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Abstract

The nonequivalent groups with anchor test design (NEAT) is widely used in test equating. Under
this design, two groups of examinees are administered different test forms with each test form con-
taining a subset of common items. Because test takers from different groups are assigned only one
test form, missing score data emerge by design rendering some of the score distributions unavailable.
The partial observability of the score data formally leads to an identifiability problem which has not
been recognized as such in the equating literature, and has been faced from different perspectives, all

of them making different assumptions in order to estimate the unidentified score distributions.

In this paper, we formally specify the statistical model underlying the NEAT design and unveil the
lack of identifiability of the parameters of interest that compose the equating transformation. We use
the theory of partial identification to offer alternatives to traditional practices used to point identify

the score distributions when conducting equating under the NEAT design.

Key words: Partial observability; Missing observations; Strong ignorability; Equity; Interchange-

able scores; Quantiles.



1 Introduction

Test equating is conducted to adjust the scores of different test forms in order to compensate for dif-
ferences in relative difficulty and thus make scores equivalent and comparable (Angoff, 1984; Kolen &
Brennan, 2014). The equating problem can be considered as an statistical problem in which scores de-
fined on one scale are to be mapped into their equivalents on the other scale. Such mapping is achieved
using what is called an equating transformation function (for details, see Gonzdlez & Wiberg, 2017,
Chapter 1).

Because score differences can also be due to ability differences of test takers, comparable groups of
examinees must be used when collecting score data to estimate the equating function. Different strategies
for collecting score data has been proposed in the literature, leading to what are called equating designs
(see, e.g., von Davier, Holland, & Thayer, 2004, Chapter 2); (Kolen & Brennan, 2014, Section 1.4) and
Gonzélez and Wiberg (2017, Section 1.3.1)). These designs differ in that either common persons or
common items are used to perform the score transformation. In this paper we will focus the attention on

the nonequivalent groups with anchor test design (NEAT).

The NEAT design (a.k.a the common item nonequivalent group design, CINEG) is widely used in test
equating. Under this design, two groups of test takers are administered different test forms with each test
form containing a subset of common items. Because test takers from different groups are assigned only
one test form, missing score data emerge by design rendering some of the score distributions unavailable.
The partial observability of the score data formally leads to an identifiability problem, which has not
been recognized as such in the equating literature, and has been faced from different perspectives, all of
them making different assumptions in order to estimate the unidentified score distributions; see Sinharay
and Holland (2010), Miyazaki, Hoshino, Mayekawa, and Shigemasu (2009), Liou and Cheng (1995),
Holland, Sinharay, von Davier, and Han (2008), among others. Among these approaches, considering
the conditional probability distributions of test scores given the anchor scores and imposing the strong
ignorability condition to point identify the score distributions has been the traditional practice when

performing equating under the NEAT design.

In this paper, we formally specify the statistical model underlying the NEAT design and unveil the lack
of identifiability of the parameters of interest that compose the equating transformation. Three possi-
ble solutions to the identification problem are shown including the traditional practice of point identify
the score distributions by imposing the strong ignorability condition. We follow a partial identification

approach (Manski, 2003) under which the score probability distributions used to obtain the equating



transformation are bounded on a region where they are identified by the data. We offer two solutions,
one in which no particular assumptions are needed to obtain the identification bounds, and another one
that considers the NEAT design under a self-selection process. The results show that the uncertainty
about the score probability distributions, reflected on the width of the identification bounds, can be very

large leading to question how fair is to be fair conducting equating under the NEAT design.

The paper is organized as follows: in Section 2 the basics elements involved in the statistical model
underlying the NEAT design are defined and the identifiability problem is described. In Section 3 we
offer an alternative to point identifiability based on the theory of partial identifiability. The severity of
assuming strong ignorability on equating is illustrated considering both the score probability distributions
and the quantiles of them. Section 4 illustrates the partial identification approach under an optimist
self-selection assumption in which examinees make a rational choice about the test to take based on
their beliefs of better performance. The paper finalizes in Section 5 summarizing the main points and

discussing on how severe can it be the identifiability problem in the context of test equating.

2 The Statistical Model underlying the NEAT Design

2.1 Basic definitions

A statistical model € involves three components: 1) observations of a population of interest lying on a
sample space X’; ii) probability distributions, F?, defined on X’ and indexed by parameters 6; and iii) a

parameter space ©, such that § € ©. The statistical model can compactly be written as
e={x,F'.0c0Ol. (2.1)

For details, see Fisher (1922), Cox and Hinkley (1979), McCullagh (2002), San Martin, Gonzdlez, and
Tuerlinckx (2015), and San Martin (2016).

A statistical model describes the observed population in the sense that the body of observations is fully
characterized by the statistical model. This is why the specification of the statistical model requires “an
understanding of the way in which the data are supposed to, or did in fact, originate” (Fisher, 1973,
p.8). In this case, the characteristics of a probability distribution F*? correspond to specific characteristic
of such population. These characteristics are functionals of the probability distribution F?, such as the

mean, variance, kurtosis or quantiles. Consequently, the parameters indexing a probability distribution



are functionals of it and, accordingly, “describe [the population] exhaustively in respect of all qualities
under discussion” (Fisher, 1922, p.311). It is important to emphasize that all the statistical models are
parametric: when the parameter space © is a finite dimensional set, the statistical model is called a
parametric model; when © is an infinite dimensional one, it is called a non-parametric model; and when

O is a Cartesian product of a finite set and an infinite set, it is called semi-parametric model.

