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In this paper test equating is considered as a missing data problem. The unobserved
responses of the reference population to the new test must be imputed to specify a new
cutscore. The proportion of students from the reference population that would have failed
the new exam and those having failed the reference exam are made approximately the
same. We investigate whether item response theory (IRT) makes it possible to identify
the distribution of these missing responses and the distribution of test scores from
the observed data without parametric assumptions for the ability distribution. We show
that while the score distribution is not fully identifiable, the uncertainty about the score
distribution on the new test due to non-identifiability is very small. Moreover, ignoring the
non-identifiability issue and assuming a normal distribution for ability may lead to bias in
test equating, which we illustrate in simulated and empirical data examples.

Keywords: item response theory, incomplete design, marginal Rasch model, missing data, non-identifiability, test
equating

1. INTRODUCTION

One of the advantages of item response theory (IRT) over classical test theory is its ability to handle
incomplete designs. Among the important applications in which data are missing by design is test
equating, where results of different test forms must be made comparable by accounting for the two
key facts. The first is that the reference and the new tests need not be of the same difficulty, and the
second is that the reference and the new populations need not have the same ability distribution
(Kolen and Brennan, 2004; von Davier, 2011).

Suppose, that the same students respond both to the reference and to the new test. Assume, for
the sake of the argument, that both tests are scored with a number correct score. It is clear that,
if both tests represent the same underlying construct, both scores are automatically equated. The
need for equating scores derives from the fact that for every student we only observe the response
to either the reference or the new test. That is, it derives from the fact that there is a missing data
problem.

Equating procedures are methods to overcome the missing data problem. There are many
different methods for score equating with some methods based on IRT and other on classical
test theory. These methods are covered in detail by, for example, Kolen and Brennan (2004), von
Davier (2011), von Davier et al. (2004), Holland and Dorans (2006), and Livingston (2004). Most
all equating procedures are such that all students with the same score on the reference test get the
same equated score on the new test. This in contrast to both the complete data case we considered
above, and more modern (multiple) imputation based techniques (Rubin, 1987).

The central question we consider in this paper is whether the distribution of the missing data
(marginal or conditionally on the observed data) is in principle identifiable from the observed data.
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If the marginal distribution is not identifiable, neither is the
conditional distribution needed to impute the missing data.
Regardless of the preferred equating method, if the distribution
of the missing data is not identifiable, the missing data problem
can not be solved.

Suppose we take the most modest form of equating:
translating the scores on the new test to a pass/fail decision (i.e.,
selecting a cut-score below which a student fails) consistently
with the pass/fail criterion on the reference test, i.e., such the
passing percentage in the reference population would be the same
on the new test as it is on the reference test. To specify a new
cutscore, it is sufficient to estimate the distribution of the scores
of the persons from the reference population to the new test,
denoted by p(X+m,-5)1. As we will show in the paper, this is not
possible using an IRT model given the observed data only. Hence,
solving more complicated problems of equating (obtaining a full
correspondences between the scores on the two tests) is also not
possible.

When IRT is used for test equating, the joint distribution
of the observed data [responses of the reference population on
the reference test, denoted by p(X,p)] and the missing data
[responses of the reference population on new test, denoted by
PpXyis)] is modeled by a marginal IRT model that consists of
a conditional distribution of the data given a latent variable 6
and a population distribution f(#). Two elements are required
to estimate the distribution of missing responses p(Xs). First,
the parameters of the items from the new test and from the
reference test must be placed on the common scale. Second,
the ability distribution of the reference population given the
observed data f(0 | X,p;) must be estimated. In this paper, we
have assumed that the tests are well connected through a linking
design? and the IRT model is correctly specified and, therefore,
the first element of equating is fully satisfied. We have focused
on the second element, which is usually ignored in test equating
practice. The problem is that the full distribution of ability f(0)
is not identifiable, as has been shown by Cressie and Holland
(1983). Consequently, as we show in this paper, the distribution
P(Xmis) is also not identified from the observed data only. This
issue is usually ignored in test equating practice, and instead a
parametric distribution, usually a normal distribution, is assumed
for f(6). This assumption is not guaranteed to hold in practice,
therefore it is important to consider to what extent the problem
of inferring the distribution of missing responses can be solved
without extra distributional assumptions.

We will discuss the problem of non-identifiability of p(X mis)
using the marginal Rasch model (RM) for dichotomous data,
which has only one parameter in the conditional model (Rasch,
1960), as an example. The RM is chosen here for convenience;
the identifiability issues are present at the level of the marginal
model and are therefore not affected by the choice of a particular
parametric conditional model.

!For simplicity, we considered a situation in which the new and the reference test
do not have any common items. In the general case, the missing data are responses
to the items that belong to the new test but not the reference test.

2For a review of different linking designs see, for example, Angoff (1971), Wright
and Stone (1979), Lord (1980), Petersen et al. (1989), and Kolen and Brennan
(2004). Some of these linking designs are presented in Appendix D.

