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A Bayesian nonparametric model is introduced for score equating. It is applicable to all major equat-
ing designs, and has advantages over previous equating models. Unlike the previous models, the Bayesian
model accounts for positive dependence between distributions of scores from two tests. The Bayesian
model and the previous equating models are compared through the analysis of data sets famous in the
equating literature. Also, the classical percentile-rank, linear, and mean equating models are each proven
to be a special case of a Bayesian model under a highly-informative choice of prior distribution.

Key words: Bayesian nonparametrics, bivariate Bernstein polynomial prior, Dirichlet process prior, test
equating, equipercentile equating, linear equating.

1. Introduction

Often, in psychometric applications, two (or more) different tests of the same trait are ad-
ministered to examinees. The trait may refer to, for example, ability in an area of math, verbal
ability, quality of health, quality of health care received, and so forth. Different tests are admin-
istered to examinees for a number of reasons. For example, to address any concerns about the
security of the content of the test items, to address time efficiency in the examination process, or
the two different tests may have identical items administered at different time points. Under such
scenarios, the two tests, label them Test X and Test Y, may have different numbers of test items,
may not have any test items in common, and possibly, each examinee completes only one of the
tests. Test equating makes it possible to compare examinees’ scores on a common frame of refer-
ence, when they take different tests. The goal of test equating is to infer the “equating” function,
ey (x), which states the score on Test Y that is equivalent to a chosen score x on Test X, for all
possible scores x on Test X. Equipercentile equating is based on the premise that test scores x
and y are equivalent if and only if Fx(x) = Fy(y), and thus defines the equating function:

ey(x) = Fy ' (Fx(x)) =, (1)

where (Fx(-), Fy(-)) are the cumulative distribution functions (c.d.f.s) of the scores of Test X
and Test Y. There are basic requirements of test equating that are commonly accepted (Kolen
& Brennan, 2004, Section 1.3; Von Davier, Holland, & Thayer 2004, Section 1.1). They in-
clude the equal construct requirement (Test X and Test ¥ measure the same trait), the equal
reliability requirement (Test X and Test Y have the same reliability), the symmetry requirement
(ex(ey(x)) = x for all possible scores x of Test X), the equity requirement (it should be a mat-
ter of indifference for an examinee to be tested by either Test X or Test Y), and the population
invariance requirement (ey (x) is invariant with respect to any chosen subgroup in the population
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of examinees). Also, we believe that it is reasonable for test equating to satisfy the range require-
ment, that is, for all possible scores x of Test X, ey (x) should fall in the range of possible scores
in Test Y.

Also, in the practice of test equating, examinee scores on the two tests are collected accord-
ing to one of the three major types of equating designs, with each type having different versions
(von Davier et al., 2004, Chap. 2; Kolen & Brennan, 2004, Section 1.4). The first is the Sin-
gle Group (SG) design where a random sample of common population of examinees complete
both Test X and Test Y, the second is an Equivalent Groups (EG) design where two independent
random samples of the same examinee population complete Test X and Test Y, respectively,
and the third is the nonequivalent groups (NG) design where random samples from two differ-
ent examinee populations complete Test X and Test Y, respectively. A SG design is said to be
counterbalanced (a CB design) when one examinee subgroup completes Test X first and the re-
maining examinees Test Y first. NG designs, and some EG designs, make use of an anchor test
consisting of items appearing in both Test X and Test Y. The anchor test, call it Test V (with
possible scores vp, va, ...), is said to be internal when the anchor items contribute to the scores
in Test X and in Test Y, and is said to be external when they do not contribute.

If the c.d.f.s Fx(-) and Fy(-) are discrete, then often Fx(x) will not coincide with Fy(y)
for any possible score on Test Y, in which case the equipercentile equating function in (1)
is ill-defined. This poses a challenge in equipercentile equating, because often in psychome-
tric practice, test scores are discrete. Even when test scores are on a continuous scale, the
empirical distribution estimates of (Fy, Fy) are still discrete, with these estimates given by
Fx(x) = e 2 1(xi < x) and Fx(y) = i 2 1(yi < y), with 1() the indicator function. A
solution to this problem is to model (Fx, Fy) as continuous distributions, being smoothed ver-
sions of discrete test score c.d.f.s (Gx, Gy), respectively (with corresponding probability mass
functions (gx, gy)). This approach is taken by the four well-known methods of observed-score
equating. They include the traditional methods of percentile-rank equating, linear equating, mean
equating (e.g., Kolen & Brennan, 2004), and the kernel method of equating (von Davier et al.,
2004). While in the equating literature they have been presented as rather distinct methods, each
of these methods corresponds to a particular mixture model for (Fy, Fy) having the common
form:

p(X) p(Y)
Fx()= Z Wk, px) Fxx () Fy() = Z Wk, pv) Fyr (),
k=1 k=1
where for each Test X and Test Y, the Fy(-) are continuous c.d.f.s and w, = (w1, p, ..., Wp,p),

Z,le wg,p = 1, are mixture weights defined by a discrete test score distribution G. For ex-
ample, the linear equating method corresponds to the simple mixture model defined by p(X) =
p(Y) =1, with Fx(-) = Normal(-|ux, 0%) and Fy(-) = Normal(y|py, o2), and the mean equat-
ing method corresponds to the same model with the further assumption that 0)2( = a;%. While the
equating function for linear or mean equating is usually presented in the form ey (x) = %(x -

Wx) + py, this equating function coincides with ey (x) = FY_I(FX (x)), when Fx(-) and Fy(-)
are normal c.d.f.s with parameters (@ x, (7)2() and (uy, a)%), respectively. Now, let {)c;{*_1 < x,’:, k=
2,..., p(X)} be the possible scores in Test X assumed to be consecutive integers, with )c(’)k =
xf—= %, x;(X)H = x;(x) + %, and {y; | <y, k=2,..., p(Y)}, y;,and y;(Y)H are similarly de-
fined for Test Y. The percentile-rank method corresponds to a model defined by a mixture of uni-
form c.d.f.s, with Fxx(-) = Uniform(-|x — 5, x7 + 1) and wy p(x) = gx (x7) (k =1, ..., p(X)),
along with Fyy(-) = Uniform(-|y; — %, i+ %) and wy vy = gy () (k=1,..., p(Y)) (for
a slightly different view, see Holland and Thayer 2000). Finally, the kernel method corre-
sponds to a model defined by a mixture of normal c.d.f.s, with (px, py) defined similarly,



«PMET 11336 layout: SPEC (pmet)reference style: apa file: pmet9096.tex (Ramune) aid: 9096  doctopic: OriginalPaper  class: spr-spec-pmet v.2008/12/03 ~ Prn:3/12/2008; 15:54  p. 3/22»

101
102
103
104
105
106

108
109
110
11
112
113
114
115
116

118
119
120
121

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

146
147
148
149
150

GEORGE KARABATSOS AND STEPHEN G. WALKER

Fxr(-; hx) = Normal(Rxy(-; hx)|0,1) and Fyg(-; hy) = Normal(Ryy(-; hy)|0, 1), where hx
and hy are fixed bandwidths. (In particular, Ry (x; hx) =[x — xrax — ux (1 — ax)(hxax)™!,
with aX = [O’X / (O‘X + h? )]1/ 2. The function Ryk(y;hy) is similarly defined). In the kernel
model, the mixing Welghts are defined by (Gx, Gy) with {wy px) = gx(xk) k=1,..., p(X)}
and {w pr) = gy(y,’;) tk=1,..., p(Y)}, where (Gx, Gy) are marginals of the bivariate dis-
tribution Gxy assumed to follow a log-linear model. In the kernel equating model, the pos-
sible scores of each test (i.e., all the x,f and all the y,’f) need not be represented as consecu-
tive integers. In general, for all these models and their variants, it is assumed that the contin-
uous distributions (Fy, Fy) are governed by some chosen function ¢ of a finite-dimensional
parameter vector 6 (Kolen & Brennan, 2004; von Davier et al., 2004). Also in practice, a
point-estimate of the equating function at x is obtained by ey (x; 0) = (F x (x; 0)|0) via
the point-estimate 0 usually a maximum-likelihood estimate (MLE) (Kolen & Brennan, 2004;
von Davier et al., 2004). Asymptotic (large-sample) standard errors and confidence intervals for
any given equated score ey (x; @) (for all values of x) can be obtained with either analytic or
bootstrap methods (Kolen & Brennan, 2004; von Davier et al., 2004). In the kernel equating
model, given the MLE G xy obtained from a selected log- linear model, the marginals (6 X, G Y)
are derived, and then the bandw1dth parameter estimates (h X hy) are obtained by minimizing a
squared-error loss criterion (h = argminy-q Z e | Wk, p f (s h))?).