2.2 Characteristics of the sampling process underlying the NEAT design

The observed score data originated under the NEAT design come from a sampling process characterized
by two properties: Form X and Form Y are administered to different (nonequivalent) groups of examinees
sampled from populations denoted here as P and Q, respectively. In addition, an anchor test A is taken
by both groups and is used to study the differences in ability between them. This design is widely used

in applications for different reasons:

1. For security reasons, only one form needs to be administered on a given test date. This is the case
for high-stakes tests as those of the Advanced Placement Program Examinations or the SAT: for

details and references, see Kolen and Hendrickson (2011).

2. In some evaluation systems, where a different test form is administered on each test date, exami-
nees can decide the occasion when taking the test. In this case, the NEAT design can be viewed
as an observational study where there are non-randomized groups that are possibly subjected to

varying amounts of self-selection (Holland, Dorans, & Petersen, 2007, p.179).

In spite of these advantages, in what follows we will see that the probability distributions underlying

the NEAT design are non-identified which bounds its applications.

2.3 The equating function

Following Lord (1950) and Angoff (1984), “two scores, one on Form X and the other on Form Y [...]
may be considered equivalent if their corresponding percentile ranks in any given group are equal”
(Angoff, 1984, p.86). The equating transformation accordingly establishes equated scores as those that
have the same percentile rank in a given group of test takers.

Formally, let X € X and Y € ) be the random variables representing test scores from tests forms X

and Y, respectively; and let F'y and Fy be their respective distribution functions. The X- and Y-scores
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are comparable if for each x € X, there exists a unique y € ) such that

Fx(z)=P(X <z)=p=PY <y)=Fy(y), p€ (0,1).

Assuming that both F'x and Fy are strictly increasing functions, the equating function p : X — )Y is
defined as

V3oy=p)= F (Fx(z)) VoeX. (2.2)

It should be noted that this definition implicitly assumes that both X and ) are “of the same nature”,
that is, both on them are subset of a common set which can be considered (an interval of) the real line.

Although most of the time scores are assumed to take values as consecutive integers (i.e., the total
number of correct answers), which implies that both F'x and Fy are discrete distribution functions, all
practical applications of test equating make use of what is called a continuization step; for details, see
Braun and Holland (1982), Kolen and Brennan (2014) and Gonzalez and Wiberg (2017). In passing,
let us mention that Braun and Holland (1982, p.15) state that “to define the inverse of [a probability
distribution . ..] is only problematic if the number of possible values of the raw scores X and Y is
small”.

In practice, score data are needed for the estimation of ¢. The actually observed score data are assumed
to be realizations of the random variables X and Y, and are used to estimate F'x and Fy. For details,
see, Gonzalez and Wiberg (2017, Chapter 1).

2.4 The parameters of interest underlying the NEAT design
2.4.1 Construction of the probability distributions underlying the NEAT design
According to the description of the NEAT design, three elements can be distinguished:

1. Two populations of examinees, P and Q: examinees of population P are administered Form X,

whereas examinees of population Q, the Form Y.
2. The relative size (i.e., the proportion of examinees) of populations P and Q.

3. A set of common items is administered to both populations. These items are gathered in the Form
A.



Using this information, it is possible to define the following probability distributions:

1. Under the condition that the test takers belong to population P, we can define a probability distri-
bution on the set A of all possible scores from test A, and a probability distribution on the set X’

of all possible scores from test X.

2. Under the condition that the test takers belong to population Q, we can define a probability distri-
bution on the set .4 of all possible scores from test A, and a probability distribution on the set ) of

all possible scores from test Y.

These probability distributions are by design conditional distributions, the first ones conditional on the

event test takers of population P, the second ones conditional on the event test takers of population Q.

In order to properly write these distributions, we need to introduce a binary random variable Z defined

as
7 { 1, if test taker is admnistered X and A in P;

0, if test taker is admnistered Y and A in Q.

This random variable makes explicit the fact that both population are mutually exclusive. The relative
size of population P is accordingly given by P(Z = 1), and the relative size of population Q, by
P(Z = 0). The distribution of scores € X under the condition that test takers belong to P is given
by Fx|z=1(r) = P(X <z | Z = 1) forz € &: here X is a random variable defined on X'. The
distribution of scores y € ) under the condition that test takers belong to Q is given by Fy 7—0(y) =
PY <y | Z =0)fory € V: here Y is a random variable defined on ). Similarly, if A denotes
a random variable defined on A, the distribution of scores a € A under the condition that test takers
belong to P is given by Fy;—1(a) = P(A < a | Z = 1); and the distribution of scores a € A under
the condition that test takers belong to Q is given by Flqjz—o(a) = P(A < a| Z = 0).

Summarizing, the observations collected under the NEAT design are fully characterized by the follow-

ing five probability distributions:

P(Z = Z)a z € {07 1}; FA\Z:l(a>7 a € -A; FA|Z:0(a)> a € A;

(2.3)
Fxiz=1(x), v € X; Fyiz—0(y), y€ V.

Using these probability distributions, it is possible to make explicit the statistical model underlying the
NEAT design. To this end, it is enough to decompose the joint distribution generating the available
observations, namely P(X < z,Y <y, A < a,Z = z) for all (x,y,a,2) € X x Y x A x {0,1}.