In this study we investigate the extent to which the
unavoidable uncertainty about the score distribution p(Xymis)
that comes from non-identifiability is problematic in practice.
The main purpose of this study is not to introduce a new method
for test equating, but to highlight a fundamental property of
marginal IRT models. This property is that in IRT equating
the score distribution p(X;s) can not be identified without
making extra assumptions about the parametric shape of the
ability distribution, and the practical consequences of ignoring
this property.

2. WHY IRT CANNOT SOLVE THE MISSING
DATA PROBLEM

In this section we describe a simple model for test equating
that tries (unsuccessfully) to predict missing responses from the
observed data without additional distributional assumptions. The
marginal RM is:

exp((6 — 8)
PXop =) = /IIl+“M9_Mﬂmda 0

where x is a vector of dichotomous responses with x; = 1 if
item i is answered correctly and 0 otherwise; §; is the difficulty
parameter of item i. There is assumed to be a population
distribution f(6); however, its parametric shape is not known.

Following Cressie and Holland (1983), the marginal RM in
Equation (1) can be re-written as

p0%ac =) = [Jeewts e [T

f(6)de, 2

where x is the number of items answered correctly. It can be
seen that

f(6). 3)

f@ﬂm—mmﬂf:g@fﬁ

which is the posterior distribution of ability given that the
responses to all items are incorrect. Therefore,

PXops = x) 1_[(6Xp(—51‘))""E((eXp((")))x+ | Xobs = 0).  (4)

To make p(X,ps = Xx) a proper density, a normalizing constant
should be added. A convenient parameterisation of the marginal
RM (Maris et al., 2015) is:

L b hy
Kobs =X) = =\ (5)
Piobs S o velb)As
where b = {b1, by, ..., b,} is a vector of item parameters that

are transformations of difficulty parameters: b; = exp(—34;); A =
{Xo, A1, ..., Ay} is a vector of population parameters, and y;(b)
denotes a t-th order elementary symmetric polynomial (Verhelst
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et al., 1984). The denominator ensures that the distribution
integrates to 1. The model in Equation (5) is a marginal Rasch
model if and only if A is a sequence of moments of a distribution.
This imposes a set of inequality constraints on the parameters
(Shohat and Tamarkin, 1943):

A A e Am
MoA2 e Amad

det >0,m=0,1,2, (6)
Am )\m+1 cee Aom

and

A A2 - Am+
A2 A3 Am+2

det . . . >0,m=0,1,2,... (7)
Ama1 Ami2 oo Aomgt

The extended Rasch model [ERM] (Tjur, 1982; Cressie and
Holland, 1983; Maris et al., 2015) does not have these restrictions.

We now apply the ERM to test equating. Let us consider the
joint density of the response vectors X5 and Xjs:

) X
[T=1 b7 1_[]"11:1 djj M+
120" vi(d, dyn

P(Xobs =x, Xpis =X7) = (8)

where d = {d,...,d,} are the parameters of the items in
the new test (analogous to b) and n = {no, 91, ..., Nuym} is a
vector of (n + m + 1) population parameters corresponding to a
combined test consisting of the items from both the reference and
the new exams. It can be derived that the marginal distribution
of the scores of the reference population on the new test is (see
Appendix A, for details):

n

T T 7e(d) ZO Ys(D)ns ¢
Pr(Xqmis < T) = Ximis = 1) = = .

( “+mis = ) tzzop( “+mis ) t;) Zz;rom )/t(b, d)f]u
9)
The expression for this distribution contains parameters 1,
whereas the density of the observed data contains parameters A.
The parameters § and A are related to each other as follows (see

Appendix A, for details):

m
hs =) ve@neys, Vs € [0, n]. (10)
t=0

The parameters A are identified from the data (up to a
multiplicative constant), whereas parameters 5 are not; this is
because in this system of (n4-1) Equations (4) there are (n+m+1)
unknowns. Therefore, having observed only data X5, we cannot
make direct inferences about the distribution of X ;. Hence,
IRT cannot solve the missing data problem.

3. WHAT IRT ALLOWS US TO INFER
ABOUT THE DISTRIBUTION OF MISSING
RESPONSES

The conclusion at the end of the previous section does not
mean that we do not know anything about the parameters » or
the score distribution. The relations between A and » impose
restrictions on the values that 7 can take, and therefore, on the
score distribution. Before considering what is and is not known
about the score distribution p(Xs), we should discussed some
additional constraints for parameters 7).

