EAL than for pupils with English as their first language who 

were at a similar ability level. 

 

 

 

 

 

 

 

 

Figure 12 Differences in item difficulty between boys and girls and between pupils 

with EAL and pupils with English as their first language 

 

Functioning of tests across subgroups 

As comparisons between test-takers are normally made using the overall test scores, 

equivalence at the overall test level, which represents the aggregated effect of 

equivalence at item level, would be important (that is, for there to be no DTF between 

different subgroups). For the Rasch model, this can be investigated by examining the 

similarity of the test characteristic curves between different subgroups. Figure 13 

compares the TCCs for the different ethnic groups with the TCC for the whole sample 

for the 2010 and 2011 tests. The curves almost completely overlap each other, 

suggesting that the overall test functioned similarly across the different groups. To 

look at the curves in more detail, the difference score between the expected score for 

an individual group and that for white pupils (the reference group) was calculated, 

and the distributions of the difference scores are shown in Figure 14. As can be seen 

from Figure 14, the 2010 test favoured some groups at the lower middle ability range 

but other groups at the higher ability range very slightly, compared with the reference 

group. For example, pupils from the Chinese group with the ability near -2.0 logits 
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would on average have achieved 0.20 mark higher than the average of white pupils, 

but over 0.30 marks lower at the ability near 1.0 logits. In contrast, black pupils would 

on average have achieved 0.30 marks lower than the average of white pupils at the 

ability near -2.0 but 0.30 higher at the ability near 1.0 logits. These difference scores 

are, however, minimal compared with the error scores associated with the estimated 

ability measures (equivalent to about 3 marks) and the average score on the test 

from the overall sample (53.61). For the 2011 test, the patterns are similar, with the 

magnitude of difference scores slightly larger. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Test characteristic curves for different groups and the overall sample for 

the 2010 and 2011 tests 
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Figure 14 Difference in expected test scores between different ethnic groups and the 

reference group for the 2010 and 2011 tests 

 

Figure 15 shows the expected difference scores between girls and boys and between 

EAL pupils and pupils with English as their first language for the 2010 and 2011 

tests. Girls performed very slightly better than boys at the lower ability range but less 

well than boys at the higher ability range. EAL pupils performed not as well as other 

pupils at the lower ability range but better than others at the higher ability range on 

the test. These patterns are also similar for both the 2010 and 2011 tests. Again, the 

magnitude of the difference scores is not substantial. 
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Figure 15 Difference in expected test scores between girls and boys and between 

pupils with EAL and pupils with English as their first language for the 2010 

and 2011 tests 

To investigate further the functioning of the overall test for EAL pupils and other 

pupils for the 2011 test, another approach was employed. This involved comparing 

the ability measures of EAL pupils, calculated using the item difficulties estimated, 

with the EAL pupils’ responses, with the ability measures calculated using the item 

difficulties estimated with responses from other pupils. The results are shown in 

Figure 16. Both measures are almost on the identity line, indicating that the test 

functioned similarly for both groups. Figure 17 illustrates the relationship between the 

ability measures for girls estimated based on calibrating the items using responses 

from girls and their ability measures estimated based on calibrating the items using 

the responses from boys for the 2011 test. Again, the two measures are almost on 

the identity line. 
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Figure 16 Relationship between person measures for EAL pupils estimated using 

their own responses to calibrate the items and those estimated using other 

pupils’ responses to calibrate the items for the 2011 test 

 

 

 

 

 

 

 

 

 

Figure 17 Relationship between person measures for girls estimated using their own 

responses to calibrate the items and the measures estimated using 

responses from boys to calibrate the items for the 2011 test 
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5. Concluding remarks 

In this study, the performance of different groups on the Key Stage 2 National 

Curriculum science sampling test for the 2010 and 2011 series was examined. It was 

found that boys and girls performed similarly on the test for the two years studied. 

Black pupils and pupils with EAL performed less well than the average of the 

samples. Pupils with special educational needs performed considerably below the 

average of all pupils. 

The two subtests correlate highly with each other, and the internal reliabilities for the 

subtests and the overall tests are high for the overall samples and the subgroups 

investigated. Results from factor analysis of the raw responses and the Rasch model 

residuals suggest that the tests can be essentially treated as a unidimensional 

measure of the intended construct. 

A high level of measurement invariance is important for ensuring that a test assesses 

the same construct in the same way for different groups so that individuals from 

different subgroups are treated equally and that group comparison can be fair and 

meaningful. The degree of measurement equivalence of the science sampling tests 

across different groups in the samples at both item level and the overall test level 

was investigated using factor analysis and Rasch modelling. The strong correlations 

between the loadings on the first factor of the raw responses indicated that there was 

structural equivalence across the different groups. The Rasch model fits the test data 

for both years reasonably well. Results from the Rasch analysis indicated that most 

of the items in the tests functioned similarly across the different groups, with only a 

very few items showing large and significant DIF between some subgroups, 

suggesting a high level of measurement invariance in item parameters across the 

groups. At the overall test level, the tests also functioned in the same way across the 

groups, with negligible differential test functioning. It can therefore be concluded that 

the tests provide a measure of pupils’ attainment in science on the same 

measurement scale for all subgroups over the two-year period studied. 

Further investigation of the items showing DIF would be needed to identify the 

causes of DIF in order to improve future item writing. The Rasch item map could be a 

useful tool for constructing more effective test that targets pupils with different levels 

of ability to reduce measurement error further. However, the design of a test may 

also need to meet certain policy and other requirements. 

It is noted that the present study only looked at the internal functioning of the Key 

Stage 2 science sampling tests across different subgroups. A more comprehensive 

validation of the test for its stated purposes would require the evaluation of evidence 

from other sources, including content representativeness in relation to the curriculum, 

demonstration of cognitive processes involved in pupils’ responses to questions, and 

the appropriateness of the established performance standards in relation to the 
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attainment levels defined for the curriculum. Work in these areas is currently in 

progress. 
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