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Executive Summary

In almost all high-stakes testing programs, test equating is necessary to ensure that test
scores across multiple test administrations are equivalent and can be used interchangeably.
Test equating becomes even more challenging in mixed-format tests, such as Advanced
Placement Program® (AP®) Exams, that contain both multiple-choice and constructed
response items. This report examines (1) the performance of various equating methods in
terms of first- and second-order equity properties using mixed-format tests; (2) the effect
of underlying psychometric models on the assessment of the performance of the equating
methods; and (3) the relationship between reliability and equity properties in equating.
Three AP Exams (Biology, English Language and Composition, and French Language

and Culture) were analyzed with the common-item, nonequivalent-groups design. The 11
equating methods were analyzed, and the results were obtained and compared based
upon two different psychometric model frameworks: the two-parameter beta binomial

and item-response theory (IRT). In general, the results showed that the performance of
various equating methods in terms of equity properties depended on the psychometric
model assumed. Furthermore, this report provides empirical evidence that the magnitude of
reliability plays a role in achieving the equity properties for the various equating methods.
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Introduction

When equating is performed properly, scores on alternate forms can be used almost
interchangeably. Among many desirable properties of equating, Lord (1980) proposed the
equity property (p. 195). Lord's equity property is applicable if the observed-score distribution
on the old form is the same as the distribution of new-form equated scores for examinees
with a given true score. Lord also showed, however, that it is impossible to satisfy the
equity property unless the two forms are essentially identical, in which case equating is
unnecessary. As a practical solution to this contradiction, Morris (1982) suggested a “weak”
definition of equity, which applies if examinees with a given true score have the same
expected score on the old form and the new equivalent form. Morris's weak definition of
equity is often referred to as first-order equity (FOE). So-called second-order equity (SOE)
requires the same variance of the observed score distribution for the two forms, depending
upon a given true score. In the current measurement literature, these two equity properties
together are often called weak equity and considered when evaluating or comparing various
equating procedures.

In the measurement literature, there have been several studies that focus on the comparison
and evaluation of different types of equating methods that are based on different equating
criteria, including FOE and SOE (Han, Kolen, & Pohlmann, 1997; Kim, Brennan, & Kolen,
2005; Tong & Kolen, 2005; Wang, Hanson, & Harris, 2000). It should be noted, however, that
there have been research gaps in the equity property area. First, a very limited number of
types of equating designs and test formats have been studied. In terms of equating designs,
all the previous studies have been conducted based only on the random-groups equating
design. In terms of test formats, it is hard to find a study that used a mixed-format test

for comparing various equating results in terms of FOE and SOE. Thus, different equating
designs and test formats need to be examined in order to broaden and build our knowledge
of the equity property.

Second, there have been only a few studies that examine the effect of underlying
psychometric models on the assessment of the performance of equating methods in terms
of FOE and SOE (Kim et al., 2005). To examine whether an equating method attains FOE
and SOE, expected scores and conditional standard errors of measurement (CSEMs) are
computed under certain assumptions of a psychometric model. Accordingly, it can be said
that the extent to which a given equating method satisfies FOE and SOE is likely to be
determined by the underlying psychometric framework. Most of the previous studies used
an IRT framework (Lee, Lee, & Brennan, 2010; Tong & Kolen, 2005). However, other types
of psychometric frameworks have been rarely used; subsequently, little is known about their
effect on the equity property of various equating methods.

Third, the relationship between reliability and equity properties in equating has not yet been
examined. High reliability is a ubiquitous requirement for educational and psychological
tests. Ironically, high-reliability is rarely considered as a requirement for equating, partly
because most equating procedures are not directly associated with a true-score test theory.
Consequently, the role of reliability in equating has not been firmly established, and its effect
on equating results is relatively unknown. Recently, Brennan (2010) suggested a theoretical
foundation for the relationship between reliability and FOE and SOE. However, a research
study that uses a real data set to support Brennan's study has not yet been conducted.
Therefore, this study attempts to fill these gaps by achieving three research objectives, as
noted below.

College Board Research Reports 9
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Objectives

The objectives of this study are threefold: (1) To assess the performance of various equating
methods in terms of FOE and SOE using mixed-format tests with the common-item,
nonequivalent-groups design; (2) to examine the effect of underlying psychometric models
on the assessment of the performance of equating methods; and (3) to investigate the
relationships between test reliability and equity properties in equating.

To achieve the goals of this study, three sets of data were analyzed. First, the intact forms of
the three AP Exams were analyzed to examine FOE and SOE in mixed-format tests. Second,
to investigate the effect of underlying psychometric models on the equating results, pseudo—
test forms that consisted solely of the multiple-choice (MC) items on the AP Biology Exam
were constructed and analyzed. Third, to examine the relationships between reliability and
FOE and SOE, pseudo-test forms were constructed by shortening the MC items on the AP
Biology Exam.

In order to assess various equating methods in terms of FOE and SOE, expected scores and
CSEMs are computed under the assumption of a psychometric model. For the analysis of
the intact forms of AP Exams, a unidimensional IRT framework was used. For the analysis
of the tests with MC items only, the results based on the two-parameter beta binomial (BB)
framework were compared with those based on the IRT framework.

This study assesses the performance of 11 equating methods: Tucker method (Gulliksen,
1950), Levine observed-score method (Levine, 1955), Levine true-score method (Levine,
1955), unsmoothed chained equipercentile method (Angoff, 1971), chained equipercentile
method with log-linear presmoothing, chained equipercentile method with cubic-spline
postsmoothing, unsmoothed frequency estimation method (Angoff, 1971), frequency
estimation method with log-linear presmoothing, frequency estimation method with cubic-
spline postsmoothing, IRT true-score method (Lord, 1980), and IRT observed-score method
(Kolen, 1981; Lord, 1980).

Relevant Research
FOE and SOE

Previous researchers have described procedures that can be used to compute conditional
expected scores and CSEMSs based on different psychometric models. Kolen, Hanson, and
Brennan (1992) present a procedure under a strong true-score model. Kolen, Zeng, and
Hanson (1996) describe a procedure using a dichotomous IRT model. Wang et al's (2000)
procedures can be implemented with polytomous IRT models. Brennan (2010) provides
an extensive discussion about equity under classical test theory as well as computational
formulas for FOE and SOE with the two-parameter BB model.

There are several studies that have used these procedures in examining FOE and SOE. For
example, Tong and Kolen (2005) compared the performance of three equating methods

(the equipercentile method with log-linear presmoothing, IRT true-score method, and IRT
observed-score method) in terms of FOE and SOE using Kolen et al’s (1996) dichotomous IRT
procedure. They found that the IRT true-score method outperformed the other two methods
in terms of preserving FOE, and that both the IRT observed-score equating method and the
equipercentile method performed better than the IRT true-score method in preserving SOE.
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Kim et al. (2005) compared four equating methods (the IRT true- and observed-score

equating methods, and beta 4 true- and observed-score equating methods) in terms of FOE
and SOE under two psychometric models (the 3PL IRT model and the beta 4 model). Their
results showed that regardless of the psychometric model assumed, the true-score equating
methods better preserved FOE than the observed-score equating methods, whereas the
observed-score equating methods better satisfied SOE than the true-score equating methods.
They further showed that the IRT true-score equating method satisfied FOE better than the
beta 4 true-score equating method when the true-score distribution was estimated under the
3PL IRT model. The opposite result was found when the beta 4 model was assumed.