Taking into account the NEAT design itself, we can see that first Z is generated which means the self-
selection or assignment of Forms X and Y. Thereafter, A is generated because the Form A is applied to
both populations. Conditionally on Z = 1, it is generated X, and conditionally on Z = 0, it is generated

Y. Therefore, the joint distribution generating (X,Y, Z, A) is decomposed as

PX<zY<yA<a, Z=z) =
PX<z|A<a,Z=1)PY<y|A<a,Z=0)PA<al|Z)P(Z==2)

forall (z,y,a,z) € X x Y x A x {0, 1}, which means to assume the following conditions:

Q) X1UY|(A 2Z).
(i) XAUlgz_oy | (A4 Liz=1y). 2.4)
(i) YV UTz_qy | (A Liz—0p)-

Thus, the statistical model underlying the NEAT design is given by the joint distribution generating
(X,Y, A, Z) which is characterized by conditions (2.4). It should be noticed that in this case the involved

probabilities are at the same time the parameters of the statistical model.

Remark 2.1 The random variable Z could be considered as a random assignment treatment variable.
According to this interpretation, the only situation in which the NEAT design would be valid is when the
examinees are randomly assigned to the forms X and Y. We argue that this interpretation is based on a
notion of randomness as if it were a basic concept of the Theory of Probability as axiomatically developed
by Kolmogorov (1956). However, correctly understood, random events and probability function are mere
terms designating, on the one hand the elements of a o-field and, on the other hand, a function satisfying
the axioms of a set function (namely, a normalization condition and the o-additivity condition); see
(Kolmogorov, 1956, p.2). Under a Kolmogorovian perspective, the relative size of populations P and Q,

namely rp and rg, can be used to construct the probability distribution of Z as follows:
P(Z=1)=rp, P(Z =0) =rg;

see Kolmogorov (1956, Section 2). By doing so, all the possible NEAT designs (see Section 2.2) can be

embedded in the proposed formalization. |



2.4.2 Parameters of interest and their lack of identifiability

The challenge of the NEAT design is to equate the scores obtained by the examinees of population P with
those of examinees of population Q. This requires to define the equating transformation in terms of the
marginal probability distributions F'y (z) and Fy (y): these distributions correspond to the parameters of

interest underlying the NEAT design.

As it was discussed in Section 2.1, the data generating process is fully characterized by a family of
probability distributions defined on the sample space: their parameters correspond to specific charac-
teristics of the population under study. However, a fundamental question is the following: Is a spe-
cific characteristic of the population of interest a parameter of the probability distribution generating it?
This is precisely an identification problem, which is formalized through the injectivity of the mapping
© 30— F? € P(X), where P(X) denotes the set of the probability distributions defined on the

sample space X'; for details, discussion and references, see San Martin (2018).

In the case of the NEAT design the question is whether F'x and Fy are characteristics of the obser-
vations under analysis. The answer is negative because these distributions can not be expressed as a

function of the statistical model (2.4). As a matter of fact, on the one hand
Fx()=EP(X <z|A)] zeXx, I(y)=EPY<y|A)] yel.

On the other hand, using the Law of Total Probability (Kolmogorov, 1956), the conditional probabilities
inside of the above expectations can be decomposed as follows:
Fx|A(x) = FX|A,Z:1(x)P(Z =1 ’ A) + FX|A7Z:0(‘T)P(Z =0 ‘ A), re kX (25)
Fyja(y) = Fyjaz=1(9)P(Z=1]A)+ Fyjaz=0y)P(Z=0[A), ye) (2.6)
Nevertheless, F'x| 4, z—o(z) and Fy| 4, z—1 (y) are not identified because of the partial observability inher-

ent to the NEAT design. This implies that both conditional probabilities can not be uniquely determined,

which in turn implies the non identifiability of F’x|4 and Fy 4. The conclusion follows.

2.4.3 Questioning the notion of synthetic population

To make explicit the statistical model underlying the NEAT design not only allows us to make explicit

the parameters of interest and their lack of identifiability, but also to questioning the concept of synthetic



population introduced by Braun and Holland (1982). As a matter of fact, in a statistical model, the
parameters of interest make explicit the characteristics of the population under study and, by extension,
the population of interest. In the NEAT design, the parameters of interest are the distributions F'x and

Fy, which can be decomposed in a uniqgue way as

Fx(x) = FX|Z:1(x)P(Z =1)+ FX‘Z:()(:L')P(Z =0), xeX 2.7
Fy(y) = Fyiz=1(y)P(Z =1) + Fy|z=0(y)P(Z =0), y €. (2.8)

these decompositions follow from (2.5) and (2.6), respectively, after marginalizing A. This means that
the weighs of the populations P and Q are determined by the observations rather than chosen arbitrarily,
as suggested, for instance, by Brennan and Kolen (1987) and Kolen and Brennan (2014, Section 4.5.2);
and that the population of interest is just both populations P and Q considered simultaneously. Thus,
the notion of synthetic population can be considered as a valid concept only if it refers to the basic

decompositions (2.5) and (2.6).