Along with the restriction given by the relations with the
identified parameters (10), there are other restrictions that the
parameters 5 must satisfy in order to be parameters of the
ERM. First, they must be positive to ensure that all probabilities
in Equation (9) are positive. To derive a second constraint,
consider the probability of answering item i correctly given the
rest score on the test:

PG = 11X, + X is = )
Pr(X =1, X0 A Xmis = 9)
Pr(X(;)OhS + Xymis = 5)

biys D, dngyr bt
biys b, A1+ ysDne 14 b

(11)

where b denotes a vector of item parameters of all items in the

reference test except item 7, and Xﬁ)obs is the sum score on these
items; that is, the rest score. From the measurement perspective,
this probability should increase when s increases (Junker, 1993;
Junker and Sijtsma, 2000). This ensures that all item-rest
correlations are positive, so that it makes sense to score the
particular set of items together as one test. For this to be true,
the ratios "Sn—tl must form a monotonically increasing sequence.

The inequality constraint

ﬂ<@<ﬁ<“.<7rln+m (12)

o~ m - M NMat+m—1

can be specifies as a part of in the prior distribution of the
population parameters (see Appendix E, for details).

An alternative motivation for using the constraints in
Equation (12) is that they follow from an important feature of
the marginal RM, namely that

2
Ns+2 _(Us+1> (13)
Ns s

is the (posterior) variance of exp(f) of a person with a score
of s (Maris et al, 2015). The monotonicity constraints in
Equation (12) follow from non-negativity of variance. Therefore,
the constraints in Equation (12) are necessary but not sufficient
for the parameters to satisfy the moment constraints of the
marginal RM. Hence, the model we are using for equating is an
ERM with the monotonicity constraints. As will be shown in the
next subsection this restriction enables to reduce the uncertainty
about the score distribution on the new test.
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3.1. A Simple Case:m =1

In this subsection we derive the uncertainty about the marginal
probability of answering a new item correctly, given the observed
responses to 7 items. Let us consider the simplest case in which
the number of items in the new test is equal to one (m = 1).
Because we are ignoring the effect of sampling variability on the
uncertainty, we consider all identifiable parameters (b and A)
known.

Let A = {Xo,A1,...,A,} denote the set of identifiable
population parameters; n = {no, 71,12, ..., Mn+1} the set
parameters for the combined test; and d the item parameter of
the new item. The relations between A and n form a system of
linear equations:

Ao 1d...00 "o

A 01...00 mn
=|.. . .. c . (14)

An 00...1d T

Mn+1

This system of n 4 1 equations does not have a unique solution
because the number of unknowns (n + 2) is larger than the
number of equations. The general solution is:

1o k
0
m d
. = . . (15)

>

s

' —D"a . k
Mn+1 Z?:O(dnlftt—}_(_l)n+ldn+l
where k is a parameter that captures all uncertainty about 7,
such that the unique solution to the system of equations can be
computed when k is known. This parameter is not completely
free because n must satisfy the set of inequalities:

n5>0Vse[ :(n+1)], (16)
"Sntl > s n ,Vse [1:n].

We are interested in the probability of answering the new item
correctly, which can be written as a function of k:

d Z?:o ve(b)ns 11

A r o ve®ner1 + 3o v

(17)
Using the solutions of the system of equations, one can derive (for
details, see Appendix B):

Pr(Xmis = 1) = 7T+(k) =

From the non-negativity of the parameters n (the first set
of inequalities in Equation 16), we have (see Appendix B, for
details):

,,+1 2u—1 ﬂ 2u
max(0, max Z (=Drd") <k < mm Z —D'xd. (19)
=0

Moreover, the second set of inequalities in Equation (16) leads to
(see Appendix B):

Lnflj )\(2 d2u 2u—1 LﬂJ
max T Z (=D)rd' ) <k < mzin
Auvrd i u=1

2u— 2 1d2u—1
Dird — —=4—— ). (20
(Z( ) )L2ud+)\2u—1> (20)

Equations (19) and (20) together provide the lower and the upper
bounds for k.

Next, we present a small example to show how the bounds
on k change and what the uncertainty about the marginal
probability of a correct response to the new item under the
ERM is for different values of n. The item parameter d of
this item varied from exp(—2) to exp(2), corresponding to the
difficulty parameter varying from 2 to -2. We show how large the
uncertainty is when only the non-negativity constraints are used,
and when both the non-negativity and monotonicity constraints
are used.

A data set with responses of persons sampled from a
population with an ability distribution A(0, 1) to a test of six
items with difficulties sampled from In(b;) ~ N(0,1) was
simulated. First, only three items were taken into account, then
four items, five items and, finally, all six items. We considered the
identifiable parameters b and A known in order to evaluate the
uncertainty about 77 coming only from the non-identifiability of
1. The identifiable parameters were fixed at their EAP-estimates
obtained with a Gibbs sampler for the ERM (Maris et al., 2015),
see Table 1.

The possible range of values for the free parameter k, and
therefore for the probability of interest 77 (given the fixed values
of b and 1) was evaluated for different values of the difficulty of
the new item. Figure 1 shows the possible ranges of values for the
probability of answering the new item correctly when only the
constraints in Equation (19) were used (in gray) and when the
constraints in Equations (19) and (20) were used (in black).