Recently, Lee et al. (2010) compared the results of seven equating methods based on FOE
and SOE using Kolen et al's (1996) dichotomous IRT procedure. They used both normal

and uniform weights in computing overall indices to examine whether an equating method
satisfies FOE or SOE. Their results showed that the IRT true-score method preserved FOE
better than any other method, regardless of weighting. When normal weights were used,
the IRT observed-score method was found to be the most likely method to satisfy SOE, and
when uniform weights were used, smoothed equipercentile equating using the cubic-spline
postsmoothing was found to be the most likely method to preserve SOE.

All the equating designs used in these previous studies were based on the random-groups
equating designs, and tests with only MC items were used. In this study, we compare various
equating results for the mixed-format tests with the common-item, nonequivalent-groups
design (Kolen & Brennan, 2004).

Role of Reliability in FOE and SOE

Recently, Brennan (2010) studied FOE and SOE for true-score and observed-score equating
under certain assumptions of classical test theory. With this study, Brennan is perhaps

the first who considered explicitly the role of reliability as it relates to the FOE and SOE in
equating. Brennan derived results for both linear and curvilinear equating, and a summary is
provided below:

For linear equating,
1. FOE is satisfied for applied true-score equating’;

2. FOE is satisfied for observed-score equating, if the reliabilities for the two forms are
equal;

3. SOE for applied true-score equating is satisfied, if

a. for all true-score levels, the ratio of conditional error variances is a constant equal
to the ratio of true-score variances, or

b. the reliabilities for the two forms are equal and for each form, the conditional error
variances are homogeneous; and

4. SOE for observed-score equating is satisfied, if

a. for all true-score levels, the ratio of conditional error variances is a constant equal
to the ratio of observed-score variances, or

1. The term "applied true-score equating,” used in Brennan (2010), refers to the linear true-score equating
where the new-form true score is replaced by the new-form observed score.
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b. the reliabilities for the two forms are equal and for each form, the conditional error
variances are homogeneous.

For curvilinear equating,

1. FOE for applied true-score equating is more nearly satisfied, if the reliability for the
new form is high;

2. FOE for observed-score equating is more nearly satisfied under the condition of equal
and high reliabilities for the old and new forms;

3. SOE for applied true-score equating is more nearly satisfied, if

a. for all true-score levels, the ratio of conditional error variances is a constant equal
to the ratio of true-score variances and the reliabilities for both forms are high, or

b. the reliabilities for the two forms are equal, the conditional error variances are
homogeneous, and the reliabilities for both forms are high; and

4. SOE for observed-score equating is more nearly satisfied, if

a. for all true-score levels, the ratio of conditional error variances is a constant equal
to the ratio of observed-score variances and the reliabilities for both forms are
high, or

b. reliabilities for the two forms are equal, the conditional error variances are
homogeneous, and the reliabilities for both forms are high.

The summary presented above suggests that the magnitude of reliability plays a role in
achieving FOE and SOE for the curvilinear equating procedures.

Methods
Data

Equity Properties for Mixed-Format Tests

The data used in this study were from three AP Exams: Biology, English Language, and
French. Altogether there are four linkages: two linkages for Biology, one for English Language,
and one for French. The equating design was the common-item, nonequivalent-groups design
(Kolen & Brennan, 2004). The original AP Exams are the mixed-format tests that contain both
MC items and constructed-response (CR) items. Operationally, the MC items in the AP Exams
are formula scored, and noninteger weights are assigned to each MC and CR section so

that the weighted composite scores across the two forms are equal. However, in this study,
number-correct scoring was employed for the MC items. In addition, integer weights were
assigned to items, and thus the weighted total score for the MC items and the weighted

total score for the CR items were often different across forms. Note that because the original
AP data were modified, results and findings from this study should not be generalized to the
operational AP Exams.

Table 1 presents the integer weights assigned to the MC and CR items, and the contributions
of each item format to a composite score. Composite scores in Table 1 are weighted
summations of the numbercorrect scores on the MC items and the summed scores on the
CR items. Table 2 provides descriptive statistics for the weighted composite score as well as
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the number of examinees actually included in this study. These sample sizes were calculated
after eliminating examinees who answered fewer than 80% of the MC questions. The
Pearson correlations between the composite scores and the common-item (Cl) scores were
quite high for all the forms (all of them were above .75).

In converting the composite raw scores to scale scores, scale scores developed for the AP
redesign and equating research were used. The scale scores were found by rounding and
then normalizing the weighted composite scores. The scale scores were rounded to integers
and truncated so that they were between 0 and 70. The mean of the scale scores was
approximately 35, and the standard deviation was approximately 10.

Effects of Psychometric Models on Equity Properties

To examine whether different psychometric models would yield different results for expected
scores and CSEMs, we constructed pseudo-test forms using four AP Biology Exams from
2004, 2005, 2006, and 2007 These pseudo-forms were constructed simply by eliminating

all the CR items in each test so that each test consisted of the MC items only. Thus, these
pseudo-forms are called full-length MC pseudo-tests, for descriptive purpose, in this paper. In
analyzing these pseudo-forms, unweighted summations of the number-correct scores of the
MC items were used as the total raw scores. The scale scores were developed by conducting
an unsmoothed equipercentile equating from the intact form (a full-length test with the MC
and CR items) to the pseudo-form (the same test with the MC items only) with a single-
groups design. Table 3 provides descriptive statistics for unweighted number-correct scores of
the MC and Cl items for the full-length MC pseudo-tests. Reliabilities were quite high for all
the forms (alpha coefficients for all tests were above .93).

Relationship Between Reliability and Equity Properties

Because the reliabilities of all the AP Exams were high (when we considered the MC items
only, the alpha coefficients for all the forms used in this study were above .9), and there were
no significant differences in the reliabilities among the tests, we constructed other pseudo-
forms to examine the relationships between test reliability and FOE and SOE. These pseudo-
forms were constructed using two AP Biology Exams, from 2004 and 2006. For this analysis,
only the MC items were used.

Pseudo-tests for three reliability conditions were constructed as follows. For each form, the
items in the full-length MC pseudo-test, excluding the common items, were rank ordered by
their discrimination levels (i.e., point-biserial correlations), and the first 36 highly correlated
items were eliminated. Then the same procedures were applied to the common items, and
the first 13 highly correlated common items were eliminated. Finally, the rest of the items
from these two sets of items were merged to create the low-reliability test. For the medium-
reliability test, the 19th to 54th items based on the rank-ordered distribution were eliminated
from the noncommon items, and the seventh to 19th items were eliminated from the
common items. Then the rest of the items were merged to construct the medium-reliability
test. Finally, to create the high-reliability test, the last 36 items were eliminated from the
noncommon items, and the last 13 items were eliminated from the common items. For all
three reliability conditions, there was a total of 50 items for Biology 2004 and 49 items for
Biology 2006. These tests are called shortened MC pseudo-tests in this paper.