The percentile-rank, linear, mean, and kernel equating models each have seen many suc-
cessful applications in equating. However, for five reasons, they are not fully satisfactory, and
these reasons invite the development of a new model of test equating. First, under any of these
four equating models, the mixture distributions (Fy, Fy) support values outside the range of
scores of Test X and/or of Test Y, the ranges given by [xi‘,x;(x)] and [y}, y;‘)(y)], respec-
tively. The kernel, linear, and mean equating models each treat (Fx, Fy) as normal distrib-
utions on R2, and the percentile-rank model treats (Fx, Fy) as continuous distributions on
[xa‘, P(X)+ 11 x [y0 y* P(V)+ 11 Asa consequence under either of these four models, the estimate

of the equating function ey (-; 0) =Fy (F x (- 0)|0) can equate scores on Test X with scores on
Test Y that fall outside the correct range [y}, y p(Y)] While it is tempting to view this as a minor
problem which only affects the equating of Test ¥ scores around the boundaries of [y7, y;(Y)],
the extra probability mass that each of these models assign to values outside of the sample space
[x], x;( 0] % [y}, y;(y)] can also negatively impact the equating of scores that lie in the middle
of the [y1, yp(r)] range. Second, the standard errors and confidence intervals of equated scores
are asymptotic, and thus are valid for only very large samples (e.g., von Davier et al., 2004,
pp- 68-69). Third, the kernel and percentile-rank models do not guarantee symmetric equating.
Fourth, the percentile-rank, linear, and mean equating models each make overly-restrictive as-
sumptions about the shape of (Fy, Fy). There is no compelling reason to believe that in practice,
(continuized) test scores are truly normally distributed or truly a mixture of specific uniform
distributions. Fifth, each of the four equating models carry the assumption that the test score dis-
tributions (Fy, Fy) are independent (e.g., von Davier et al., 2004, Assumption 3.1, p. 49). This
is not a realistic assumption in practice, since the two tests to be equated are designed to measure
the same trait, under the “equal construct” requirement of equating mentioned earlier. The equal
construct requirement implies the prior belief that (Fy, Fy) are highly correlated (dependent),
i.e., that (Fx, Fy) have a similar shapes, in the sense that the shape of Fx provides information
about the shape of Fy, and vice versa. A correlation of 1 represents the extreme case of depen-
dence, where Fx = Fy. A correlation of O represents the other extreme case of independence,
where the shape of Fy provides absolutely no information about the shape of Fy, and vice versa.
However, the assumption is not strictly true in practice and is not warranted in general.

In this paper, a novel Bayesian nonparametric model for test equating is introduced (Kara-
batsos & Walker, 2007), which address all five issues of the previous equating models, and can
be applied to all the equating designs. Suppose with no loss of generality that the test scores are
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mapped into the interval [0, 1], so that each test score can be interpreted as a “proportion-correct”
score (a simple back-transformation gives scores on the original scale). In the Bayesian equating
model, continuous test score distributions (Fy, Fy) are modeled nonparametrically and as de-
pendent, through the specification of a novel, bivariate Bernstein polynomial prior distribution.
This prior supports the entire space {Fxy} of continuous (measurable) distributions on [0, 1]
(with respect to the Lebesgue measure), where each Fyy corresponds to univariate marginals
(Fx, Fy). The bivariate Bernstein prior distribution is a very flexible nonparametric model,
which defines a (random) mixture of Beta distributions (c.d.f.s) for each marginal (Fx, Fy).
In particular, the (p(X), p(Y)) are random and assigned an independent prior distribution. Also,
the vectors of mixing weights {W,(x), Wp(y)} are random and defined by discrete score distribu-
tions (Gx, Gy) which themselves are modeled nonparametrically and as dependent by a bivari-
ate Dirichlet Process (Walker & Muliere, 2003). The Dirichlet process modeling of dependence
between (Gx, Gy) induces the modeling of dependence between (Fy, Fy). Under Bayes’ the-
orem, the bivariate Bernstein prior distribution combines with the data (the observed scores on
Tests X and Y) to yield a posterior distribution of the random continuous distributions (Fy, Fy).
For every sample of (Fy, Fy) from the posterior distribution, the equating function is simply
obtained by ey (-) = Fy ! (Fx(-)), yielding a posterior distribution of ey (-). It is obvious that for

every posterior sample of (Fx, Fy), the equating function ey (-) = Fy ! (Fx(-)) is symmetric and
equates scores on Test X with a score that always falls in the [0, 1] range of scores on Test Y.
Also, the posterior distribution of the equating function easily provides finite-sample confidence
interval estimates of the equated scores, and fully accounts for the uncertainty in all the parame-
ters of the bivariate Bernstein model. Furthermore, the Bayesian nonparametric method of test
equating can be applied to all major types of data collection designs for equating, with no special
extra effort (see Section 2.3). The bivariate Bernstein polynomial prior distribution is just one
example of a nonparametric prior distribution arising from the field of Bayesian nonparametrics.
For reviews of the many theoretical studies and practical applications of Bayesian nonparamet-
rics, see, for example, Walker, Damien, Laud, and Smith (1999) and Miiller and Quintana (2004).
Also, see Karabatsos and Walker (2009) for a review from the psychometric perspective.

The Bayesian nonparametric equating model is presented in the next section, including the
Dirichlet process, the bivariate Dirichlet process, the random Bernstein polynomial prior distri-
bution, and the bivariate Bernstein prior distribution. It is proven that the percentile-rank, lin-
ear, and mean equating models are special cases of the Bayesian nonparametric model, under
highly informative choices of prior distribution for (Fx, Fy). Also, it is shown that under rea-
sonable conditions the Bayesian model guarantees consistent estimation of the true marginal
distributions (Fy, Fy), and as a consequence, guarantees consistent estimation of the true equat-
ing function ey (-). Furthermore, a Gibbs sampling algorithm is described, which provides a
means to infer the posterior distribution of the bivariate Bernstein polynomial model. Section 3
illustrates the Bayesian nonparametric equating model in the analysis of three data sets gen-
erated from the equivalent groups design, the counterbalanced design, and the nonequivalent
groups design with internal anchor, respectively. These data sets are classic examples of these
equating designs, and are obtained from modern textbooks on equating (von Davier et al., 2004;
Kolen & Brennan, 2004). The equating results of the Bayesian nonparametric model are com-
pared against the equating results of the kernel, percentile-rank, linear, and mean equating mod-
els. Finally, Section 4 ends with some conclusions about the Bayesian equating method.

2. Bayesian Nonparametric Test Equating

2.1. Dirichlet Process Prior

Any prior distribution generates random distribution functions. A parametric model gener-
ates a random parameter which then fits into a family of distributions, while a nonparametric prior
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generates random distribution functions which cannot be represented by a finite-dimensional pa-
rameter. The Dirichlet process prior, which was first introduced by Ferguson (1973), is conve-
niently described through Sethuraman’s (1994) representation, which is based on a countably-
infinite sampling strategy. So, let 0;, for j = 1,2,..., be independent and identically distrib-
uted (i.i.d.) from a fixed distribution function G, and let v;, for j =1,2, ..., be independent
and identically distributed from the Beta(1, m) distribution. Then a random distribution function
chosen from a Dirichlet process prior with parameters (m, Go) can be constructed via

F(x)=Y w100 <x),

J=1

where w; = vy and for j > 1, w; =v; Hl<j(1 —v;7), and 1(-) is the indicator function. Such a
prior model is denoted as I7(m, Gg). In other words, realizations of the DP can be represented as
infinite mixtures of point masses. The locations 6; of the point masses are a sample from Gy. Itis
obvious from the above construction that any random distribution F generated from a Dirichlet
process prior is discrete with probability 1.