3 Solutions to the Identification Problem

3.1 Strong ignorability condition

The equating literature typically considers the lack of identifiability of the marginal distributions F'x and
Iy as a missing data problem; see, among many others, Liou and Cheng (1995), Bolsinova and Maris
(2016), and Sinharay and Holland (2010). To solve the problem, it is typically assumed that the anchor

items A are informative enough such that

Fxiz=1,4(z) = Fx|z—0,4(7) Yz €AX, Fyiz—1,4 = Fy|z—04 Yy €,

which can compactly be rewritten as
(X, )1 Z| A; (3.1)

see Braun and Holland (1982), Kolen and Brennan (2014), von Davier et al. (2004) and Gonzélez and
Wiberg (2017). This condition, known as switching condition (Maddala, 1983) or strong ignorabil-
ity condition (Rosenbaum & Rubin, 1983), mimics the definition of a randomized experiment (Fisher,

1935; Cochran & Chambers, 1965; Angrist & Pischke, 2008), but conditionally on a set of covariates.



Condition (3.1) is not empirically refutable (Manski, 1995, 2007), but only justified in the context of

specific applications, the justification essentially depending on the choice of those covariates.

What is important to emphasize is that condition (3.1) is an identification restriction allowing to point
identify F'x|4 and Fy|, and, by extension, Fx and Fy. As a matter of fact, under condition (3.1),

decompositions (2.5) and (2.6) imply that
Fxja(z) = Fxjz=1,4() Yxe X,  Fyaly) = Fyjz—0aly) Vre),
and, therefore,

Fx(x) = E[Fx|z=1,4(z)] Vv €&X, Fy(y) = E[Fy|z=0,4(y)] Yz €.

It is known that an identification restriction reduces the parameter space of the corresponding statistical
model. It should be asked how can this be evaluated in the NEAT design, which means to answer the

following question: how strong is the strong identification condition?

3.2 Partial identification analysis

A natural starting point is to ask what the data alone reveal on Fx|4 and Fy 4. This can be done by
means of a partial identification strategy, widely used in empirical research; see, among many others,
Pepper (2000), Kreider and Pepper (2007), Blundell, Gosling, Ichimura, and Meghir (2007), Gundersen
and Kreider (2008), Gundersen and Kreider (2009), Molinari (2010), Gundersen, Kreider, and Pepper
(2012) and Manski and Pepper (2013).

3.2.1 Partial identification of the parameters of interest

In order to make explicit what the data alone reveal on F'x| 4, it is enough to notice that the unidentified
conditional probability distribution F'x|z—q 4 lies between 0 and 1. This means to make explicit two

polar cases:

1. None of the examinees in P with a common anchor score equal to a would have scored at most y

in Form Y; that is, F'x|z—0, a—q(y) = 0.

2. All examinees of P with a common anchor score equal to a would have scored at most y points in
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the Form Y; that is, Fy|z—0 4= (y) = 1.

Thus, without additional assumptions on F'y|z—g 4, decomposition (2.5) implies that the conditional

probability F'x| 4 lies in the interval
Fxiz—1,4(@)P(Z =1] A) < Fxja(z) < Fxjzm1,4(@)P(Z=1]A)+ P(Z=0] A) (3.2)

forall x € X. Similarly, Fy |71 4 lies between O and 1 and, therefore, decomposition (2.6) implies that

the conditional probability Fy|4 lies in the interval
Fy1z-04(y)P(Z =0 A) < Fya(y) < Fy|z=1,4y)P(Z =0 A)+ P(Z =11 A) (3.3)

for all y € ). After integrating out with respect to A, these inequalities provide the partial identification

intervals of the parameters of interest, which is summarized in the following theorem:

Theorem 3.1 In the NEAT design, the parameters of interest F'x and Fy are partially identified by the

following intervals:

(i) Fxiz=1(x)P(Z =1) < Fx(z) < Fxz=1(2)P(Z =1)+ P(Z =0), z € X}
(3.4)
(i) Fy|z=o(y)P(Z =0) < Fy(y) < Fy;z—0(y)P(Z=0)+ P(Z=1), y€ ).

This theorem deserves the following comments:

1. The partial identification intervals (3.4.1) and (3.4.ii) do not depend on any assumption; they ac-
cordingly provide all the plausible values of F'x and Fy- coherent with the data. This means that
all the solutions based on specific alternative assumptions must be contained in these intervals. In
particular, it can empirically be shown that the standard solution based on target score distributions
(denoted as F'xr and Fy 1) computed using the concept of synthetic population, is a plausible one,

as it is shown in Figure 1.

2. Nevertheless, it is important to emphasize that the target score distribution F'x does not always
coincide with F'y as decomposed in (2.7), except when w = P(Z = 1) (see (3.5) below). This is

due to the fact that the target distribution F'x 7 is defined arbitrarily by a convex linear combination
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of the conditional distributions Fx|7z—; and Fx|z—o, namely
wFx z=1(t) + (1 —w)Fx|z=0(t), w€[0,1]. (3.5)

As a matter of fact, (3.5) can not be represented by a conditional probability distribution, as it is
the case for F'x in (2.7). The key issue of the Law of Total Probability is precisely to show how F'x
can be represented by a conditional probability distribution (which corresponds to the Theorem of
Radon-Nikodym):

E(Lix<n) = Fx(t)

= Fxjz=1(t) P(Z = 1) + Fx|z=0(t) P(Z = 0) (3.6)
= E [Fxjz=1(t) Lyz=1} + Fxz=0(t) 1{z—0}]

= F [E (]I{th} | Z)] (3.7)
= E[Fxz(t)],

where (3.6) follows from the Law of Total Probability and (3.7) follows from the definition of
the conditional expectation (]1 (X<t} | Z ) For details, see Rao (2005). Furthermore, using the

strong ignorability condition, the target score probability distribution F'xr is given by

wFyjz21(t)+ (1 —w) E [Fxjaz=a(t) | Z=0], wel0,1].