We examined the relationships between reliability and FOE and SOE by comparing the results
from each reliability condition. In analyzing these pseudo-forms, unweighted summations of
the numbercorrect scores of the MC items were used as the total raw scores. Scale scores

College Board Research Reports 13
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were developed by conducting unsmoothed equipercentile equating from the intact form to
the pseudo-form with a single-groups design.

Descriptive statistics for unweighted numbercorrect scores of the MC and Cl items for the
shortened MC pseudo-tests are presented in Table 4. The difference in the alpha coefficient
between the high-reliability condition and the medium-reliability condition for the 2004 form
was .043; for the 2006 form, the difference was .039. The difference in the alpha coefficient
between the medium-reliability condition and the low-reliability condition for the 2004 form
was .049; for the 2006 form, the difference was .044. Thus, the difference in the alpha
coefficient between the high-reliability condition and the low-reliability condition for the 2004
form was .092; for the 2006 form, the difference was .084.

Equating Methods
To achieve the goals of this study, 11 equating methods were considered:
a. Tucker method
b. Levine observed-score method
c. Levine true-score method
d. Unsmoothed chained equipercentile method
e. Chained equipercentile method with log-linear presmoothing
f. Chained equipercentile method with cubic-spline postsmoothing

g. Unsmoothed frequency estimation method (sometimes called the post-
stratification method)

h. Frequency estimation method with log-linear presmoothing

i. Frequency estimation method with cubic-spline postsmoothing
j. IRT true-score method

k. IRT observed-score method

The first three methods are linear equating methods, while the other eight are curvilinear
methods. For the log-linear presmoothing methods, the fixed values of the presmoothing
parameter pairs were (6, 6, 1 : 6, 6, 1), which means that for both old and new forms, six
moments in the marginal distribution of the composite score and common-item score as
well as the first cross-moment in the bivariate distribution were preserved. Smoothing
parameters for the cubic-spline postsmoothing method were chosen using a judgmental
procedure based primarily on whether or not smoothed scores were within plus or minus
one raw score standard error of equating between percentile ranks of 0.5 and 99.5. For all
the tests, the postsmoothing parameter S = 0.1 met the criteria for parameter selection
reasonably well. Figures 1 and 2 provide examples of the postsmoothed and unsmoothed
equating relationship for AP Biology 2004-2006 with plus and minus one standard error
of equating. The conditional standard errors of equating were calculated using a bootstrap
procedure with 1,000 replications. The smoothed equivalents for S = 0.1 are much smoother
than the unsmoothed equivalents, but the smoothed results follow the unsmoothed
equivalents quite closely.
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For the IRT equating methods, IRT calibration was done for the old form and the new form
separately, assuming the three-parameter logistic (3PL) model (Birnbaum, 1968) for the MC
items and the graded response (GR) model (Samejima, 1969) for the CR items. After item
parameters and posterior proficiency distributions of both forms were obtained, the Stocking—
Lord method (Stocking & Lord, 1983) was used to transform the estimated item parameters and
the quadrature points of the posterior distribution on the new-form scale to the old-form scale.

Estimation Methodology

When equating methods are applied to real data, an estimate of the true-score distribution
is required to assess FOE and SOE. This is because these two properties refer to the
relationship between the two conditional distributions of observed scores given their true
scores (Kim et al., 2005). Previous researchers have described several procedures that can be
used to compute conditional expected scores and CSEMs based on different psychometric
models. For example, Kolen, Hanson, and Brennan (1992) provided a general approach for
estimating CSEMs for scale scores and considered an application of a strong true-score
model. Kolen, Zeng, and Hanson (1996) presented specifics on how to use Kolen et al’s
(1992) general approach in a dichotomous IRT framework. In this study, both Kolen et al's
(1992) framework of strong true-score model and Kolen et al's (1996) IRT model approaches
were used.

Under the BB framework, the probability that a raw score random variable X is equal to
i(i=0,1..., k) onak-item test is,

Pr (X =i) :f:Pr (X =i|7)g(r)dr, (1)

where T is the examinee’s true proportion of items correct. The true-score distribution, g(7),
is assumed to belong to the two-parameter beta family of distributions. The conditional error
distribution, Pr (X =1i| ), is assumed to be binomial and is expressed as follows:

Pr(X = i|1)=(:()‘ri(l—r)k'i. (2)

A similar procedure can be used for a unidimensional IRT framework. Under IRT, ability 8
serves as the conditioning variable instead of T under the strong true-score model. The
conditional distribution of number-correct raw scores, symbolized as Pr(X = i|0), can be
modeled using a compound binomial model. The Lord and Wingersky (1984) recursion formula
is typically used for computing the conditional raw-score distribution based on item parameter
estimates.

Then a raw-to-scale score transformation can be applied to the conditional distribution

of numbercorrect raw scores at a given ability (or a true score) in order to produce the
conditional probability distribution of scale scores. The mean of this conditional distribution is
the true (expected) scale score at that ability level, which is given by

E(0) = Expls()|r = s(OPr (X =i[7) (4

where Exp refers to the expected value, and the raw-to-scale score transformation is
symbolized as s. The standard deviation of this conditional scale score distribution at a given
ability level is taken to be the CSEM at that ability, which is

o[s(X)|r]=EV|r :\/Exp{[s(X)-g(r)]2|r} , (5)
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where EV|r refers to the conditional error variance of measurement at a given ability (or a
true score). Under the IRT framework, @ is replacing T everywhere it appears in Equations
(4) and (5).

In this study, we adopted a unidimensional IRT framework for assessing equity for the intact
forms of the AP Exams, which are mixed-format tests consisting of MC and CR items. For
the full-length and shortened MC pseudo-tests, we compared the results based on the BB
and those based on the IRT framework. When we used the IRT framework, the true-score
(0) distribution was assumed to be a normal distribution with a mean of 0 and a standard
deviation of 1. Furthermore, we assumed that the true-score () distribution under the BB
framework was a two-parameter beta distribution with both parameters set to 2 such that the
distribution was symmetric.

Under the IRT framework, it was assumed that the true-score relationship between the

two forms was curvilinear, and the relationship was defined according to the IRT true-score
equating. On the other hand, under the BB framework, it was assumed that the true scores
on the two forms were linearly related, and that the linear relationship was defined by Levine
true-score equating. Note that both the IRT true-score equating and the Levine true-score
equating are applied true-score equating methods whereby the new-form true scores are
replaced by the new-form observed scores.