Also, for any measurable subset A of a sample space X,

F(A) ~Beta(mGo(A), m{1 — Go(A)})
with prior mean E[F (A)] = Go(A), and prior variance

Go(A)[1 — Gp(A
v Fa)] = 9 )’[n+1 o(A)]

Hence, m acts as an uncertainty parameter, increasing the variance as m becomes small. The
parameter m is known as a precision parameter, and is often referred to as the “prior sample
size.” It reflects the prior degree of belief that the chosen baseline distribution G represents
the true distribution. An alternate representation of the Dirichlet process involves the Dirichlet
distribution. That is, F is said to arise from a Dirichlet process with parameters m and G if
for every possible partition Ay, ..., A, of the sample space, F/(A1), ..., F(A)) is distributed as
Dirichlet mGo(A1), ..., mGo(Ap)).

With the Dirichlet process being a conjugate prior, given a set of data x, = {x1, ..., x,}
with empirical distribution F (x), the posterior distribution of F is also a Dirichlet process, with
updated parameters given by m — m + n, and

F(A)|x, ~ Beta(mGo(A) + nF(A), m[1—Go(A)]+n[1 - F(A)])

for any measurable subset A of a sample space X. It follows that the posterior distribution of F
under a Dirichlet process can be represented by:

F(A1), ..., F(Ap)|x, ~ Dirichlet(mGo(A1) +nF (A1), ...,mGo(A,) +nF(Ap)),

for every measurable partition Ay, ..., A, of a sample space X'. The posterior mean under the
Dirichlet process posterior is given by

mGo(x) +nF(x)

Fo(r) = E[F(0)|x,] = / Feom,ar) = "2

In the equation above, 1, denotes the Dirichlet process posterior distribution over the space of
sampling distributions { F'} defined on a sample space X. Hence, the Bayes estimate, the posterior
mean, is a simple mixture of the data, via the empirical distribution function and the prior mean,
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Gy. As seen in the above equation, F}, is the posterior expectation and is thus the optimal point-
estimate of the true sampling distribution function (of the data), under squared-error loss.

In general, if Fx is modeled with a Dirichlet process with parameters (m(X), Gox), and Fy
is modeled with parameters (m(Y), Goy), then given data x,(x) = {x1, ..., x,(x)} and Ynyy =
D )

P(FY_I(FX(X)) > YIFx. Xn(X)s Yu(r))
= Beta(Fx (x); (m(Y)Goy +n(Y)Fy) (), (m(¥)[1 = Goyl+n(¥V)[1 = Fy1)(y)),

where n(Y) is the number of observations on test Y, and Beta(z; -, -) denotes the c.d.f. of a beta
distribution. See Hjort and Petrone (2007) for this result. From this, the density function for
Fy ! (Fx(x)) is available (see (4) in Hjort and Petrone 2007), and so an alternative score for Test
Y which corresponds to the score of x for Test X can be the mean of this density. A sampling
approach to evaluating this is as follows: take Fy (x) from the beta distribution with parameters

(m(X)Gox (x) +n(X) Fx (x), m(X)[1 — Gox (x)] + n(X)[1 — Fx(x)])

and then take y = y(;) with probability

(n(Y) +m(Y))_lﬁ( Fx (x); m(Y)Goy (y@)) +i,m(Y)[1 = Goy (yi))] +n(Y) —i + 1),

where B(-, -) denotes the density function of the beta distribution (see Hjort & Petrone, 2007).
Here, y(1) < -+ < y) are the ordered observations and assumed to be distinct.

This Dirichlet process model assumes (F, Fy) are independent, and for convenience, this
model is referred to as the Independent Dirichlet Process (IDP) model. As proven in Appendix I,
the linear equating, mean equating, and percentile-rank models are each a special case of the
IDP model for a very highly-informative choice of prior distribution. This highly-informative
choice of prior distribution is defined by precision parameters m(X), m(Y) — oo which lead to
an IDP model that gives full support to baseline distributions (Gox, Goy) that define the given
(linear, mean, or percentile-rank) equating model (see Section 1). Moreover, while the kernel
equating model cannot apparently be characterized as a special case of the IDP, like the mean,
linear, and percentile-rank equating models, it carries the assumption that the true (Fy, Fy) are
independent. However, as we explained in Section 1, there is no compelling reason to believe
that real test data are consistent with the assumption of independence or, for example, that the
test score distributions are symmetric.

The next subsection describes how to model (Fx, Fy) as continuous distributions using
Bernstein polynomials. The subsection that follows describes the bivariate Bernstein polyno-
mial prior that allows the modeling of dependence between (Fx, Fy) via the bivariate Dirichlet
process.

2.2. Random Bernstein Polynomial Prior

As mentioned before, the Dirichlet process prior fully supports discrete distributions. Here,
a nonparametric prior is described, which gives support to the space of continuous distributions,
and which leads to a smooth method for equating test scores. As the name suggests, the random
Bernstein polynomial prior distribution depends on the Bernstein polynomial (Lorentz, 1953).
For any function G defined on [0, 1] (not necessarily a distribution function), such that G(0) =0,
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the Bernstein polynomial of order p of G is defined by

p
=) -
i—o \P/\k

P k k—1
.Z[G(—) —G(T)}Beta(xlk,p—kjt 1) (3)

k=1 p
p

=.> wy pBeta(x|k, p—k+1), 4)
k=1

and it has derivative:

P
f(iGop) =D wepBlalk.p—k+1).
k=1
Here, wi,, = G(k/p) — G((k — 1)/p) (k=1,..., p), and B(:|a, b) denotes the density of the
Beta(a, b) distribution, with c.d.f. denoted by Beta(-|a, b).

Note thatif G isac.d.f. on [0, 1], B(x; G, p) is also a c.d.f. on [0, 1] with probability density
function (p.d.f.) f(x;k, G), defined by a mixture of p beta c.d.f.s with mixing weights w, =
(w1,p, ..., wp, p), respectively. Therefore, if G and p are random, then B(x; G, p) is a random
continuous c.d.f., with corresponding random p.d.f. f(x; G, p). The random Bernstein—Dirichlet
polynomial prior distribution of Petrone (1999) has G as a Dirichlet process with parameters
(m, Go), with p assigned an independent discrete prior distribution 7 (p) defined on {1, 2,...}.
Her work extended from the results of Dalal and Hall (1983) and Diaconis and Ylvisaker (1985)
who proved that for sufficiently large p, mixtures of the form given in (2) can approximate
any c.d.f. on [0, 1] to any arbitrary degree of accuracy. Moreover, as Petrone (1999) has shown,
the Bernstein polynomial prior distribution must treat p as random to guarantee that the prior
supports the entire space of continuous densities with domain [0, 1]. This space is denoted by
£2 ={f}, and all densities in £2 are defined with respect to the Lebesgue measure.