The uncertainty about m; decreases when n increases.
For n = 3, the difference between the maximum and the
minimum of my is for some d larger than 0.15 when only

k Ztnf 0 (—1);[1 vt(b)
Yoi—ove(b)ry

_ t—s
T, o Sl
Yoi—o vi(b)ry

7T+(k) =1-

(18)
This expression is linear in k. Therefore, the uncertainty about
the probability of answering the new item correctly depends on
the difference between the maximum and the minimum of k.
The upper and the lower bounds for k can be derived from the
inequalities for y in Equation (16).

TABLE 1 | Item and population parameters used in the illustrative example.

n b A

3 {1.00,0.58,0.41} {1.00, 0.80, 1.16, 3.25}

4 {8.90,1.00, 0.58, 0.41} {1.00,0.52, 0.45, 0.68, 1.99}

5 {8.91,1.12,1.00, 0.58, 0.41} {1.00, 0.42,0.29, 0.32, 0.60, 2.01}

6  {8.86,1.12,1.00,0.85,0.58,0.41}  {1.00,0.36,0.22,0.19,0.27,0.63, 2.43}
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FIGURE 1 | Uncertainty about the marginal probability of answering a new item correctly (gray— without monotonicity constraints, black—with
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monotonicity constraints) given the difficulty of the new item (on the x-axis). (A)n =3, (B)n =4, (C)n =5, (D)n =6.

the constraints in Equation (19) were used and larger than
0.05 when all the constraints were used; however, when n =
6, the maximum discrepancy is 0.03 and 0.006 when only
non-negativity constraints and all the constraints were used,
respectively. Moreover, the uncertainty about w1 for the items
with the difficulty parameter close to the items that have been
answered is already very small if » = 3. In general, the
uncertainty is larger for items with extreme difficulty®.

We have used this small example to explicitly show that it is
not possible to compute the marginal probability of answering
the new item correctly. However, there uncertainty about this
probability is not large.

It is difficult to extend the analytic solution described in this
section to realistic settings, with n and m being usual test lengths,
because of the accumulation of error while computing the bounds
for k. Therefore, below we present a simulation-based approach
to the problem. Appendix C presents a proof of the fact that a
simulation based approach is justifiable.

3.2. Simulated Examples
This subsection provides two simulated examples to illustrate the
following:

3The graphs are not symmetric because the difficulties of the items in the reference
test (— Inb) were also not symmetric around zero.

1. the size of the uncertainty about the score distribution and
which part of it is due to the non-identifiability of the
parameters;

2. the practical consequences of ignoring the issue of non-
identifiability of () when the true ability distribution is not
normal.

In the first example, the data were simulated according to the
non-equivalent group design with three linking groups. Each
group consisted of 500 persons who gave responses to 15 items
from the new test and 15 items from the reference test. The
relevant equating designs are described in the Appendix D.
The following parameters were used: n = m = 60, N =
M = 5000. Responses were simulated according to the simple
RM, with person parameters sampled from A(0, 1) for the
reference population, N(0.5, 0.8%) for the new population and
N(=0.5,2%), N(=0.2,22), N(—0.1,22) for the three linking
groups?. The item difficulties (—Inb;) were sampled from a
standard normal distribution.

First, the data augmented Gibbs sampler for the ERM
with monotonicity constraints was used to estimate the total

4These values could be seen as matching empirical practice in the sense that the
persons in the linking groups perform worse than in the examination conditions
and are more heterogeneous.
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uncertainty about the score distribution. Second, to eliminate
the uncertainty coming from the sampling variability, the new
data were simulated with the same parameters but larger sample
sizes (N = M = 1,000,000) and the algorithm was used
with all the item parameters fixed at their true values. The
posterior variance of the score distribution that remained was
almost entirely due to the non-identifiability of the population
parameters. Figure 2 presents the widths of the 95% credibility
intervals of Pr(Xy,is < T), VT € [0 : m] based on 50,000 draws
from the posterior distribution after 10,000 iterations of burn-in.
With a large N and fixed item parameters, the uncertainty about
the score distribution becomes very small, not exceeding 0.002 on
the probability scale.

In the second example, we compared the results of test
equating using a marginal RM assuming a normal distribution
of ability in the population with the results of test equating
using the ERM without the normality assumption. For the R-
code of the analysis and the output, see Supplementary Material.
The data with different distributions of ability in the reference
population were simulated. To show what happens if normality is
violated, we used skew-normal distribution for ability (Azzalini,
2005). The parameters of the skew-normal distribution were
chosen such that the mean was equal to 0, variance was equal

0.05
L
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1
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1
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FIGURE 2 | Uncertainty about the score distribution of the reference
population on the new test.
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FIGURE 3 | Specification of the skewed ability distributions.

to 1, and skewness was varied y = —0.25, —0.5, —0.75. These
distributions can be seen in Figure 3 (dotted lines) next to the
standard normal distribution (solid line).
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FIGURE 4 | Estimated score distributions with MML and ERM when the
ability distribution in the reference population is skewed. (A) y = —0.25;
(B) y=-0.5;(C) y = —-0.75.
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For each of the three degrees of skewness, we simulated
the data of 5000 persons from both the reference and the
new populations taking the tests, which consisted of 40 items
each, connected through three linking groups consisting of 500
persons responding to 20 items (10 from the reference test
and 10 from the new test). For the new population and the
three linking groups, person parameters were sampled from
a normal distribution [N(0.5, 0.92), NV'(—0.5, 22), N'(—0.2, 22),
N(—0.1,22), respectively]. Item difficulties were sampled from
N(0, 1). The data were simulated according to a RM.