Evaluation Criteria

To demonstrate empirically each equating method’s adequacy of preserving FOE and SOE,
the differences in expected scores and CSEMs were plotted, and the overall discrepancy
indices were computed. The present study adopted the same discrepancy indices as the ones
used in Lee, Lee, and Brennan (2010):

N i‘D&V Tj —‘§Xr
Dl:EIW‘E(,I\:VI @l , ©)

and

D. = Eiwi‘(EVY ‘Ti)_(EVX|Ti )|

: Su

In Equation (6), &, () refers to the expected scores of the old form at a given true score (ability
level), while Ex(ri) refers to those of the new form?, and W; refers to the weight of 7;. In
Equation (7), EV, |ri refers to the conditional error variance of measurement of the old form at

(7)

a given true score (ability level), and EVX|7:i refers to those of the new form. For the weight,

both weights from a normal distribution and weights from a uniform distribution were used in
computing D, and D, . A discrete quadrature distribution with 31 quadrature points was used
to compute D, and D,; 6 ranged from -3 to +3, and T ranged from .125 to .875.

Computer Programs

IRT calibration was conducted using MULTILOG (Thissen, Chen, & Bock, 2003). For IRT
equating, the 3PL model was used to estimate item parameters for the MC items, and the
graded-response model (GRM) was used for the FR items. All equating procedures were
performed using Equating Recipes (Brennan, Wang, Kim, & Seol, 2009). Expected scale
scores and conditional standard errors of measurement under the IRT model were computed
using POLYCSEM (Kolen, 2004).

2. Xs in Equations (6) and (7) should be eqY(x) to more accurately represent the scores on the new form
converted to the scale of the old form using an equating function. However, for notational simplicity, we used X
instead of egY(x).
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Results?®
Equity Properties for Mixed-Format Tests

As mentioned earlier, a unidimensional IRT framework was used to analyze the intact forms.
Figures 3 to 6 show the differences in conditional expected composite raw scores. The
differences in conditional expected scale scores are presented in Figures 7 to 10. In each
plot, the horizontal axis represents expected scores on the old form, and the vertical axis
represents the differences between the expected scores on the old form and those yielded
by equivalents from each equating method. If FOE had held perfectly, the curves in these
graphs would have been coincident with the horizontal zero line, meaning that the expected
scores yielded by the equivalents were the same as the expected scores for the old form.
The curves for the IRT true-score method preserved FOE throughout the whole score range
for both the raw and scale scores, which is consistent with previous research findings (Kim et
al., 2005; Lee et al., 2010; Tong & Kolen, 2005). IRT observed-score methods for all the tests
also seemed to preserve FOE quite well for both the raw and scale scores. For AP Biology
Exams (see Figures 3, 4, 7 and 8), the curves for the linear equating methods were close to
each other, those for the IRT equating methods did not depart from each other, and those for
the traditional® curvilinear equating methods were grouped together. It seems that the linear
equating methods preserved FOE better than the traditional curvilinear equating methods,
especially for AP Biology 2005-2007. For the other two exams, especially for AP French, the
curves for all the non-IRT-based equating methods overlapped considerably (see Figures 5, 6,
9, and 10), indicating that these methods yielded no meaningful differences in the extent to
which FOE held.

The overall FOE indices (D,) for all the tests are presented in Table 5. The overall FOE index
(D,) reports how well each equating method satisfies FOE. The lower the D, value, the better
FOE was satisfied. Entries in italics and bold in Table 5 indicate an equating method that yields
the lowest D, value for each equating linkage. The IRT true-score equating method preserved
FOE better than any other method, regardless of weighting used to compute the D, statistic.
This is consistent with the previous research findings (Kim et al., 2005; Lee et al., 2010; Tong
& Kolen, 2005) that the IRT true-score method preserves FOE well under the random-groups
design. The differences in the D, values between the IRT true- and observed-score equating
methods were quite small, which indicates that the IRT observed-score equating method also
satisfies FOE. The D, values for the non-IRT equating methods for all the tests did not seem
to differ much. These findings are consistent with the graphical representation of the results
(Figures 3 to 10).

With regard to SOE, the differences in CSEMs for raw scores are illustrated in Figures

11 to 14. The differences in CSEMs for scale scores are depicted in Figures 15 to 18. In

each plot, the horizontal axis represents expected scores on the old form, and the vertical
axis represents the differences between the CSEM on the old form and those yielded by
equivalents from each equating method. If SOE had held perfectly, there would have been no
difference between the CSEMs on the two forms at each proficiency level, and the curves

in each plot would have been a horizontal zero line. The pattern of findings for SOE, however,
was less consistent than that for FOE. For AP English Language and Composition, the Tucker
and Levine true-score methods, relative to the other methods, seemed to yield curves closest

3. Note again that results and findings from this study should not be generalized to the operational AP Exams
because the original AP data were modified, and different scoring, weighting scheme, and scaling were used
for this research.

4. In this paper, we categorized all four non-IRT-based curvilinear equating methods as traditional curvilinear
equating methods for the descriptive purpose.
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to the horizontal zero line (see Figures 13 and 17). For AP French, the SOE curves from all

the equating methods did not depart much from each other (see Figures 14 and 18). For

AP Biology 2004-2006 and 2005-2007 (see Figures 11, 12, 15, and 16), the curves for the

IRT equating methods were gathered together, those for the linear equating methods were
close to each other, and those for the traditional curvilinear equating methods went together.
However, for the two AP Biology equating linkages, it is difficult to tell which equating method
outperformed other equating methods in terms of preserving SOE from observing these
graphs.

The overall SOE index (D,) values for all the tests are presented in Table 6. The overall SOE
index (D,) empirically quantifies the overall differences in CSEMs between the old and new
forms across all the proficiency levels. The lower the D, value, the better SOE was satisfied.
Between the two IRT equating methods, IRT observed-score equating tended to have slightly
lower D, values than the IRT true-score equating. This is consistent with the previous research
findings (Kim et al., 2005; Lee et al., 2010; Tong & Kolen, 2005) that IRT observed-score
equating preserves SOE better than IRT true-score equating under the random-groups design.
Otherwise, it does not appear that the D, values of one method were consistently lower than
those of the other method. Therefore, it is difficult to conclude which method performs better
in terms of preserving SOE.

Effects of Psychometric Models on Equity Properties

In analyzing the full-length MC pseudo-tests to examine whether different psychometric
models would yield different results for FOE and SOE, the BB and IRT frameworks were fitted
to the same equating data.

Figures 19 to 22 show the differences in conditional expected composite raw score. The
differences in conditional expected scale score are presented in Figures 23 to 26. When

the BB framework is used (see Figures 19, 21, 23, and 25), the horizontal axis in each plot
represents expected scores on the old form, and the vertical axis represents the differences
between the expected scores on the old form and those yielded by equivalents from each
equating method. It is assumed that two true scores for the old and new forms are linearly
related, and the relationship is determined by the Levine true-score equating. The Levine
true-score equating method satisfied FOE, which is shown in Figures 19, 21, 23, and 25. This
result is consistent with Brennan’s (2010) and Hanson's (1991) findings, which showed that
FOE is satisfied for the applied true-score equating when the equating relationship is linear.
The Levine observed-score equating method also satisfied FOE throughout the whole score
range when the BB model was assumed (Figures 19, 21, 23, and 25). Considering the quite
similar reliabilities for the two forms (the differences between alpha coefficients for the two
forms were .001 for both of the linkages), we expected this finding based upon Brennan's
(2010) findings, which showed that when the equating relationship is linear, FOE is satisfied
for observed-score equating if the reliabilities for the two forms are equal. For AP Biology
2004-2006, the Tucker equating method also seemed to preserve FOE throughout the whole
score ranges, and the curves for all the curvilinear equating methods were close to each
other when the BB framework was used (see Figures 19 and 23). For AP Biology 2005-2007,
the IRT true- and observed-score equating methods appeared to satisfy FOE better than other
traditional curvilinear equating methods.