When Fx can be represented by a conditional probability distribution, then it can be interpreted
as a probability distribution defined on the population of interest which in this case is just both

populations P and Q considered simultaneously.

. The width of these intervals depend on the relative size of populations P and Q: the width of
interval (3.4.i) is P(Z = 0), whereas the width of interval (3.4.ii) is P(Z = 1). Taking into
account that P(Z = 0) + P(Z = 1) = 1, the longer an interval is, the shorter the other: it is a
trade-off between both populations relative sizes, except for the case P(Z = 0) = P(Z = 1).
In particular, this shows how strong is the ignorability condition: F'x(z) with x € X (respect.,
Fy (y) with y € )) belongs to an identification interval of width P(Z = 0) (respect., P(Z = 1));
under the ignorability condition, this interval collapses to a point, namely F'x|,—;(z) (respect.,

Fy|z—0(y)). The inherent uncertainty that the ignorability condition allows to hide is precisely

12



the relative sizes of the populations P and Q, which can not be arbitrarily manipulated. Figure 2

shows this trade-off graphically.

. It is clear that the partial identification intervals (3.2) and (3.3) are similar in form to the intervals
(3.4.1) and (3.4.i1). Moreover, it might seem that the latter can be deduced without using the anchor

items: it is enough to directly use the decompositions

Fx(z) = Fx|Z:1(fL‘)P(Z =
Fy(y) = Fyz=1(y)P(Z =

)+ Fxjz=0(z)P(Z =0), z€&X,
)+ Fyjz=0(y)P(Z =0), ye.

and the fact that F'y|z—; and Fy|z—q are identified. However, taking into account the statistical
model underlying the NEAT design, these distributions are not directly identified, but also through

the equalities
Fxiz=1(x) = E[Fxz=1,4(x) | A], v € X; Fyz—(z) = E[Fy|z=04(y) | 4], y €,

given that F'y|z—1 4 and Fy|z—o  are identified parameters of the NEAT design. It could be
replied that, looking at the data, it is plain that F'x|z—; and Fy |z are identified without requir-
ing the information provided by A. If this was the case, then it would be necessary to assume
that Z 1L A. Nevertheless, such condition does not correspond to any characteristic of the NEAT

design.

. The larger are the partial identification intervals, the more severe is the identification problem.
It could be argued that such severity could be decreased by conditioning on the anchor scores
A. However, this is not the case. It is enough to compare the width of the conditional partial
identification intervals (3.2) and (3.3) with the intervals (3.4.1) and (3.4.ii), respectively. For each

a € A, three possibilities can be considered:

() P(Z=1)>P(Z=1|A=a) — P(Z=0)<P(Z=0|A=a)
(i) P(Z=1)<P(Z=1|A=a) < P(Z=0)>P(Z=0|A=a) (3.8)
(i) P(Z=1)=P(Z=1|A=d) < P(Z=0)=P(Z=0|A=aq)

These conditions are empirically testable. Moreover, in cases (3.8.i) and (3.8.ii), the longer an
interval is, the shorter the other. Figure 3 shows a graphical representation of these comparisons.

Note that these inequalities can be interpreted in terms of covariance because, for instance, (3.8.1)
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is equivalent to

Ellz-nliaza)] — E[l{z=1}] E[L{a=a)] = cov(L{z=1}, L{a=a}) < 0.
In particular, this suggests to empirically describe P(Z = 1| A) as a function of A, namely

P(Z=1|A)=> P(Z=1|A=a)l{y.
acA

So far, we have been general in considering the complete score distributions that lead to the equiper-
centile equating function. To finalize this section, let us for completeness mention that there exist linear
versions of the equating function that also suffer from the inherent identifiability problem under the
NEAT design. To estimate the unidentified parameters in a linear equating setting, Angoff (1984) used
what he called the three principal assumptions of univariate selection theory (Angoff, 1984, page 110),
namely that the intercept, the slope and the variance of the regression of X on (A, Z = 1) are the same
as the corresponding intercept, slope and variance of the regression of X on (A, Z = 0). He referred to
Gulliksen (1950, Chapter 11), who in turn justified these assumptions by assuming that the joint distri-
bution of X and A (respectively, Y and A) is fully known before administering test form X to population
‘P (respectively, the test form Y to population Q), which seems to be a very strong assumption; for de-
tails, see Alarcon-Bustamante, San Martin, and Gonzalez (in press, and the references therein) and, in
the context of equating, Braun and Holland (1982, Theorem 4). However these three assumptions can
be derived from the strong ignorability condition in the case that the score distributions are completely

known up to the first two moments.

3.2.2 Partial identification of the quantiles

As discussed in Section 2.3, the equating function actually equates the quantiles of the score distributions
Fx and Fy. As a matter of fact, when X is a continuous random variable then F)El is the corresponding
quantile function. Thus, it is of interest to see how the partial identifiability of the score probability
distributions described in the previous sections extrapolates to the quantiles. In this section we will show

what is the impact of the partial identification of F'y and Fy on the corresponding quantiles.
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Figure 3: Identifiability bounds for conditional score distributions

Let o € (0, 1). Define the following quantiles:

gx (@) inf{t : Fx(t) > a};
rx(a) = inf{t: Fxjz_1(t)P(Z =1)+ P(Z =0) > a};
sx(a) = inf{t: Fxz_(t)P(Z =1) > a}.