We can elaborate further: A set of data xi,...,x, € [0, 1] are i.i.d. samples from a true
density, denoted by fy, where fj can be any member of §2. With the true density unknown in
practice, the Bayesian assigns a prior distribution /7 on §2 and, for example, IT could be chosen
as the random Bernstein polynomial prior distribution defined on £2. Under Bayes’ theorem, this
prior combines with a set of data x, ..., x, € [0, 1] to define a posterior distribution I7,,, which
assigns mass:

Salliy feD A )
Jo Tliz FOTT@S)
to any given subset of densities A C 2. Let fp denote the true density of the data, which can be
any member of £2. As proved by Walker (2004, Section 6.3), the random Bernstein prior satisfies

strong (Hellinger) posterior consistency, in the sense that I7, (A¢) converges to zero as the sample
size n increases, for all € > 0, where:

I1,(A) =

Ac={fe2:H(f, fo)> €}

is a Hellinger neighborhood around the true fo, and H(f, fo) = {/(v/F(x) — +/fo(x))? dx}1/2
is the Hellinger distance. This is because the random Bernstein prior distribution, I7, satis-

fies two conditions which are jointly sufficient for this posterior consistency (Walker, 2004,
Theorem 4). First, the Bernstein prior satisfies the Kullback-Leibler property, that is, IT({f :
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D(f, fo) <e€}) >0 for all fo € £2 and all € > 0, where D(f, fo) = flog[fo(x)/f(x)]fo(x) dx
is the Kullback-Leibler divergence. Second, the prior satisfies ) 1A k,(;)l/ 2 < ocoforall § > 0,
where the sets Ay s = {f : H(f, fi) <8} (k=1,2,...) are a countable number of disjoint
Hellinger balls having radius § € (0, €) and which cover A, where { f;} = A.. Moreover, Walker,
Lijoi, and Priinster (2007) proved that consistency is obtained by requiring the prior distribution
m(p) on p to satisfy w(p) < exp(—4plogp) for all p=1,2,.... Also, assuming such a prior
for p under the random Bernstein polynomial prior, the rate of convergence of the posterior dis-
tribution is (logn)'/3/n'/3, which is the same convergence rate as the sieve maximum likelihood
estimate (Walker et al., 2007, Section 3.2).

In practice, Petrone’s (1999) Gibbs sampling algorithm may be used to infer the posterior
distribution of the random Bernstein polynomial model. This algorithm relies on the introduction

of an auxiliary variable u; for each data point x; (i = 1,...,n), such that uy,...,u,|p, G are
i.i.d. according to G, and that x1, ..., x,|p, G, uy, ..., u, are independent, with joint (likelihood)
density:

n

[ [B(xil6 @i, p). p—6Gui, p)+1),

i=1
where fori =1,...,n, 0(u;, p) = Zle k1(u; € Ay, ) indicates the bin number of u;, where
Agp=(k—1)/p,k/pl,k =1, ..., p. Then for the inference of the posterior distribution, Gibbs
sampling proceeds by drawing from the full-conditional posterior distributions of G, p, and
u; (i =1,...,n), for a very large number of iterations. For given p and u; (i =1,...,n), as
suggested by the Dirichlet distribution representation of the Dirichlet process in Section 2.1, the
full conditional posterior of w, = (w1, p, ..., Wp,p) is Dirichlet(w,|ay p, ..., a@p, p), with

. p =mGo(Ar.p) +nFy(Arp), k=1,...,p,

where G denotes the baseline distribution of the Dirichlet process for G, and fu denotes the
empirical distribution of the latent variables. For given u; (i = 1,...,n), the full conditional
posterior distribution of p is proportional to

7(p) [ [ B(xil6 i, p), p = 0 (i, p) +1).

i=1

Also, it is straightforward to sample from the full conditional posterior distribution of u;, for
i =1,...,n (for details, see Petrone, 1999, p. 385).

2.3. Dependent Bivariate Model

A model for constructing a bivariate Dirichlet process has been given in Walker and Muliere
(2003). The idea is as follows: Take G x ~ I1(m, G¢) and then for some fixed r € {0, 1,2, ...},
and take z1, ..., z» to be independent and identically distributed from G x. Then take

Gy ~ I (m+r,(mGo+rF)/(m+7)),

where I?, is the empirical distribution of {z1, ..., z,}. Walker and Muliere (2003) show that the
marginal distribution of Gy is I1(m, Gg). It is possible to have the marginals from different
Dirichlet processes. However, it will be assumed that the priors for the two random distributions
are the same. It is also easy to show that for any measurable set A, the correlation between
Gx(A) and Gy(A) is given by

Corr(Gx(A), Gy(A)) =r/(m+7r)
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and hence this provides an interpretation for the prior parameter r.
For modeling continuous test score distributions (Fy, Fy), it is possible to construct a bi-
variate random Bernstein polynomial prior distribution on (Fy, Fy) via the random distributions:

Py k k—1
Fx( Gx, p(X)) = Z |:Gx<m> - Gx<m>]Beta(-|k, p(X) —k+1),

k=1

& k k—1
Fy(:; Gy, p(Y)) = Z [GY (m) — Gy <m>]Beta(-|k, p(Y)—k+1)

k=1

with (Gy, Gy) coming from the bivariate Dirichlet process model, and with independent prior
distributions 7 (p(X)) and w(p(Y)) for p(X) and p(Y). Each of these random distributions are
defined on (0, 1]. However, without loss of generality, it is possible to model observed test scores
after transforming each of them into (0, 1). If xpjn and xmax denote the minimum and maximum
possible scores on a Test X, each observed test score x can be mapped into (0, 1) by the equation
x" = (X — Xmin + €)/(Xmax — Xmin + 2€), where € > 0 is a very small constant, with xmyin and xmax
denoting the minimum and maximum possible scores on the test. The scores can be transformed
back to their original scale by taking x = x'(Xmax — Xmin + 2€) + Xmin — €; similarly, for y and
y’ for Test Y.

Under Bayes’ theorem, given observed scores x,x) = {x1,...,X(x)} and Yury =
{y1,..., Yu(r)} on the two tests (assumed to be mapped onto a sample space [0, 1]), the random
bivariate Bernstein polynomial prior distribution combines with these data to define a posterior
distribution. This posterior distribution, IT,,, assigns mass:

fA{ﬂﬁ-ff) fx(xi) HI’LYI) SroId fxy)
JolTTY ) TS fr I (d fxy)

to any given subset of bivariate densities A C §2 = { fxy} defined on [0, 1712 (with respect to
Lebesgue measure). For notational convenience, the posterior distribution of the bivariate Bern-
stein model is represented by Fyx, Fy|x,(x), Yurys where (Fy, Fy) (with densities fx and fy)
are the marginal distributions of Fxy. Recall from Section 2.2 that this posterior distribution can
also be represented by wx, wy, p(X), p(Y)|x,x), Yurys where the mixing weights wy and wy
each follow a Dirichlet distribution.

It is natural to ask whether the random bivariate Bernstein prior satisfies strong (Hellinger)
posterior consistency, in the sense that IT, (A¢) converges to zero as the sample size n increases,
for all € > 0. Here, A¢ is a Hellinger neighborhood around fyxy, denoting a true value of fxy.
It so happens that this consistency follows from the consistency of each univariate marginal
density fy and fy, since as the sample sizes go to infinity, the dependence between the two
models disappears to zero (since r is fixed). As mentioned in Section 2.2, posterior consistency
of the random Bernstein prior in the univariate case was established by Walker (2004) and Walker
et al. (2007). Moreover, as proven by Walker et al. (2007), consistency of the bivariate model is
obtained by allowing the prior distribution 7 (py) to satisfy w(px) < exp(—4pxlog px) for
all large py, and similarly for py. A desirable consequence of this posterior consistency of the
true marginal densities, ( fox, foy), corresponding to marginal distribution functions (Fox, Foy),
posterior consistency is achieved in the estimation of the true equating function, given by ey () =
Foy' (Fox ().

Inference of the posterior distribution of the bivariate Bernstein model requires the use of
an extension of Petrone’s (1999) Gibbs sampling algorithm, which is described in Appendix II.
A MATLAB program was written to implement the Gibbs sampling algorithm, to infer the pos-
terior distribution of the bivariate Bernstein polynomial model. This program can be obtained

I1,(A) =




«PMET 11336

451

453
454

456
457
458
459

461
462

464

474

482

484
485
486
487
488
489
490
491
492
493
494

496
497

499
500

layout: SPEC (pmet)reference style: apa file: pmet9096.tex (Ramune) aid: 9096 doctopic: OriginalPaper ~ class: spr-spec-pmet v.2008/12/03  Prn:3/12/2008; 15:54  p. 10/22»

PSYCHOMETRIKA

through correspondence with the first author. At each iteration of this Gibbs algorithm, a current
set of {p(X), wx} for Test X and {p(Y), wy} for Test Y is available, from which it is possible to
construct the random equating function

ey(x) = Fy ' (Fx(x)) = y. )

Hence, for each score x on Test X, a posterior distribution for the equated score on Test Y is
available. A (finite-sample) 95% confidence interval of an equated score ey (x) = Fy ! (Fx(x))
is easily attained from the samples of posterior distribution Fy, Fy|x,, y,. A point estimate of
an equated score ey (x) can also be obtained from this posterior distribution. While one conven-
tional choice of point-estimate is given by the posterior mean of ey (x), the posterior median
point-estimate of ey (-) has the advantage that it is invariant over monotone transformations. This
invariance is important considering that the test scores are transformed into the (0, 1) domain,
and back onto the original scale of the test scores.