Figures 20, 22, 24, and 26 illustrate the differences in conditional expected scores under

the IRT framework. The IRT true- and observed-score equating methods outperformed the
other equating methods in terms of FOE when the IRT framework was used. For AP Biology
2004-20086, the traditional curvilinear equating methods seemed to perform better than the
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linear equating methods in preserving FOE. For AP Biology 2005-2007, the Tucker equating
method also appeared to satisfy FOE throughout the whole ability level.

Table 7 reports how well each equating method satisfied FOE under the BB and IRT
frameworks using the overall FOE index (D,). Regardless of the weights used, Levine true-
and observed-score equating methods produced lower D, values than any other equating
methods when the BB framework was used. This finding is consistent with the theoretical
results reported in Brennan (2010), which were summarized earlier in this paper. When the
IRT framework was used, the IRT true- and observed-score equating methods outperformed
other equating methods in terms of FOE, regardless of weighting. These finding are
consistent with previous research findings (Brennan, 2010; Kim et al., 2005; Lee et al.,

2010; Tong & Kolen, 2005). Other than that, there were no big differences in the D, values
among the other equating methods. Even though the differences in the D, values were
small, three chained equipercentile methods (unsmoothed, presmoothed, and postmoothed)
yielded smaller D, values than three corresponding frequency estimation methods, with few
exceptions (the AP Biology 2004-2006 linkage with normal weights under the BB framework
for both raw and scale scores).

Figures 27 to 30 illustrate the differences in CSEMs for the raw scores between two forms.
The differences in CSEMs for the scale scores are also presented in Figures 31 to 34. When
the BB framework was used (see Figures 27 29, 31, and 33), regardless of score types, the
three linear equating methods seemed to perform well in terms of SOE, even though this
pattern is less apparent for AP Biology 2004-2006 when the raw scores were used. This
finding is consistent with Brennan’s (2010) finding that SOE is more likely to be satisfied under
the linear equating than the curvilinear equating. For AP Biology 2005-2007, with regard to
CSEMs for the raw scores, all of the equating methods appeared to satisfy SOE well, except
for the unsmoothed frequency estimation and unsmoothed chained equipercentile methods
in the lower part of the ability range (see Figure 29).

Figures 28, 30, 32, and 34 present the differences in CSEMs when the IRT framework was
used. For both of the linkages, when the raw scores were used, the three linear equating
methods and IRT true- and observed-score equating methods performed well in terms of SOE
(see Figure 28 and 30). For AP Biology 2004-2006, when the scale scores were used, all the
equating methods seemed to preserve SOE well in the middle ability range. In the two ends
of the ability, however, it is difficult to tell which method preserved SOE better (see Figure
32). For AP Biology 2005-2007, in regard to CSEMSs of the scale scores, the IRT true- and
observed- score equating methods and the Tucker method appeared to satisfy SOE better
than the other equating methods.

To further compare how well SOE holds, we computed the overall SOE index (D,) and
presented the values in Table 8. Regardless of weighting and the psychometric framework
used, the D, values for three linear equating methods were smaller than those for the other
equating methods when raw scores were used. However, the differences in the D, values
among different equating methods were relatively small. When the scale scores were used,
it is difficult to conclude which method produces smaller D, values, and there are also no
substantial differences in the D, values for all the equating methods.
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Relationship Between Reliability and Equity Properties

In analyzing the pseudo-tests for the three reliability conditions, both the BB and IRT
frameworks were used, and the results compared.

Figures 35 to 37 show the differences in conditional expected composite raw scores for the
three reliability conditions under the BB framework. The differences in conditional expected
scale scores for the three reliability conditions under the BB framework are presented in
Figures 41 to 43. Regardless of the score types, the Levine true- and observed-score equating
methods preserved FOE for all three reliability conditions, as expected from previous research
(Brennan, 2010). The Tucker method seemed to preserve FOE better in the high- and medium-
reliability conditions than in the low-reliability condition. It should be noted that according

to Brennan (2010), “high-reliability” is not required to achieve FOE when the true equating
function is linear, FOE holds for the applied true-score equating, and “equal reliabilities”
guarantees that FOE is satisfied for the linear observed-score equating. In this study, alpha
coefficients for the two forms were quite similar for all three reliability conditions. Thus, our
result was consistent with Brennan's (2010). The curves for the curvilinear equating methods
were close to each other in these graphs. It appears that the curves for the curvilinear
equating methods were closer to the horizontal zero line in the high-reliability condition than
in the other two reliability conditions. This finding is also consistent with Brennan (2010),

who showed that "high-reliability” facilitates achieving approximate FOE when equating is
curvilinear.

Figures 38 to 40 show the differences in conditional expected composite raw scores for the
three reliability conditions under the IRT framework. The differences in conditional expected
scale scores for the three reliability conditions under the IRT framework are presented

in Figures 44 to 46. In the high-reliability condition, regardless of the score types, all the
equating methods seemed to preserve FOE quite well, except the three linear equating
methods in the lower ability range. In the medium- and low-reliability conditions, however, the
IRT true score equating method outperformed other equating methods in terms of FOE.

The overall FOE index (D,) values for all the reliability conditions are presented in Table 9.
Under the IRT framework, regardless of weights used, the D, values for all the traditional
curvilinear equating methods become bigger as the reliability decreases. WWhen the scale
scores were used under the BB framework, regardless of weights, the D, values for all the
traditional curvilinear equating methods tended to be smaller in the high-reliability condition
than in the low-reliability condition. This pattern for the traditional curvilinear equating
methods was also found when the raw scores were used under the BB framework, with the
exceptions of the three chained equipercentile methods when the normal weights were used.
With respect to the linear equating methods, FOE was satisfied under the BB framework
regardless of the magnitude of reliability. These findings are consistent with the previous
research findings (Brennan, 2010). However, under the IRT framework, the linear equating
methods performed worse than any other equating methods in terms of FOE, which may be
due to the inconsistency in the model (which assumes a curvilinear relationship between true
scores) and the equating methods (which are linear).

Figures 47 to 49 show the differences in CSEMs of the raw scores for the three reliability
conditions under the BB framework. Figures 50 to 52 show these differences under the IRT
framework. The differences in CSEMs of the scale scores for the three reliability conditions
under the BB framework are presented in Figures 53 to 55. These differences under the IRT
framework are presented in Figures 56 to 58. Regardless of the psychometric framework
used, when the scale scores are used, the curves for all the equating methods seemed to be
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closer to the horizontal zero line in the high-reliability condition than in the medium- and low-
reliability condition (see Figures 53 to 55 and 56 to 58). However, this pattern was not clearly
shown when the raw scores were used (see Figures 47 to 49 and 50 to 52).