Note that rx () and sx(«) are identified, whereas gy («) is unidentified. The problem is to partially
identify ¢x («) using both rx («) and sx («). To do that, we establish the following relationships using
3.4.1):

t<T’X(Oé) — FX‘Zzl(t)P(Z:1)+P(Z:0)<a
= Fx(t) <«

= gx(a) >t.

It follows that rx (o) < gx(«): if not, take ¢ = gx () and conclude that F'x [gx (a)] < «, which is a

17



contradiction with the definition of ¢x (). On the other hand,

t>sx(a) = Fxzzi(H)P(Z=1)>a
— Fx(t)za

= gx(a) <t

It follows that gx (o) < sx(«) because o/ P(Z = 1) > a.

Similarly, for « € [0, 1], define the following quantiles:

gy (o) = inf{t: Fy(t) > a};
ry(a) = inf{t: Fyjz—o(t)P(Z =0) + P(Z =1) > a};
sy(a) = inf{t: Fy|z_(t)P(Z = 0) > a}

By using (3.4.ii) we conclude that ry (o) < gy () < sy ().

Summarizing, we obtain the following theorem:

Theorem 3.2 In the NEAT design, the quantiles of the partially identified probability distributions F'x
and Fy are partially identified by the following intervals:

(i) rx(a) <gx(a) <sx(a);

(3.9)
(ii) ry(a) < gy(a) < sy(a).

In the following section we discuss on the relevant aspects that can be learnt from what the data allows

to identify, showing how severe is the identification problem underlying the NEAT design.

3.2.3 Consequences of the partial identifiability of the quantiles

In order to describe both the lower and upper bounds of the quantiles ¢x () and gy («) as a function of
the relative sizes of populations P and Q, let us introduce additional notation: let S x|z—1) and S(y|z—o)

be the supports of the conditional distributions Fx|z—; and Fy|z—o, respectively. Let

tnXJZzl =min{t:t € S(X|Z=1)}7 t]\X/[‘Z:1 =max{t:t € S(X|Z:1)}'

Similar definitions apply for, t¥12=0 and t}};}zzo.
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The lower and upper bounds of ¢x () can be expressed as quantiles of the conditional distribution

Fx|7=1, namely

rx(a) = inf {t t Fxiz=1(t) > OZP(PZ(iT)O)} — xiz= (alD(PZ(iT)O)> 7

sx(a) = inf {t : Fyjz—1(t) > P(Zazl)} — 4x17-1 <P(ZO‘:1)> .

Similarly, the lower and upper bounds of gy () can be expressed as quantiles of the conditional distri-

bution Fy|z_q, namely

Ty(Oé) = inf {t : Fy|Z:0(t) > P(Z:E)l)} =4qy|z=0 <a;(f)z(i§)l)) ’

sy(a) = inf {t t Fyz=0(t) > P(Za:())} = qy|z=0 (P(Za:o)> -

Three cases can be distinguished:
1. P(Z =1) < P(Z = 0). The respective upper and lower bounds are detailed in Table 1.
2. P(Z =1) > P(Z = 0). The respective upper and lower bounds are detailed in Table 2.

3. P(Z =1) = P(Z = 0). The respective upper and lower bounds are detailed in Table 3.

Table 1, 2 and 3 make explicit how severe is the non-uniqueness of the equating transformation due to
the partial observability inherent to the NEAT design. Figure 4 complements these tables showing plots
of the quantile functions en each case. Let us comment on this problem by making reference to Table 1,
focusing the attention on the role of the relative sizes of populations P and Q in the partially identified

quantiles.

L1 Ifa € (P(Z =1),P(Z =0)), gx(«) is uninformative because (rx(a), sx(a)) = Six|z=1),
whereas gy («) provides information characterized by the respective identification interval. This
means that all the Y-scores in the interval (ry («), sy () are equivalent to all possible X-scores;

see Figure 4(a).

1.2. Leta € [0, P(Z = 1)]. Suppose that F'x|z—; stochastically dominates Fy |, thatis, Fix|;—;(t) <
Fy|z—0(t) forallt € W 2 X' U Y (for details on stochastic dominance, see Shaked & Shanthiku-
mar, 2007). Note that this implies that S(y|z—o) 2 S(x|z=1)- Given that the quantile function
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respects the stochastic dominance (see, e.g., Stoye, 2010), it follows that

«

wiveo (g7 =ey) <o (pz =)

Because P(Z = 1) < P(Z = 0), it follows that o/ P(Z = 0) < a/P(Z = 1) and

sy (@) = qy|z=0 <P(Za_0)> < 4x|z=1 (P(Za_())>
< gx|z=1 (P(Zazl)) = sx(a);

. . S X|Z=1 Y|Z=
see Figure 4(a). Thus, if moreover we assume for simplicity that tm‘ = tm| 0, to equate a
X-score to a Y-score means to compress or shrink the X-scores. Let us mention that in this case

there not exist an explicit order between rx (a) and ry («); see Figure 4(d).