As presented above, the Bayesian nonparametric equating method readily applies to the EG
design with no anchor test, and the SG design. However, with little extra effort, this Bayesian
method can be easily extended to a EG or NG design with an anchor test, or to a counterbal-
anced design. For an equating design having an anchor test, it is possible to implement the
idea of chained equipercentile equating (Angoff, 1971) to perform posterior inference of the
random equating function. In particular, if x,x) and v,(y,) denote the set of scores observed
from examinee group 1 who completed Test X and an anchor Test V, and y, ) and v,(v,)
sets of scores observed from examinee group 2 who completed Test ¥ and the same anchor
Test V, then it is possible to perform posterior inference of the random equating functions
ey(x) = FY_1 (Fy,(ey, (x))) and ey, (x) = F;Il (Fx,(x)), based on sample from the posterior dis-
tributions Fx, Fy, |X,(x), Vu(v,) and Fy, Fy, Iyn(y), V,(v,) €ach under a bivariate Bernstein prior.
For a counterbalanced design, to combine the information of the two examine subgroups 1 and 2
in the spirit of von Davier et al. (2004, Section 2.3), posterior inference of the random equating
function ey (x) = FY_I(FX(x)) is attained by taking Fx(-) = wx Fx,(-) + (1 — wx)Fx,(-) and
Fy() =wyFy,(:) + (1 — wy) Fy,(-), where (Fx,, Fx,, Fy,, Fy,) are from the posterior distrib-
utions Fy,, Fy,|Xu(x,), Ynry) and Fx,, Fy,|Xu(x,), Yny)) under two bivariate Bernstein models,
respectively. Also, 0 < wy, wy < 1 are chosen weights, which can be varied to determine how
much they change the posterior inference of the equating function ey ().

3. Applications

The following three subsections illustrate the Bayesian nonparametric model in the equating
of test scores arising from the equivalent groups design, the counterbalanced design, and the non-
equivalent groups design for chain equating, respectively. The equating results of the Bayesian
model will also be compared against the results of the kernel, percentile-rank, linear, and mean
models of equating. In so doing, the assumption of independence will be evaluated for each of the
three data sets. Before proceeding, it is necessary to review some themes that repeat themselves
in the three applications.

1. In applying our Bayesian model to analyze each of the three data sets, we assumed the bi-
variate Dirichlet process to have baseline distribution G that equals the Beta(l, 1) distrib-
ution. Also, we assumed a relatively noninformative prior by taking m = 1 and r = 4, re-
flecting the (rather uncertain) prior belief that the correlation of the scores between two tests
is 0.8 =r/(m + r). In particular, the Beta(1, 1) distribution reflects the prior belief that the
different possible test scores are equally likely, and the choice of “prior sample size” of m = 1
will lead to a data-driven posterior distribution of (Fy, Fy). This is true especially considering
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that among the three data sets analyzed, the smallest sample size for a group of examinees was
about 140 (i.e., 140 times the prior sample size), and the other two data sets had a sample size
of around 1,500 for each group of examinees. Furthermore, up to a constant of proportionality,
we specify an independent prior distribution of 7 (p) o exp(—4p log p) for each p(X) and on
p(Y). As discussed in Sections 2.2 and 2.3, this choice of prior ensures the consistency of the
posterior distribution of (Fy, Fy).

2. For each data set analyzed with the Bayesian model, we implemented the Gibbs sampling al-
gorithm (Appendix II) to generate 10,000 samples from the posterior distribution of (Fy, Fy),
including (p(X), p(Y)), after discarding the first 2,000 Gibbs samples as burn-in. We found
that Gibbs sampler displayed excellent mixing in the posterior sampling. Also, while we chose
the first 2,000 Gibbs samples as burn in, this number was a conservative choice because trace
plots suggested that convergence was achieved after the first 500 samples.

3. For the percentile rank model, the estimate (Gx,Gy) is given by the empirical distribution
estimates of the scores in Test X and Test Y, respectively. For either the linear or the mean
equating model, the estimate (ix, 0y, Ay, 0¢) is given by sample means and variances of the
test scores. For the kernel model, the estimate (G x, Gy) of the discrete test score distributions
are obtained as marginals of the estimate G xy obtained via maximum likelihood estimation of
a chosen log-linear model. The log-linear model needs to be specified differently for each of
the three applications, since they involve different equating designs (von Davier et al., 2004).
Also, the percentile-rank, linear, and mean equating models, 95% confidence intervals of the
equated scores were estimated from 10,000 bootstrap samples, each bootstrap sample taking
n(X) and n(Y) samples with replacement from the empirical distributions of test scores, G X
and Gy, and then performing equipercentile equating using these samples. For single-group
designs, n = n(X) = n(Y) samples are taken with replacement from the bivariate empirical
distribution G xy having univariate marginals (G X, Gy) Also, unless otherwise noted, for the
kernel equating model, 95% confidence intervals of the equated scores were estimated from
10,000 bootstrap samples, each bootstrap sample involving taking n(X) and n(Y) samples
with replacement from the continuous distribution estimates of the test scores, F X(-lﬁ) and
F y(~|§), and then performing equipercentile equating using these samples. Efron and Tibshi-
rani (1993) suggest that at least 500 bootstrap samples are sufficient for estimating confidence
intervals.

3.1. Equivalent-Groups Design

The Bayesian nonparametric equating model is demonstrated in the analysis of a large data
set generated from an equivalent groups (EG) design. This data set, obtained from von Davier
et al. (2004, Chap. 7, p. 100), consists of 1,453 examinees who completed Test X, and 1,455
examinees completing Test ¥ of a national mathematics exam. Each test has 20 items, and is
scored by number correct. The average score on Test X is 10.82 (s.d. = 3.81), and the average
score on Test ¥ is 11.59 (s.d. = 3.93), and so the second test is easier than the first.

Figure 1 plots the 95% confidence interval of Gx(x) — Gy(x) (x =0, 1, ..., 20), estimated
from 10,000 bootstrap samples from the empirical distributions (6 X G v). The plot suggests that
Gx and Gy have quite similar shapes, and thus are not independent (as assumed by the kernel,
percentile-rank, linear, and mean models of equating). In fact, according to the plot, the 95%
confidence interval of Gx(x) — Gy (x) envelopes 0 for all score points except for scores 5, 8,
18, and 19. Clearly, there is a need to model the similarity (correlation) between the test score
distributions. Furthermore, according to the confidence interval, the two c.d.f.s of the test score
distributions differ by about .045 in absolute value at most.

For the kernel model, von Davier et al. (2004, Chap. 7) reported estimates of the discrete
score distributions (6 X, G y) through maximum likelihood estimation of a joint log-linear model,
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FIGURE 1.

The 95% confidence interval of the difference Gy (x) — Gy (x) (x =0, 1, ..., 20) is given by the thick jagged lines. The
horizontal straight line indicates zero differences for all points of x.

TABLE 1.
Comparison of the 95% confidence (credible) intervals of 5 equating methods: EG design.