To further compare how well SOE holds in the three reliability conditions, we computed

the overall SOE index (D,) values and presented the values in Table 10. With regard to the
CSEMs of the scale scores, under the IRT framework, the D, values for all the equating
methods were smaller in the high-reliability condition than in the low-reliability condition, with
the exception of the Tucker method with uniform weights and the unsmoothed frequency
estimation method with normal weights. With respect to the CSEMs of the raw scores,
under the IRT framework, the D, values for two IRT equating methods were smaller in the
high-reliability condition than the low-reliability condition. Otherwise, there were no special
findings regarding the reliability conditions.

Discussion
Equity Properties for Mixed-Format Tests

The current analyses for the intact forms with an IRT framework of AP Exams show that the
IRT true-score equating tends to preserve FOE better than any other equating methods. With
respect to SOE, the IRT observed-score equating tends to preserve SOE better than the IRT
true-score equating method. These findings are consistent with previous research evidence
(Kim et al., 2005; Lee et al., 2010; Tong & Kolen, 2005), although these previous studies were
for a different equating design (i.e., a random-groups design) and the tests used for those
studies were not mixed-format tests. However, the values of the overall FOE indices for the
equating methods that can be grouped together® (e.g., the IRT true- and observed- score
equating methods can be grouped together because both of them are based on IRT) did

not differ much from each other. The two IRT equating methods performed better than all

the other equating methods in terms of FOE. This is because the equating methods and the
evaluation framework were based on the same IRT model. In terms of SOE, there were also
no big differences among the values of the overall SOE indices for various equating methods,
and it did not seem that one method performed better than the others.

Effects of Psychometric Models on Equity Properties

When we used only the MC items of AP Exams to compare the results based on different
psychometric frameworks, the three linear equating methods preserved FOE better than
any other equating methods under the BB framework, and the two IRT equating methods
outperformed other equating methods in terms of FOE under the IRT framework. These
results are consistent with previous research findings (Brennan, 2010; Kim et al., 2005; Lee et
al., 2010; Tong & Kolen, 2005). In this study, FOE was satisfied not only for the Levine true-
score equating method but also for the Levine observed-score equating method under the
BB framework, because the reliabilities for the two forms were quite similar (for AP Biology
2004-2006, coefficient o for the new form was .942 and for the old form was .945, and
for AP Biology 2005-2007, coefficient & for the new form was .945 and for the old form
was .936; see Table 3). If the reliabilities for the two forms are equal, FOE is satisfied for the
observed-score linear equating as well as for the true-score linear equating (Brennan, 2010).

5. The equating methods considered in this study can be grouped into three categories: linear equating
methods, traditional curvilinear equating methods, and IRT equating methods.
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With regard to SOE, the D, values for the three linear equating methods were smaller than
those for the other equating methods regardless of the psychometric framework used in the
raw-score scale. Comparing the two IRT equating methods, IRT observed-score equating
performed better than IRT true-score equating in terms of SOE, which is consistent with

the previously discussed results for the mixed-format intact forms. To summarize, we used
the IRT and BB frameworks to examine whether different underlying psychometric models
would yield different results for expected scores and CSEMs. Our findings suggest that

the performance of various equating methods in terms of FOE and SOE depends on the
psychometric model assumed, which echoes Kim et al's (2005) findings.

Relationship Between Reliability and Equity Properties

Analyses of the shortened MC pseudo-forms show that the three linear equating methods
preserve FOE well, regardless of the reliability conditions and score types, when the BB
framework is used. This finding is consistent with Brennan (2010), who showed that FOE

and SOE do not directly depend upon the magnitude of reliability for the linear equating, and
FOE and SOE are more likely satisfied under the linear equating than the curvilinear equating.
When the IRT framework is used, in the high-reliability condition, all equating methods seem
to preserve FOE quite well except the three linear equating methods in the lower ability area,
regardless of the score types. In the medium- and low-reliability conditions, however, IRT true
score equating outperforms other equating methods in terms of FOE. Also, regardless of the
psychometric framework and weights used, the D, values for all the traditional curvilinear
equating methods increase as the reliability decreases, with one exception: when the raw
score scale is used under the BB framework. This finding is consistent with previous research,
which showed that for curvilinear equating, FOE and SOE are not generally satisfied, but the
magnitude of reliability matters in the sense that all other things being equal, FOE and SOE
are more nearly satisfied when reliabilities are high (Brennan, 2010). With respect to SOE,
when the scale scores are used, the curves for all the equating methods seem to be closer to
the horizontal zero line in the high-reliability condition than in the medium- and low-reliability
conditions, regardless of the psychometric framework used. Also, under the IRT model, the D,
values for all the equating methods are smaller in the high-reliability condition than in the low-
reliability condition, with two previously discussed exceptions when the scale scores are used.

Overall, our findings for FOE and its relationship with reliability are consistent with previous
research (Brennan, 2010). On the other hand, the pattern of findings for SOE is less consistent
than that for FOE. According to Brennan (2010), SOE is satisfied under certain conditions, as
described earlier. Those conditions for SOE are not likely to be met in our study. For example,
the assumption of homogeneous error variances seems unlikely to be met, not only in our
study but also in most circumstances.

Conclusion

This study set out to examine the performance of various equating methods using AP Exam
data. In particular, we assessed the equity properties of various equating methods using
mixed-format tests with the common-item, nonequivalent-groups design; examined the
effect of underlying psychometric models on the equity properties using both the IRT and BB
frameworks; and investigated the relationships between test reliability and equity properties
using pseudo-tests. Taken together, our findings contribute to understanding of the equity
properties by providing a more comprehensive set of empirical results with different test
formats, designs, and test forms.
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Despite our contributions, our results should be interpreted and applied with caution. We
used the IRT and BB frameworks and found that the equity properties of various equating
methods are influenced by the underlying psychometric model assumed. Many practical
reasons may make the use of one of the methods preferable to others in a particular context.
It should be noted, however, that when the IRT framework is used, the IRT true-score
equating might have potential advantages over the traditional equating methods in terms of
FOE because the true-score distributions are based on the IRT model. Similarly, all the linear
equating methods might have potential advantages over all the curvilinear equating methods
when the BB framework is used because the true-score relationship is assumed to be linear.
Furthermore, there are strong assumptions in using the IRT framework, and it is important
to note that the results depend on how well the IRT model fits the data. In addition, as Lee
et al. (2010) suggest, FOE and SOE should not be the only criteria to assess the equating
results. As Brennan (2010) described, FOE and SOE are more likely to be satisfied under
linear equating than curvilinear equating only when the true equating function is linear, which
is seldom the case. Thus, even though the linear equating methods preserve FOE and SOE
better than the curvilinear equating methods, it does not mean that the linear equating
methods are preferable.