1.3. Let o« € [P(Z = 0),1]. Suppose now that Fy|z_, stochastically dominates Fix|;_, that is,
Fy|z—o(t) < Fx|z=1(t) forallt € W 2 X U Y, which implies that S x|z—1) 2 S(v|z=0)- It

follows that
a—P(Z=0) < a—P(Z=0)
dx|z=1 —P(Z =1 > 4qy|z=0 —P(Z —1) :
Because P(Z = 1) < P(Z = 0) implies that
a—P(Z=1) S a—P(Z=0)
P(Z =0) P(Z=1) ~

it follows that

(@) a—P(Z=0) < a—P(Z=0)
T o) = _ _— _ _—
X dx|1z=1 P(Z=1) > 4y|z=0 P(Z=1)
a—P(Z=1)
< gl —— ) = .
> Qy|z=0 ( P(Z =0) ) ry (a)
Thus, if moreover we assume for simplicity that tﬁzzl = t]\Y}ZZO, to equate a X-score to a Y-

score means to expand the X-scores. Let us mention that in this case there not exist an explicit

order between sx («) and sy ().

Similar comments can be done for Table 2; see in particular Figure 4(b). Regarding Table 3, it can be

noted that if F'y|z—; = Fy|z—, the severity of the identification problem still persists: an X-score is not
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Table 1: Lower and upper bounds for gx () and gy (o) when P(Z = 1) < P(Z =0)

a \ rx(a) \ sx (a) I ry (@) \ sy ()
[0,P(Z =1)] ton 7= 4x)z=1 (%) tal#=0 qy|z=0 (%)
(P(Z=1),P(Z=0)) o 7= 7= aviz=o (“FaZo) | aviz=o (p5=7)
(P(Z =0),1] ax1z=1 (T2 tX1z=1 aviz=0 (“Fisze) £Y17=0

Table 2: Lower and upper bounds for ¢x () and gy (o) when P(Z = 1) > P(Z =0)

o \ rx(a) \ sx(a) | Ty () \ sy ()

[0, P(Z =0)] to 7 4x|z=1 (%) tal#=0 qy|z=0 (%)
(P(Z=0),P(Z=1)) | axz=1 (“F0552) | axiz=1 (pi=my) 7= 17"
(P(Z=1),1] ax1z=1 (“Fen?) ¥17=1 aviz=0 (“Fsze) £Y17=0

uniquely transformed to a Y-score; see Figure 4(c).

3.3 Consequences of the proposed solution

Following Lord (1980), Dorans and Holland (2000), von Davier et al. (2004), Kolen and Brennan (2014)
and Gonzalez and Wiberg (2017, Section 1.2.6), for test scores to be considered interchangeable, the
elements in X and ) must be similar in nature —requirement that is necessary to perform the equating,
as it was pointed out above in Section 2.3. The extent of such similarity is summarized in the following
requirements that are needed for the mapping to be validly called an equating: i) same construct: the test
forms being equated should measure the same construct; ii) reliability: the test forms should be equally

1

reliable; iii) symmetry: the equating transformation to map ) into X should be the inverse ¢~ of ¢ as

Table 3: Lower and upper bounds for ¢x () and gy () when P(Z = 1) = P(Z =0)

a ‘ rx(a) ‘ sx (@) H ry (a) ‘ sy (a)
X|Z=1 Y|Z=0
[0, % ) to! ax|z=1 (2a) tr qy|z=0 (20)
X|Z=1 Y|Z=0
[2.1] | axjz=1 (2 —1) tM‘ 9y |z=0 (2a—1) tM‘
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defined by (2.2); iv) equity: if X and Y have been equated, then the administered form should not be a
concern for test takers; and v) group invariance: the equating function ¢ should be invariant if score data

from different groups in the population are used for estimation.

The concept of equity is of special relevance in the NEAT design context: it should not matters to
examinees which test form they are administered, provided that both forms are equated. Equated scores
ensure that both X-scores and Y-scores are interchangeably, that is, for any x € X it corresponds a unique
y € Y and conversely. Nevertheless, the lack of identifiability of both F'x and Fy-, inherent to the NEAT

design, jeopardizes equity by at least two reasons:

1. If we take a X-score and we transform it by using ¢ to the Y-scale, there is not a unigue equivalent
Y-score. Thus, for instance, if P(Z = 1) < P(Z = 0), an a-quantile foraw € (P(Z = 1), P(Z = 0))
in the Y-scale is equivalent to all the X-scores. From an equity perspective, this is rather an unfair
situation because the Y-score of an examinee can be transformed to the worst X-score, to the better
X-score, or to any other X-score: how should one of them be chosen in order to ensure equity? It

is a challenge to find a reasonable criterion leading to choose one score.

2. The severity of the identification problem is quantified by the relative size of population P and Q.
More specifically, the severity for F'x is quantified by P(Z = 0), whereas the severity for Fy is
quantified by P(Z = 1); see Theorem 4.1. Thus, for instance, if we consider Figure 2(a), we can
conclude that if we transform Y -scores to X -scores, we increase the uncertainty inherent to the
Y -scale; if we do the converse transformation, we decrease the uncertainty inherent to the X -scale
(see Figure 2(b)). This result can be considered as a criterion to choose in which direction the
equating transformation should be performed. Nevertheless, it also shows that the uncertainty can
not be decreased arbitrarily because it depends on the relative sizes of populations P and Q: it is
actually a matter of uncertainty by design. Moreover, it is palatable that the lack of symmetry is
due to the fact that P(Z = 0) # P(Z = 1). When both relative sizes are equal, symmetry seems

to be recovered (see Figure 2(c)), but the uncertainty by design persists.