Bayes Kernel PR Linear
Kernel 2-18
PR 1-16, 20 19
Linear 2-15, 20 20 19-20
Mean 0, 2-16, 20 20 1-3, 19-20 None

and they also report the bandwidth estimates (ﬁx =.62, ;z\x =.58). For the Bayesian model, the
marginal posterior distributions of p(X) and of p(Y) concentrated on 1 and 2, respectively. Fig-
ure 2 presents the posterior median estimate of the equating function for the Bayesian equating
model, and the estimate of the equating functions for the other four equating models. This fig-
ure also presents the 95% confidence interval estimates of the equating functions. For the kernel
model, the 95% confidence interval was obtained from the standard error of equating estimates
reported in von Davier et al. (2004, Table 7.4). This figure shows that the equating function es-
timate of the Bayesian model differs from the estimates obtained from the other four equating
models. Table 1 presents pairwise comparisons of the equating function estimates between the
five equating models. This table reports the values of x which provide no overlap between the
95% confidence interval of the ey (x) estimate, between two models. Among other things, this
table shows that the equating function estimate of the Bayesian model is very different from the
equating function estimates of the other four equating models. The assumption of independence
between (Fy, Fy) may play a role, with independence not assumed in the Bayesian model, and
independence assumed by the other four models. Though, as shown earlier, the data present evi-
dence against the assumption of independence.

Also, this table shows that the equating function estimate of the kernel model do not differ
much with the equating estimates of the linear and mean equating models. Furthermore, upon
closer inspection, the kernel, linear, and mean equating models equated some scores of Test X
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FIGURE 2.

For each of the five equating methods, the point-estimate of ey (-) (thick line) and the 95% confidence interval (thin lines).

with scores outside the range of scores for Test Y. For example, the kernel model equated a score
of 20 on Test X with a score of 20.4 on Test Y, and the Test X scores of 0 and 20 led to equated
scores on Test Y with 95% confidence intervals that included values outside the 0-20 range of
test scores. The linear and mean equating models had similar issues in equating.

3.2. Counterbalanced Design

Here, the focus of analysis is a data set generated from a counterbalanced single-group
design (CB design). These data were collected from a small field study from an international
testing program, and were obtained from von Davier et al. (2004, Tables 9.7-8). Test X has 75
items, Test Y has 76 items, and both tests are scored by number correct. Group 1 consists of 143
examinees completed Test X first, then Test Y. The tests of this single-group design are referred
to as (X1, Y2). The average score on Test X is 52.54 (s.d. = 12.40), and for Test Y it is 51.29
(s.d. = 11.0). Group 2 consists of 140 examinees completed Test Y first, then Test X, and the
tests of this single-group design are referred to as (Y7, X2). The average score on Test Y7 is 51.39
(s.d. =12.18), and for Test X3 it is 50.64 (s.d. = 13.83).

Since a pair of test scores is observed from every examinee in each of the two single
group designs, it is possible to evaluate the assumption of independence with the Spearman’s
rho statistic. By definition, if Gy is a bivariate c.d.f. with univariate margins (Gx, Gy), and
(X,Y) ~ Gyxy, then Spearman’s rho is the correlation between c.d.f.s Gx(X) and Gy (Y) (see
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Joe, 1997, Section 2.1.9). The Spearman’s rho correlation is .87 between the scores of Test X
and Test Y3, and this correlation is .86 between the scores of Test X» and Test Yj. So clearly, the
assumption of independence does not hold in either data set. In contrast, a Spearman’s rho cor-
relation of 0 (independence) is assumed for the mean, linear, percentile-rank, and kernel models
of equating.

In the kernel and percentile-rank methods for the counterbalanced design, the estimate of
the equating function,

ey(x; 0, wyx, wy) = F, ' (Fx(x; 0, wy)[0, oy),
is obtained through weighted estimates of the score probabilities, given by:

gx() =wmxgx, () +.(1 —ox)gx, (), gv() =oygy () +.(1 — @y)gy, (),
O=)_Tntw, =Y 2yt
l 1

MO=) Zonb).  BnO=> 8x.nk ).
k k

while in linear and mean equating methods, the weights are put directly on the continuous distri-
butions, with

Fx(50,mx) = wxNormaly, ('lﬁxl,?f\;z(,) + (1 — wx)Normaly, (-|ﬁX2,6‘§2),
Fy (9, wy) = wyNormaly, (|ty,, 53,) + (1 — wy)Normaly, (-|Zy,. 53,)-

Here, wy, wy € [0, 1] are weights chosen to combine the information of the two groups of ex-
aminees who completed Test X and Test Y in different orders. This idea for equating in the
counterbalanced design is due to von Davier et al. (2004, Section 2.3). As they describe, the
value wy = wy = | represents a default choice because it represents the most conservative use
of the data in the CB design, while the choice of wx = wy = 1/2 is the most generous use of the
(X2, Y») data because it weighs equally the two versions of Test X and of Test Y. One approach
is to try these two different weights, and see what effect they have on the estimated equated func-
tion. von Davier et al. (2004, Chap. 9) obtain the estimate (@ X, 6){) by selecting and obtaining
maximum likelihood estimates of a joint log-linear model for the single group designs (X1, Y2)
and (Y1, X»). Then conditional on that estimate, they found (von Davier’s et al. 2004, p. 143)
that the bandwidth estimates are (hxy = .56, hy = .63) under wx = wy = 1/2, and the band-
width estimates are (hy = .56, hy = .61) under wyx = wy = 1. Through the use of bootstrap
methods, it was found that for kernel, percentile-rank, linear, and mean equating methods, the
95% confidence intervals for bootstrap samples of ey (x; 1, 1) — ey (x; %%) enveloped 0 for all
scores x =0, 1,...,75. This result suggests that the equating function under wxy = wy = 1/2
is not significantly different than the equating function under wy = wy = 1. Also, no equating
difference was found for the Bayesian model. Using the chain equating methods described at
the end of Section 2.3, it was found that the 95% confidence interval of the posterior distribu-
tion of ey (x;1,1) — ey (x; %%) enveloped O for all scores x =0, 1,...,75. Also, the marginal
posterior mean of p(X1), p(¥2), p(X2), and p(Y7) was 2.00 (var = .01), 2.01 (var = .19), 2.00
(var =.001), and 2.01 (var = .02), respectively.

Figure 3 presents the point-estimate of ey (-; % %) of the equating function for each of the five
equating models, along with the corresponding 95% confidence (credible) intervals. As shown in
Table 2, after accounting for these confidence intervals, there were no differences in the equating
function estimates between the Bayesian equating model and the kernel equating model, and
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FIGURE 3.

For each of the five equating methods, the point-estimate of ey (-) (thick line) and the 95% confidence interval (thin lines).

TABLE 2.
Comparison of the 95% confidence (credible) intervals of 5 equating methods: CB design.

Bayes Kernel PR Linear
Kernel None
PR 0-14,75 0-1
Linear 0-6, 68-75 None 0-11,75
Mean 74-75 None 0-16, 22-26 0-35, 65-75

there were no differences between the kernel equating model and the linear and mean equating
models. Also, for scores of x ranging from O to 30, the kernel and the percentile-rank models
each have an equating function estimate with a relatively large 95% confidence interval, and for
the percentile-rank model, the equating function estimate is flat in that score range. A closer
inspection of the data reveals that this is due to the very small number of test scores in the 0 to
30 range. In fact, for each test, no more than 16 scores fall in that range. The confidence interval
of the Bayesian method does not suffer from such issues. Also, among all five equating models,
the kernel model had the largest 95% confidence interval. Upon closer inspection, for x scores of
0—4 and 72-75, the kernel model equated scores on Test Y having 95% confidence intervals that
included values outside the [0, 76] score range for Test Y. Similar issues were observed for the
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linear and mean equating models in equating the x score of 75, and for the mean equating model
in equating the x score of 0.

3.3. Nonequivalent Groups Design and Chained Equating

This section concerns the analysis of a classic data set arising from a nonequivalent groups
(NG) design with internal anchor, and it was discussed in Kolen and Brennan (2004). The first
group of examinees completed Test X, and the second group of examinees completed Test Y,
both groups being random samples from different populations. Here, Test X and Test Y each
have 36 items and is scored by number correct, and both tests have 12 items in common. These
12 common items form an internal anchor test because they contribute to the scoring of Test
X and of Test Y. While the two examinee groups come from different populations, the anchor
test provides a way to link the two groups and the two tests. The anchor test completed by the
first examinee group (population) is labeled as V7 and the anchor test completed by the second
examinee group (population) is labeled as V5, even though both groups completed the same
anchor test. The first group of 1,655 examinees had a mean score of 15.82 (s.d. = 6.53) on Test
X, and a mean score of 5.11 (s.d. = 2.38) for the anchor test. The second group of examinees
had a mean score of 18.67 (s.d. = 6.88) on Test Y, and a mean score of 5.86 (s.d. = 2.45) on
the anchor test. Also, the scores of Test X and Test V| have a Spearman’s rho correlation of
.84, while the Spearman’s rho correlation is .87 between the scores of Test V> and Test Y. In
contrast, a zero correlation (independence) is assumed for the mean, linear, percentile-rank, and
kernel models of equating.