In this study, the true-score distribution is assumed to be a symmetric beta distribution
under the BB framework and a normal distribution under the IRT framework. If a true-score
distribution is not symmetric, then the results based on a symmetric true-score distribution
may not be directly applicable. However, by considering both uniform weights and normal
weights in computing the overall discrepancy indices (D, and D,), the assumption of the
symmetric true-score distribution is unlikely to alter our conclusions because no significant
differences are observed for the two types of weights.

This paper examines how FOE and SOE hold in terms of both raw and scale scores. We also
use two types of weights when we compute the values of overall FOE and SOE indices.
There are no significantly different findings across the score types or weights. Due to the
scope of this study, a limited number of factors are investigated. Future research could
incorporate other factors that are not considered in the current study.

Like other studies, there are some limitations in this study. First of all, when we eliminated
items to construct pseudo-tests for the three reliability conditions, we only considered
item-total correlations. Because other test and item characteristics, such as a content
specification or the correlations between common items and total scores, are not considered
in constructing the pseudo-forms, the shortened forms may not be parallel, especially in
terms of content representativeness. In other words, the shortened common-item sets

may not be a “mini-version” of the total test (Kolen & Brennan, 2004). Therefore, it may be
difficult to claim that strictly adequate equating results were obtained when the shortened
pseudo-forms were analyzed. Second, all the items in the original AP Exams have high item-
total correlations. So when we constructed pseudo-forms for the three reliability conditions,

it was difficult to allow sufficient variability in reliabilities among those forms to examine the
relationships between reliability and FOE and SOE. Furthermore, we defined coefficient & as
reliability in constructing and analyzing pseudo-forms for the three reliability conditions. Use of
different reliability statistics might affect the results. Future research with a simulation study
seems to be necessary to explore the relationship between reliability and the preservation of
equating properties.
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Appendix

Table A1l.
Weights Assigned to MC and CR Items (Intact Forms)

: - MC Weighted  Weighted ; ;
Test - Form  Weights = CRWeights = MC CR . Composite = % MC % CR
2004 2 3 198 120 318 062 0.38
, 2006 2 3 196 120 316 062 0.38
Biology ; : : ;
2005 2 3 196 120 316 062 0.38
2007 2 3 198 120 318 063 0.38
English Language 2004 2 5 106 135 241 0.44 = 0.56
and Composition 2007 2 5 104 135 239 0.44  0.56
French Language 2005 2 1,1,5,3,3,3,3,3 158 150 308 0.51 = 0.49
and Culture 2007 2 1,1,5,3,3,3.3,3 170 150 320 0.53 = 0.47

Table A2.

Descriptive Statistics for Weighted Composite and Cl Scores (Intact Form)

: : - Corr b/w
: : : : : : : - Composite
Test - Form - N Mean  StdDev Skewness  Kurtosis &Cl
2004 Composite 15075 178.002 57491  -0.274 -0.632 0908
¢l 15075 33079 10439 -0.470 -0.478
2006  Composite 16,899 179.056 57409  -0.375 -0.569 0.910
_ ~Cl 16899 32127 10210 -0.408  -0.464
Biology
2005  Composite 1685 176451  53.387  -0.320 -0.466 0.873
~cl 16185 30450  8.608  -0573  -0236
2007 Composite 16,819 164540  56.069  -0.102  -0.693 0.887
. C 16819 29905  9.222  -0493  -0.458
2004 Composite 15820 147768 = 33.850  -0.460 -0.003 0.757
English Language ¢ 15820 27700 6295  -1.075 0988
and Composition ~ 2007  Composite 16,882  142.077 33110  -0427 0092 0765
: . c 16882 27648 6179  -1.035 0959
2005  Composite 13571 182708  50.157  -0.321 0,445 0.900
French Language . c 13571 32309 10327 0320  -0727
and Culture 2007  Composite 13,982 182125 51325  -0.260  -0.443 0.893
' o 13982 31751 1082 -0.240 0745
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Table A3.

Descriptive Statistics for Unweighted MC and Cl Scores (Full-Length MC Pseudo-

Tests)
: : Corr
 biw
: #of : - Skew- & Total
Test  Form items N - Mean StdDev ness  Kurtosis  coeff. &Cl
,,,,,,,,,,,,,,,,,,,,,, 2004 MCTOtaI e ”’1"5;655““:””6‘1".66 . ”662 039 5 058 s vos e
cl 26 15075 16539 5219  -0.470 = -0.478 = 0.834
g METO 98 16899 62156 16759 0521 -0.315  0.942  0.934
Biology cl 26 16,899  16.064 5105  -0.408  -0.464  0.830
2005 MCTotal 98 16185 65235 15985 -0.647 -0.098 0936  0.909
cl 23 16,185 = 15.225 = 4.304  -0.573 = -0.236 = 0.778
MCTotal 99 16,819 63856 17.371  -0.441 -0487 0945 0920
2007 Cl 23 16819 14952 4611  -0.493 -0.458  0.807
Table A4.
Descriptive Statistics for Unweighted MC and Cl Scores (Shortened MC Pseudo-
Tests)
: - Corr
- b/w
:  #of . Skew- - Total
Biology =~ Form  Variable items @~ N  Mean - ness  Kurtosis  coeff. = &Cl
High cl 13 15,075 8397  3.205  -0.515 = -0.625 = 0.775
Reliability 008 MC 49 16899 32912  10.095 -0.654 -0.389  0.923  0.912
cl 13 16,899  8.463 = 3113  -0.534 -0.532  0.775
L o | MC 50 15075 27.892 9129  -0.089 -0762 0838  0.881
Medium cl 13 15075 7271 2.823  -0.117 = -0.697 = 0.693
Reliability 006 MC 49 16899 29.806 8542  -0.365 -0.481  0.884  0.878
cl 13 16,899 7180 = 2.805  -0.095 = -0.666  0.688
L o | MC 50 15075 29758  7.445 -0.238 -0.162 0839  0.854
Low cl 13 15075  8.143  2.463  -0.380 = -0.193 ~ 0.631
Reliability 006 MC 49 16899 29244  7.263  -0.278  -0.065  0.839  0.851
cl 13 16,899  7.601 = 2441  -0.224 = -0.256  0.627
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Appendix

Figure A1l.

Biology 2004-2006 unsmoothed and smoothed (S=0.1) equivalents using chained
equipercentile method.

Chained Equipercentile Method
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+/- 1 Standard Error
—5S=0.1

-10
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Figure A2.

Biology 2004-2006 unsmoothed and smoothed (S=0.1) equivalents using frequency
estimation method.
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Appendix

Figure A3.

Differences in expected composite raw scores for Biology 2004-2006 (IRT
framework, intact forms).
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Figure A4.

Differences in expected composite raw scores for Biology 2005-2007 (IRT
framework, intact forms).
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Figure A5.

Differences in expected composite raw scores for English Language and
Composition 2004-2007 (IRT framework, intact forms).

English Language and Composition (2004—2007)
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Figure AG6.

Differences in expected composite raw scores for French Language and Culture
2005-2007 (IRT framework, intact forms).
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Figure A7.

Differences in expected composite scale scores for Biology 2004-2006 (IRT
framework, intact forms).
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Figure AS.