The score distribution Pr(Xy,; < T) was estimated
with marginal maximum likelihood (MML) assuming a normal
distribution and with the Gibbs Sampler for the ERM. The ERM
score distribution together with the 95% credibility intervals
of Pr(X, s < T) based on 50,000 draws from the posterior
distribution (after 10,000 iterations of burn-in) are presented
in Figure4, together with the MML-estimate of the score
distribution. The more skewed the ability distribution is, the
greater the difference between equating results for the MML and
ERM approaches. When y = —0.25, the MML-estimate does not
fall outside of the 95% credibility interval obtained with the ERM.
When y = —0.5, the estimate based on the normality assumption
is outside the credible interval for low and high scores, but
within the interval for the middle range of the scores. Finally,
when y = —0.75, the MML-estimate is also outside the credible
bound in the middle range of test scores. This is the range of
scores within which the cutscore is usually placed, which means
that different score distributions are likely to result in different
cutscores. This has consequences for the pass/fail decision for
hundreds of students.

4. EMPIRICAL DATA EXAMPLE

Using an empirical example we show the consequences of
ignoring the problem of non-identifiability of f(0) and assuming

a normal distribution. We do this by comparing the estimated
score distributions with and without the normality assumption.

4.1. Method and Data

We analyzed data from the paper-and-pencil French language
test for preparatory middle-level applied secondary education
from examinations in 2011 and 2012. The sample sizes were 5518
for the reference exam and 5606 for the new exam. Both tests
consisted of 41 items, but only dichotomous items were selected
for analysis (35 and 34 in the reference and the new exams,
respectively). The tests were linked through seven linking groups
(with sample sizes ranging from 337 to 460) that responded to
some items from either the reference test or the new test and
some external anchor items (14 per group). The equating design
is shown in Figure 5. There were 30 items from the reference test
and 25 items from the new test answered by the linking groups.
The items taken by the linking groups had been also answered by
students in 2008.

First, the parameters of the ERM were estimated using the
data augmented Gibbs sampler (see Appendix E). The algorithm
was run for 60,000 iterations, of which the first 10,000 were
discarded as a burn-in. The score distribution of the reference
population on the new test was calculated at every iteration of the
algorithm. Second, the marginal Rasch model with the normal
distribution was fitted to the data and the MML-estimate of the
score distribution was obtained. See Supplementary Material, for
the data, software code of the analysis and the output.

4.2. Results

Figure 6 shows the posterior mean of the score distribution
estimated with the ERM (together with the 95% credible interval)
and the MML-estimate of the the score distribution. The
estimated score distributions differ and the MML-estimate is
outside of the credible interval at the lower and the higher scores.
The posterior mean is also different from the MML-estimate in

Exam 2011

Reference
population

Exam 2012

Exam 2008

N
popu?g{ion

Pogulation
008

Linking :,:|:‘:,:h

group

FIGURE 5 | Equating design.
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the assumption of the normal distribution (solid line).

e |
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o
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FIGURE 6 | Score distribution of the reference population on the new test: posterior mean for the ERM (dashed line) and the MML-estimate based on

the middle range of scores, which could have consequences for
establishing the new cutscore ;.. For example, if the desired
proportion of persons from the reference population failing the
new test was 55%, then the MML procedure would result in a
cutscore of 17, whereas the ERM procedure would result in a
cutscore of 18 as illustrated in Figure 6. The consequence of this
would be that 476 students would have passed the test if a normal
distribution were assumed, but would have failed if the ERM were
used.