In the analysis of these data from the nonequivalent groups design, chained equipercentile
equating was used. Accordingly, under either the kernel, percentile-rank, linear, and mean equat-
ing models, the estimate of the equating function is given by ey (x; 0) = FY_Zl (Fy,(ev,(x); 0)10)
for all x, where ey, (+; 5) =F ‘71 ! (Fx, (5 5) |§), and 0 is the parameter estimate of the correspond-
ing model. In the kernel method, to obtain the estimate of the marginals (5 X Gy) through
log-linear model fitting, it was necessary to account for the structural zeros in the 37 x 13 contin-
gency table for scores on Test X and Test V1, and in the 37 x 13 contingency table for the scores
on Test Y and Test V5. These structural zeros arise because given every possible score x on
Test X (and every possible score y on Test Y), the score on the internal anchor test ranges from
max(0, x — 24) to min(x, 12) (ranges from max(0, y — 24) to min(y, 12)), while for every given
score v on the anchor test, the score on Test X (Test Y') ranges from v to 36 — (12 — v). Therefore,
for the two tables, log linear models were fit only to cells with no structural zeros (e.g., Holland
and Thayer 2000). In particular, for each table, 160 different versions of a loglinear model were
fit and compared on the basis of Akaike’s Information Criterion (AIC; Akaike, 1973), and the one
with the lowest AIC was chosen as the model for subsequent analysis. Appendix III provides the
technical details about the loglinear model fitting. After finding the best-fitting loglinear model
for each of the two tables, estimates of the marginal distributions (6 X, G y) were derived, and
then bandwidth estimates (iz\x = .58,71} = .61,71\\/1 = .55,71}2 = .59) were obtained using the
least-squares minimization method described in Section 1. In the analysis with the Bayesian
model, a chained equipercentile method was implemented, described at the end of Section 2.3.
The marginal posterior distribution of p(Xy), p(V1), p(V2), and p(Y¥>) concentrated on values
of 6, 1, 3, and 5, respectively.

Figure 4 presents the equating function estimate for each of the five models, along with
their corresponding 95% confidence interval. It is shown that for the percentile-rank models, the
95% confidence interval is relatively large for x scores ranging between 20 to 36. According to
Table 3, taking into account the 95% confidence intervals, the equating function estimate of the
Bayesian model again differed from the estimate yielded by the other four models. The equating
function estimate of the kernel model did not differ much with the estimates of the linear model.
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FIGURE 4.
For each of the five equating methods, the point-estimate of ey (-) (thick line) and the 95% confidence interval (thin lines).

TABLE 3.
Comparison of the 95% confidence (credible) intervals of 5 equating methods: NG design.

Bayes Kernel PR Linear
Kernel 11-32
PR 0-1, 7-36 0-1, 10, 11, 36
Linear 11-32, 36 None 0-1, 5-15, 33-36
Mean 0-7, 15-36 0-36 0, 3-20, 31-36 0-35

Also, upon closer inspection, the kernel model equated scores of x = 0, 1, 2 with scores below
the range of Test Y scores. The model also equated an x score of 36 with a score on Test ¥ having
a 95% confidence interval that includes values above the range of Test Y scores. The linear and
mean equating models had similar issues.

4. Conclusions

This study introduced a Bayesian nonparametric model for test equating. It is defined by
a bivariate Bernstein polynomial prior distribution that supports the entire space of (random)
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continuous distributions (Fy, Fy), with this prior depending on the bivariate Dirichlet process.
The Bayesian equating model has important theoretical and practical advantages over all previous
approaches to equating. One key advantage of the Bayesian equating model is that it accounts
for the realistic situation that the two distributions of test scores (Fx, Fy) are correlated, instead
of independent as assumed in the previous equating models. This dependence seems reasonable,
considering that in practice, the two tests that are to be equated are designed to measure the same
psychological trait. Indeed, for each of the three data sets that were analyzed, there is strong
evidence against the assumption of independence. While perhaps the Bayesian model of equating
requires more computational effort and mathematical expertise than the kernel, linear, mean, and
percentile-rank models of equating, the extra effort is warranted considering the key advantages
of the Bayesian model. It can be argued that the four previous models make rather unrealistic
assumptions about data, and carry other technical issues such as asymmetry, out-of-range equated
scores. The Bayesian model outperformed the other models in the sense it avoids such issues.
Doing so led to remarkably different equating function estimates under the Bayesian model.
Also, the percentile-rank, linear, and mean equating models were proven to be special cases of
the Bayesian nonparametric model, corresponding to a very strong choice of prior distribution
for the continuous test score distributions (Fx, Fy). In future research, it may be of interest
to explore alternative Bayesian approaches to equating that are based on other nonparametric
priors that account for dependence between (Fx, Fy), including the priors described by De Iorio,
Miiller, Rosner, and MacEachern (2004) and by Miiller, Quintana, and Rosner (2004).
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Appendix I. A Proof About Special Cases of the IDP Model

It is proven that the linear equating model, the mean equating model, and the percentile-rank
equating model, is each a special case the IDP model. To achieve fullest generality in the proof,
consider that a given equating model assumes that the continuous distributions (Fy, Fy) are
governed by some function ¢ of a finite-dimensional parameter vector 8. This way, it is possible
to cover all the variants of these three models, including the Tucker, Levine observed score,
Levine true score, and Braun—Holland methods of linear (or mean) equating, the frequency-
estimation approach to the percentile-rank equating model, all the item response theory methods
of observed score equating, and the like (for details about these methods, see Kolen & Brennan,
2004).

Theorem 1. The linear equating, the mean equating model, and the percentile-rank equating
model is each a special case of the IDP model, where m(X), m(Y) — oo, and the baseline
distributions (Gox, Goy) of the IDP are defined by the corresponding equating model.

Proof: Recall from Section 2.1 that in the IDP model, the posterior distribution of (Fy, Fy) is
given by independent beta distributions, with posterior mean E[Fx(-)] = Gox(-) and variance
Var[Fx (-)] = {Gox (A)[1 — Gox (A)]}/(m(X) 4 1), and similarly for Fy. First, define the base-
line distributions (Gox, Goy) of the IDP model according to the distributions assumed by the lin-
ear equating model, with Gox () = Normal(-|ux, 0)2() and Goy(-) = Normal(-|uy, a)%), where
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(ux, 0)2(, nwy, a%) is some function ¢ of a parameter vector . Taking the limit m(X), m(¥Y) — oo
leads to Var[Fx(-)] = Var[Fy(-)] =0, and then the posterior distribution of (Fy, Fy) assigns
probability 1 to (Gox, Goy), which coincide with the distributions assumed by the linear equat-
ing model.

The same is true for the mean equating model, assuming 0)2( = o%. The same is also true

for the percentile-rank model, assuming Gox (-) = Z,fg) gx (:; 9(0))Uniform(-|x; — %, X+ %)

and Gy (+) = Z,fg) gy (-; ¢(6))Uniform(-|y; — %, yi+ %), for some function ¢ depending on
a parameter vector #. This completes the proof. O
Appendix II. The Gibbs Sampling Algorithm for Bivariate Bernstein Model

As in Petrone’s (1999) Gibbs algorithm for the one-dimensional model, latent vari-
ables are used to sample from the posterior distribution. In particular, an auxiliary vari-

able u; is defined for each data point x; (i = 1,...,n(X)), and an auxiliary variable u;y)
is defined for each data point y; (i = 1,...,n(Y)), such that ui(x),...,usx)|p(X),Gx
are ii.d. according to Gy, and ui(y), ..., Un(r)|p(Y), Gy are ii.d. according to Gy. Then
X1, Xa0P(X), Gx, {u1(x), - - -, un(x)} are independent, and y1, ..., yax)lp(Y), Gy, and
{t1(v), ..., uny)} are also independent, with joint (likelihood) density:

n(X)

[T B(i16(wicxy, p(N)), p(X) =6 (uicx), p(Y)) + 1)

i=1
n(y)
x [T B0il6(uir), (), p(Y) =6 (uicry, p(¥)) +1).

i=1

Then for the inference of the posterior distribution, Gibbs sampling proceeds by drawing from the
full-conditional posterior distributions of Gx, Gy, p(X), p(Y), ujcx) (i =1,...,n(X)), ui(y)
(i=1,...,n(Y)),andz; (j=1,...,r), for a very large number of iterations.