Differences in expected composite scale scores for Biology 2005-2007 (IRT
framework, intact forms).
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Figure A9.

Differences in expected composite scale scores for English Language and

Composition 2004-2007 (IRT framework, intact forms).
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Figure A10.

Differences in expected composite scale scores for French Language and Culture
2005-2007 (IRT framework, intact forms).
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Figure A11.

Differences in CSEMs of composite raw scores for Biology 2004-2006 (IRT
framework, intact forms).
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Figure A12.

Differences in CSEMs of composite raw scores for Biology 2005-2007 (IRT
framework, intact forms).
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Figure A13.

Differences in CSEMs of composite raw scores for English Language and
Composition 2004-2007 (IRT framework, intact forms).
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Figure A14.

Differences in CSEMs of composite raw scores for French Language and Culture
2005-2007 (IRT framework, intact forms).
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Figure A15.

Differences in CSEMs of composite scale scores for Biology 2004-2006 (IRT
framework, intact forms).
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Figure A16.

Differences in CSEMs of composite scale scores for Biology 2005-2007 (IRT
framework, intact forms).
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Figure A17.

Differences in CSEMSs of composite scale scores for English Language and

Composition 2004-2007 (IRT framework, intact forms).
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Figure A18.

Differences in CSEMs of composite scale scores for French Language and Culture

2005-2007 (IRT framework, intact forms).
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Figure A19.

Differences in expected raw scores for Biology 2004-2006 (BB framework, full-
length MC pseudo-tests).

Biology (2004-2006)

=
w
)

o
o
ﬁ

b

Differences in Expected Raw Scores (0ld-New)

Tucker —&—LevTr
—%— ChainedE =~ ==--- FE ~——Pre Ch
3.0 Pre Fe ——Post Ch Post Fe
O IRTTr === |RT Ob
12 25 37 50 62 74 87

0ld Form Expected Raw Score

Figure A20.

Differences in expected raw scores for Biology 2004-2006 (IRT framework, full-
length MC pseudo-tests).
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Figure A21.

Differences in expected raw scores for Biology 2005-2007 (BB framework, full-
length MC pseudo-tests).
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Figure A22.

Differences in expected raw scores for Biology 2005-2007 (IRT framework, full-
length MC pseudo-tests).
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Figure A23.

Differences in expected scale scores for Biology 2004-2006 (BB framework, full-
length MC pseudo-tests).

Biology (2004-2006)

1.0

0.0

-1.0

-2.0

Tucker

Differences in Expected Scale Scores (Old-New)

-3.0
—*— ChainedE =~ ==--- FE ~——Pre Ch
Pre Fe ——Post Ch Post Fe
-4.0 o IRTTr ———IRT Ob
2 15 23 28 34 41 51

0ld Form Expected Scale Score

Figure A24.

Differences in expected scale scores for Biology 2004-2006 (IRT framework, full-
length MC pseudo-tests).
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Figure A25.

Differences in expected scale scores for Biology 2005-2007 (BB framework, full-
length MC pseudo-tests).
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Figure A26.

Differences in expected scale scores for Biology 2005-2007 (IRT framework, full-
length MC pseudo-tests).
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Figure A27.

Appendix

Differences in CSEMSs of raw scores for Biology 2004-2006 (BB framework, full-
length MC pseudo-tests).
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Figure A28.

Differences in CSEMs of raw scores for Biology 2004-2006 (IRT framework, full-
length MC pseudo-tests).

1.0

It
«n

Differences in CSEMs (0Old-New)

________

Biology (2004-2006)
Tucker Lev Ob —A—LlevTr
—%— ChainedE =~ ===-- FE ~—4—Pre Ch
Pre Fe ——Post Ch Post Fe
IRT Tr === |RT Ob

20

28

43 62 80 92 97
0ld Form Expected Raw Score

College Board Research Reports 47



Appendix

Figure A29.

Differences in CSEMSs of raw scores for Biology 2005-2007 (BB framework, full-

length MC pseudo-tests).
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Figure A30.

Differences in CSEMs of raw scores for Biology 2005-2007 (IRT framework, full-

length MC pseudo-tests).
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Figure A31.

Differences in CSEMSs of scale scores for Biology 2004-2006 (BB framework, full-
length MC pseudo-tests).
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Figure A32.

Differences in CSEMSs of scale scores for Biology 2004-2006 (IRT framework, full-
length MC pseudo-tests).
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Figure A33.

Differences in CSEMSs of scale scores for Biology 2005-2007 (BB framework, full-
length MC pseudo-tests).
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Figure A34.

Differences in CSEMs of scale scores for Biology 2005-2007 (IRT framework, full-
length MC pseudo-tests).
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Figure A35.

Differences in expected raw scores for the high-reliability pseudo-test (BB
framework).
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Figure A36.

Differences in expected raw scores for the medium-reliability pseudo-test (BB
framework).
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Figure A37.

Differences in expected raw scores for the low-reliability pseudo-test (BB

framework).
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Figure A38.

Differences in expected raw scores for the high-reliability pseudo-test (IRT
framework).
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Figure A39.

Differences in expected raw scores for medium-reliability pseudo-test (IRT

framework).
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Figure A40.

Differences in expected raw scores for low-reliability pseudo-test (IRT

framework).
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Figure A41.

Differences in expected scale scores for the high-reliability pseudo-test (BB
framework).
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Figure A42.

Differences in expected scale scores for the medium-reliability pseudo-test (BB
framework).
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Figure A43.

Differences in expected scale scores for the low-reliability pseudo-test (BB
framework).
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Figure A44.

Differences in expected scale scores for the high-reliability pseudo-test (IRT

framework).
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Figure A45.

Differences in expected scale scores for the medium-reliability pseudo-test (IRT
framework).
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Figure A46.

Differences in expected scale scores for the low-reliability pseudo-test (IRT

framework).
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Figure A47.

Appendix

Differences in CSEMSs of raw scores for the high-reliability pseudo-test (BB

framework).
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Figure A48.

Differences in CSEMs of raw scores for the medium-reliability pseudo-test (BB

framework).
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Figure A49.

Differences in CSEMSs of raw scores for the low-reliability pseudo-test (BB

framework).
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Figure A50.

Differences in CSEMs of raw scores for the high-reliability pseudo-test (IRT

framework).
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Figure A51.

Differences in CSEMSs of raw scores for the medium-reliability pseudo-test (IRT

framework).
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Figure A52.

Differences in CSEMSs of raw scores for the low-reliability pseudo-test (IRT
framework).
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Figure A53.

Differences in CSEMSs of raw scores for the high-reliability pseudo-test (BB

framework).
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Figure A54.

Differences in CSEMSs of scale scores for the medium-reliability pseudo-test (BB

framework).
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Figure A55.

Differences in CSEMSs of scale scores for the low-reliability pseudo-test (BB

framework).
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Figure A56.

Differences in CSEMSs of scale scores for the high-reliability pseudo-test (IRT
framework).
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Figure A57.

Differences in CSEMs of scale
framework).
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Figure A58.

Differences in CSEMs of scale
framework).
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