5. DISCUSSION

Using a simple case, we have shown that, without the assumption
of a parametric distribution, the score distribution on the new
test is not identified. Knowing the difficulty parameter of the
new item is not enough to predict the proportion of correct
responses to this item in the population, after observing the
responses to a finite set of items. When the number of items
observed increases, the uncertainty about the score distribution
decreases. This uncertainty tends to zero with » going to infinity,
but is always there. Hence, IRT cannot, strictly speaking, solve
the missing data problem, since it does not allow us to impute
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APPENDIX A

From Equation (8), we can derive the joint distribution of the
scores on the reference test and the new test:

PXobs = X4, Xpmis = xi)
p(Xobs =X, Xpis = X*)
PXobs = X, Ximis = X* | Xy ops = %4, Xepmis = X*+)
1_[1—1 bfl 1_[]—1 dj
Ve 07, @

= p(Xobs =X, Xpmis = X*)/

_ Vxy (b)%gr (d)nx++xi

n+m

P b, e

(A1)

The marginal probability of obtaining a particular score on the
new exam is then:

PKXpmis = x5) = D p(Xiops = 5 Xymis = x7)
s=0

e (@) i V(b
= . (A2)
zzi? m(b, d)n,

To derive the relations between the parameters A and 7, let us
consider the probability of observing a particular response vector
Xops- On the one hand, it is given in Equation (5). On the other
hand, it can be presented as follows:

m
ZP(Xubs =X, Xypmis = t)

P(Xobs =Xx) =
t=0
n
m l_[ h Vt(d)r)x++t l_[ bx‘ Z yi(d)ng 4+
— 1=nlJr _ i=1 t= ) (A3)
t=0 Z ye(b, d)n, Z 75(b) (Z yt(d)ns+t>
u=0 s=0 t=0
Hence,
m
=Y 7 @ness, Vs € [0, nl. (A4)
t=0
APPENDIX B
The probability of answering the new item correctly is:
Pr(Xpmis = 1) = Y Pr(Xpmis = 1, Xop = X)
dYf_o vi(b)nisa (A5)

Ay + X by

Using the general solution of the system of equations in
Equation (6), the two sums in this expression can be

re-written as:

t S)\'s k
dZ ye)ne g1 = dZ (Vt(b) > (dtlil + (—l)tdprl
t—s t
—Z t(b)Z( ) kZ n

t—1
>+ Z ye(b)h + k Z yy =

—Z <b>Z( 1)~

N~———

)

(A6)

and

n t—1( 1)’ - L
2 7o) = Z (Vt(b)z Mgyt )
t=0

., _
L (=1 (—1)f
=—> nb) Z e kZ 7i(b)—=. (A7)
t=0 s=0 t=0
Hence,
Zt Oyt(b) Z[—l ( ;zt SSXS
t
+ 30 oA + kT b)) S
Pr(Xmis = 1) = =
Yoo vy
(=1~ 1y, (b) tfl( DI~ Sy (b)r
Y D VD Vs e PN

Yot ve(b)rs Yi—ovi(b)ry

First, we will consider the constraints on k, following from the
parameters 3 being positive:

k= Nno > 0, (A9)
ST T 1y S0, Vse [1:(n+ 1))
For even indices s =2u, u=1,2, ...,
2u 2u
k (—D)fAs P
BT L i © k> LDl (A
t=0 t=0
For odd indicess =2u+1,u=0,1, ..., L%J,we have:
2u—1 2u—1
k (—1)tkt ‘
7 < prer Z( i, (A11)
=0

Second, we consider the monotonicity constraints (12):
Ns+1Ms—1 > nsz, Vs € [1: n]. Using the the general solution of
the system of equations in Equation (10), we have:

(=1 ok
(Z ds+i—t + (=1 s+l
t=0

s—2
(_ l)s—t—Z)Lt . k
<t=0 ds—i=t Y ds—1

2
s—t—1
><ZW+( e ) (A12)

t=0
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s—2

If we multiply both sides by d** and denote S = Y (—1)*~A,d",
£=0
then we get
(S+nrd —dg_1d ™1 — (=1)°k) (S — (= 1)%k)

> (=S d L+ (—1)K). (A1)
When multiplying the elements on the left side and taking a
square on the right side, most of the element on the both
sides are the same, hence they cancel out, and the remaining
inequality is:

S — (=D’ > =(S = (=1)Wrs1d "'+ (hs1d ™) &

S—(—1)°k > }\52_175_1 (A14)
Asd + As—1
For even indices s =2u,u=1,2, ..., L%J, we have:
k < 25(-1)6\,& - M. (A15)
= Aoud + Aoy —1

For odd indicess =2u+1,u=0,1, ..., I_”T_lj,we have:

)Lz d2u 2u—1

k> —2 4 Y (D) ad

(Al6)
)¥2u+1d+)\2u =0

APPENDIX C

For a simulation approach (such as a Gibbs Sampler) to be
applicable, we have to show that the solutions of the system
of Equation (10) and inequalities (16) constitute a convex and
bounded set, which ensures that the sampler can easily cover the
full subspace of possible values of the non-identified parameters.
All coeflicients in the system of equations are positive, so are the
parameters A, and therefore each of the parameters 1, is bounded:

mm(s n)

0<ns < ,Vse[0:(n+m)]. (A17)

t_max(O s—m) stt(b)

For every s € [1: (n+ m — 1)] the solutions of the following set
of inequalities:
Ns+1 > ns
Ns = Ns—1
Ns—1>0

ne > 0 (A18)
s

Ns+1 >0

form a convex set. The interaction of convex sets from each
s is itself a convex set. The intersection of the set formed by
solutions of all inequalities and the set formed by the system of
linear equations (which is always a convex set) is also a convex
set. Therefore, all possible values of 5 constitute a convex set,
and for each individual parameter there is only one range of

possible values. Although the parameters are not identified, it is
still possible to sample from their joint posterior distribution. The
data augmented Gibbs Sampler for test equating with the ERM
which is an extension of the algorithm of Maris et al. (2015) was
developed for this. The details of our algorithm can be found in
the Appendix E.