The sampling of the conditional posterior distribution of Gy is performed as follows. Note
that given p(X), the random Bernstein polynomial density fx(x; Gx, p(X)) depends on Gy
only through the values Gx (k/p(X)),k=0,1,..., p(X), and thus G is fully described by the
random vector Wpx) = (wl,p(x), cees wp(X),p(X))’, with Wk, p(X) = Gx(k/p(X)] — Gx((k —
D/p(X)], k=1,..., p(X), that random vector having a Dirichlet distributions (e.g., see Sec-
tion 2.1). This considerably simplifies the sampling of the conditional posterior distribution of
Gx. So given p(X), {uix), ..., unx)} and {z1, ..., z,-}, the full conditional posterior distribu-
tion of Wp(X) (i.e.,of Gyx)is Dirichlet(wp(x) |Oll,p(x), ceey ap(X),p(X)), with

. px) = mGo(Axp) + rFr (At pix)) + (X)) Fuxy (A px),  k=1,..., p(X)

where E(X) is the empirical distribution of {u1(x), ..., un(x)}, and

A px) = ((k = 1/p(X)), k/p(X)].

Likewise, given p(X), {u1(y), ..., un(y)} and {z1, ..., z,}, the full conditional posterior distrib-
ution of w,(y) (i.e., of Gy) is Dirichlet(w,y)la1 p(yy, - - - Upy), pr))-
Given {u1(x), ..., Un(x)}, the full conditional posterior distribution of p(X) is proportional
to
n(X)
7 (pCO) [ B(xil0 (uicx). p(X)). p(X) = 0(uix). p(X)) + 1),

i=1
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951 and given {u1(y), ..., Un(y)}, the full conditional posterior distribution of p(X) is defined simi-
952 Jarly. Thus, a straightforward Gibbs sampler can be used for p(X) and for p(Y).
953 Given p(X) and {z1, ..., z,}, the sampling of each latent variable u;x) (i =1,...,n(X))

954 from its conditional posterior distribution, proceeds as follows. With probability
955

956 B (x110 (u1cxy, p(X)), p(X) — 0 (uicxy, p(X)) + 1)/ (k1 + k2),
957

958 [ #£1,setu;(x) equal to u;(x), where

959

960 p(X) N

%61 k1= {(mGo(Ax p) +rFr(Ax ) B(xilk, p(X) —k + 1)},
962 k=1

963

964 2 =Y B(xgl0(ugex), P(X)), p(X) = (utgx), p(X)) + 1)
965 a7

966 Otherwise, with probability k1 /(k1 + k2), draw u;(x) from the mixture distribution:
967

zzz T Go(Aps, px)) + (1 — n)Uniform{zk € (Ak*,p(X))},

970 with mixture probability defined by 7w = m/(m + r E.((k* — 1)/ p(X), k*/p(X)]), where k* is a

91 random draw from a distribution on k = 1,2, ... that is proportional to

972

z: {mGo(Arp) + rFr(Ape p) } B(xilk, p(X) —k +1).

%% Also, Unif{z € (a, b]} denotes a uniform distribution on a discrete set of values falling in a
96 set (a, b]. Each latent auxiliary variable u;yy (i = 1,...,n(Y)) is drawn from its conditional
977 posterior distribution in a similar manner (replace p(X) with p(Y), the ui(x)s with u;(yys, and
98 the x;s with Vis).

79 Furthermore, up to a constant of proportionality, the full conditional posterior density of the
%0 yariables {z1,..., 2/} is given by

981

Z:i (215 -0 2 IWp(x)s Wp(ry, P(X), p(Y))

984 XT(21, ey 2) AT (W) 0L p(X)s -+ -5 Cp(X), px)AIT(W 1y U1 p(1y s - - -5 A p(y), p(Y)) s

985

ogs  Where dir(w|aty p, ..., cp p) denotes the density function for the Dirichlet distribution, and

987 ~ ~

988 ar px)y =mGo(Ag,p) +rF(Ag p) +n(X)Fy (A p), k=1,..., p(X).

989

990 Also, m(z1, ..., zr) denotes the density function for the first » samples from a P6lya-urn scheme
991 with parameters (m, Go); see, for example, Blackwell and MacQueen (1973).

992 In particular, to generate a sample of each latent z; (j =1, ..., r) from its full conditional

993  Dosterior distribution, the following steps are taken. Let

994
995 A= (c1=0,c2], Az = (c2, c3],
996 Al,z = (ci—1, cl, ceey At,l:(ct—l’ct =1],
997

998  denote sets formed by taking the union defined by
999

1000 (0,02, .. emt, 1y ={k/p(X) ik =1,..., pO} U k/p(¥) ik =1,..., p()],
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and let F_; denote the empirical distribution of {z4 : d # j}. Then a sample of each latent z; is
generated from the mixture distribution

7;Go(Ar+ 1) + (1 — m;)Uniform{zy € A+ +},

where 7, =m/(m + (r — 1)1/5,_1(A1>«,,)) is the weight of the mixing distribution, and /* is a
random draw from a distributionon / =1, ..., ¢ defined by
dir(Wpx) a1, p(x)s -+ > %px). 0, pO)AT(W (1) [ Q1L p(1) s - - Ap(Y) 1, p(Y))s

with

g1, px) = Go(Ak,px)) + (r — l)F'r—l(Ak,p(X)) + 1(Ak, poxy N A1),
g1, py) = Go(Ar,pry) + (r — 1)E—I(Ak,p(Y)) + 1(Ag, pvy N ALr)

fork=1,...,p(X),andfork =1, ..., p(Y), respectively.

Appendix III. The Loglinear Model Used for the Third Data Example

As an Appendix to Section 3.3, here we provide details about the log-linear methods used for
the kernel equating model, in the analysis of test scores arising from the non-equivalent groups
design. As mentioned in that section, independent log-linear models were fit only to cells without
structural zeros. These models are jointly defined by

T(X)=4 T(V))=2

log@x.v, (5 o)) =ax+ > Ax@D'+ Y. v
t=1 =

1(X)=3 1(V])=2

+ Z > v G @)

=1
T(Y)=4 T (V)=4
l0g8r v, 0. v) =ar + > D'+ D A
t=1 t=1

1(Y)=31(Vy)=1

+ Z > R G WD

=1

The first fitted model presented above was selected after using Akaike’s Information Criterion
(AIC; Akaike, 1973) to compare the goodness-of-fit of 160 log-linear models described by com-
binations of the vector of values for (T(X), T(Vy), I(X), I(Vy)), for T(X),T(Vy) €{1,...,4}
and I (X), I (Vy) €{0, 1,2, 3} (and I (X) = I (V1) whenever I (X) or I (V}) is zero), and similarly
for the second fitted model presented above. The AIC was 256.06 and 229.14 for the selected log-
linear models for the first and second contingency tables, respectively. Then conditional on the
maximum likelihood estimates of (6 X, Vi éy Vg) obtained via these best models, the estimate of
the discrete test score dlstrlbutlons (G X, le, Gy, GVZ) are obtained via marginalization. Then
the bandwidth estimates (h x = .58, hy = .61, hv1 = .55, hvz =.59) were obtained using their
least-squares minimization method described in Section 1. Finally, a reviewer points out that in-
stead, more elaborate log-linear models can be used for the data. These models would include up
to four cross-product moments, as described in von Davier et al. (2004, Chap. 10).
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