APPENDIX D

Non-Equivalent Group Equating Designs
The most simple non-equivalent group design one is the anchor-
item design, in which both the reference and the new tests
include a common set of items. The second design is a post-
equating design, in which the link between the two tests is
established through the data collected in the so called linking
groups, answering some items from the reference test together
with some items from the new test. The third design is a variation
of the post-equating design, in which persons from some of the
linking groups answer the items from the reference test and some
other items from the item bank, while persons from the other
linking groups answer the items from the new test and the same
items from the item bank. The items that do not belong to either
the reference test or the new test might also be taken by students
from some historic population in one of the previous years. The
simplest forms of these designs are visualized in Figure A1.

Let us by Y denote the M x m data matrix with responses of
a sample of persons from the new population to the new test, by
k& denote the m + 1 identified population parameters of the new
population, by {r} the set of items in the reference test and by
{c} the set of items in the new test. If the design includes linking
groups, then Z is the data coming from the equating groups with
K® and k® being the number of persons in the g-th linking
group and the number of items answered by them; (')} denotes
the set of items answered by the g-th linking group and 7® are
the population parameters of this linking group. Then the density
of the observed data is:

s=0

I N om M
<Z Vt(erc)nt> (Z Vt(bc)Kt>
t=0 t=0

K9

1_[ @~
¢ (ko K
( ZO ¥t (bw) Tt(g))
=

where u; is the total number of correct responses to item i

by all students which answered this item, N;, M, and Ks(g)
are the number of persons from the reference population, new
population and the g-th linking group, respectively, that gave
exactly s correct responses to the items in the corresponding tests.

The score distribution of the reference population on the
new test depends on the population parameters # and the item

N,
. n le/r] S m
[1;6 T1 (Z Vt(bc/r)nt+s> IT #s
t=0 s=0

f(Xobsv Y.Z) =

(A19)
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FIGURE A1 | Three non-equivalent group equating designs. (A) Design 1, (B) Design 2, (C) Design 3.
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To make inferences about this distribution we obtain samples
from the posterior distribution p(y, b| ...). This is done using
a data augmented Gibbs sampler.

APPENDIX E

We describe here how the samples from the joint posterior
distribution

p(n.b]...) (A21)

can be obtained using a Markov chain Monte Carlo algorithm.
We describe it for the post-equating non-equivalent groups
design (see Figure A1B) with G linking groups. The density of
the data given this equating design is given in Equation (A19) in
Appendix D. The algorithm can be easily altered for the different
kinds of non-equivalent group designs.

Data Augmented Gibbs Sampler

For computational convenience, instead of parameters 5, we use
a different parametrization with the ratios of the consecutive
parameters % To place the parameters on the scale common
in IRT we consider logarithms of these ratios:

pszln<M>,Vse[O:n+m—l].

MNs

(A22)

We use a prior which in addition to the monotonicity
constraint (5) has a lower and an upper bound for the parameters:

n+m—1

p(P)O( 1_[ I[PsflsPsH]( s),

s=0

(A23)

where p_ —100 and p, 4, = 100. This is a reasonable
constraint, since it follows from the Dutch identity (Holland,
1990) that
ps = In (S(CXP(G)) |X+obs + Xpmis = 5)) . (A24)

A priori, item and population parameters are independent.
For item parameters we choose a uniform prior for difficulty
parameters — In(b;), which is p(b;) bi,-'

After the re-parametrization, the density of the observed
data is:

G
fKops, Y, 20, ., 2 = T]
g=1

NG @K 1 y K
l—[ bi+'+z+z l—[ b?+’+z+’ l—l exp(rgg))j” /
i€{rNeg} i€{cNeg} s=1
X
©
(1+ 5 yilbey) TT exp(r®)K®
j<t
X ) n m
[T 5% T1 67 TTa+ X b [T exp(op)™
ie{r/e} ie{c/e} s=0 t=1 j<t
m—1 ZM]
[1 exp(gsy~*
s=0
n+m m ’
1+ 3 v T expp)N(1+ 32 y1(bo) [T, - exp(gi))™
t=1 t=1
(A25)

where p,q, rV, ..., r@ are the population parameters of the
reference population, the new population and G linking groups,
respectively.

Although, we are interested only in the parameters b, and
p, the other parameters (b,, q, D r(G)) are also sampled
as nuisance parameters. Moreover, to make the full conditional
posterior distribution of p; tractable, at every iteration we will
sample augmented data x*: responses of persons from the
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reference group to the items of the new test (Tanner and Wong,
1987; Zeger and Karim, 1991). This amounts to sampling from
the joint posterior:

p(p, q. D f9 b, x [ Xy, Y. 2O, 29, (A26)
A Gibbs sampler is used, i.e., all parameters are subsequently
sampled from their full conditional distributions given the new
values of all other parameters (Geman and Geman, 1984; Casella
and George, 1992). After starting from the initial values (1
for all item parameters, and the population parameters equally
distanced from -3 to 3), the algorithm goes through the following
steps:

Step 1. Sample the augmented data x*.

For every person j € [1 : N], sample a vector of responses x;

J

from its full conditional posterior p(x]?k | ...),which is factored in

the following way:
p(X]*| ) _p(x+|x1+’ C!p)p(x | +, c)
- p(‘x'+ |xj+’ sz P)
Xp(x 1| j+ C)p(x2|x]1’ 0 c)
P( j.m bC)7

|xj’1,..., (A27)

om— 1 X
where x; is the sumscore of person j. First, sample x}k+ from the
categorical distribution with probabilities

s(be) I—[u < (xj4+9) eXp(Pu)
1+ Z:nzl yt(bC) Hu<(xp++t) eXP(Pu) '
(A28)
And then for every item i € [1 : m] sample x]*, from a Bernoulli
distribution with probability:

Pr(xﬁ_ =5 Xj+s P» b.) =

blyx Z; (l)x* (bi+1,...,bm)
Pr(x]’»‘i =1 |x]’-"+, X;-k5<,‘y b,) =
’ ’ Ve, yizyer, (bis Bk oo bm)
(A29)

Step 2. Sample from the full conditional posterior of the
distribution of the item parameters.

For every i € {r/e}, sample b; from its full conditional
posterior:

xXpi—1
bl ... i
p(b;| )(X(l—l-cb,')N’

YA v 1O [T -, exp(py)
P2 s T - explpy)”
distribution, to sample from which first sample y =

B(xyi, N 5
For every g € [1: G, for every i € {r N ¢z}, sample b; from its

full conditional posterior:

(A30)

where ¢ =

. This is an scaled beta-prime

Cb,‘
T ep; rom

— x4i), and then transform it: b; =

bx+i+z$3—1
pbil ...) "

, (A31)
(1 + c1b)N(1 + c2b;)K?

T v 10N [T, - exp(p)
YrEe T ) T - explp)
Zt 1Vs— 1(beg)l_[j<f6Xp(r§g))

k(g) —1 b(r Hj<texp("(g )
1tem parameters of the items taken by persons from only
one population, this distribution is not easy to sample from
directly. It is more convenient to sample from the distribution
of Bi —In(b;) using a Metropolis-Hasting algorithm
(Metropolis et al., 1953). We use N(—In(b;), 2 0.01)
as a proposal density with b; being the current value of the
parameter.

For every i € f{c/e}, sample b; from its full conditional
posterior analogously to sampling b;, i € {r N ey}, because
these items are not only taken by the new population, but
responses to these items by the reference population are
imputed.

For every g € [1: GJ, for every i € {c N eg} sample b; from its
full conditional posterior:

where ¢ and o

Unlike the full conditional of the

e + zg? Tl
(A32)

bi| ...) x s
Pl (L + ab)N(L + b)KO(1 + cby

Zt 1]’5 l(b )]_[]<texp ‘1}
Zt 0 Vs(b H]<teXP(%)
Hastings algorithm as for the items, taken by two populations.
If the equating design specifies more than 3 populations taking
some of the items, then the full conditional posteriors of those
items can be extended accordingly.

Step 3. Sample the population parameters.

Foreverys € [0:(n+m—1)], sample p from its full conditional
posterior:

where ¢3 =

. Use the same Metropolis-

exp(ps)zj' o N¢

(1 + cexp(p)™ (433)

p(p5| )O< I[Ps—lqps+1](p5)’

Z )/t(b)l_[j#sj 0 exp(pj)

t=s+

1+ Z y¢(b) l_[ exp(p;)
j=

t=1

where ¢ . To sample from this

distribution, we first sample y = %}Eﬂp) from the truncated
beta distribution
UNF—1 N=Y . Nf—1
Fi) ocyzi= N T = N RN T ), (a3e)
where a; = _cexpps—) o0y a = %, using rejection

1+cexp(ps—1)
sampling with U(ay, a2) as a proposal distribution, and then
transform it: p; = ln(ﬂ%).

For every s € [0: (m — 1)], sample g, from its full conditional

posterior analogously to sampling p;. For every g € [1: GJ, for

every s € [0: kK® — 1], sample rgg) form its full conditional
posterior analogously to sampling p.

At every iteration of the Gibbs sampler, we compute the
expected score distribution for the reference population on the
new exam Pr(Xyis < T).
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