A way to overcome the inherent identification problem is to introduce additional assumptions leading
to decrease the width of the partial identification intervals. These assumptions reflect what the modeler
thinks about the behavior of examinees when they take the test forms. When these assumptions are
combined with the observations, it will be possible to assess their impact in the sense that it will illustrate
to what extent the inference depends largely on such assumptions and not just the observations. This is

discussed in the next section.
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4 NEAT design under a self-selection process

4.1 Partial identification of the parameters of interest

One of the practical aspects of the NEAT design is the possibility that each examinee can decide when
to take a form of a test. This raises a problem, namely how to model a process of self-selection in the
personal choice of the test form. A plausible assumption to represent a “rational choice” of a test form is
to assume that those who choose to take the form X do so because they believe they will score more than

t more likely than if they had chosen form Y, which can be written as
PX>t|Z=1)>PY >t|Z=1). 4.1)

Similarly, those who take the form Y do so because they believe they will score more than ¢ more likely

than if they had chosen form X, which can be written as
PY>t|Z=0)>P(X>t|Z=0). 4.2)

Two remarks are pertinent for the assumptions (4.1) and (4.2):

1. These assumptions means that the observed behavior correspond to the better choice examinees

have made.

2. These assumptions use the fact that both X’ and ) are of the same nature, as pointed out in Section
2.3. In the case of modelling a self-selection process, this is important because the decision is
taken with respect to objects of a similar nature, the only difference being for instance the time at

which an examinee takes a test form.

3. These conditions implicitly assume that the equating problem in itself is invisible to examinees:
they suppose that a score equal to ¢ is similar for both forms. It can accordingly be said that

examinees take a decision with partial information.

Combining (2.5) and (2.6) with the assumptions (4.1) and (4.2), we obtain the following theorem:

Theorem 4.1 In the NEAT design, under the assumptions of self-selection (4.1) and (4.2), the parame-
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ters of interest F'x and Fy are partially identified by the following intervals: forallt € W D X U ),

(i) Fxiz=1(0)P(Z = 1) + Fyz=0(t)P(Z = 0) < Fx(t) < Fxz=1(t)P(Z = 1) + P(Z = 0),
4.3)
(i) Fxiz=1(t)P(Z = 1) + Fy|z=(t)P(Z = 0) < Fy (t) < Fy|z=0(t)P(Z = 0) + P(Z = 1).

This theorem deserves some comments:

1. The upper bounds for both intervals are the same as the ones derived for the case of no self-

selection (see Theorem 3.1).

2. Both intervals have a common lower bound. This bound corresponds to the actual proportion of
examinees who scored at most ¢ in test form X or Y. This means that, if all students had chosen
the form X or Y under the optimistic self-selection assumptions (4.1) and (4.2), the probability to

score at most ¢ is at least equal to such proportion.

3. The identification intervals (4.3) improve the lower bounds of the identification intervals (3.4).

More specifically:

(a) The width of the interval (4.3.1) is equal to
PY>t,Z=0)=PY >t|Z=0P(Z=0) teW; 4.4)

that is, the proportion of examinees that take the form Y and scored higher than ¢. Given that
P(Y >t | Z =0) € [0,1], then the resulting interval is narrower than the interval shown
in (3.4.1). Therefore, the optimistic self-selection assumptions allow to improve the partial

identification of F'x. Finally, the width (4.4) is not constant, but it is a function of ¢.

(b) The width of the interval (4.3.ii) is equal to
P(X>t,Z=1)=P(X>t|Z=1)P(Z=1) teW; (4.5)

that is, the proportion of examinees that take the form X and scored higher than ¢. Given that
P(X >t|Z =1) € (0,1), then the resulting interval is narrower that the interval shown
in (3.4.i1). Therefore, the optimistic self-selection assumptions allow to improve the partial

identification of F'x. Finally, the width (4.5) is not constant, but it is a function of ¢.
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The improvement of the identification intervals is graphically illustrated in Figure 5 for the case
when the relative sizes of the populations are the same. When compared to Figure 2(c), it can be
seen that both identification intervals are narrower. Note that the identification bounds are more
accurate in the upper part of the score scale, which is coherent with the assumption that one would

score better in X than in Y with larger probability.

4. Lett € W be fixed. If the width of the interval (4.3.1) is less than the width of the interval (4.3.ii),
namely
PY>t,Z=0)<P(X>t,Z=1),

then the interval (4.3.1) is contained in the interval (4.3.ii), and conversely.
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4.2 Partial identification of the quantiles

Let us discuss the partial identification of the quantiles under the optimistic self-selection assumption.
Let o € [0, 1] and define

inf{t: Fx|z_1(t)P(Z = 1)+ P(Z = 0) > a};
uy (o) = inf{t: Fyjz—o(t)P(Z=0)+P(Z=1) > a};
v(a) = inf{t: Fxjz—1(t)P(Z = 1) + Fy|z=(t)P(Z = 0) > a}.

S

>

L
|

Using arguments similar to those used in Section 3.2.2, the following theorem follows:

Theorem 4.2 In the NEAT design, under the optimistic self-selection assumptions (4.1) and (4.2), the
quantiles of the partially identified probability distributions Fx and Fy are partially identified by the
following intervals:

(i) ux(a) < qgx(a)

= vle); 4.6)
(ii) uy(a) < gy(a) < v(a). '

One of the conclusions of Theorem 3.8 was that the partial identified quantiles are not always informa-
tive. For instance, when P(Z = 1) < P(Z = 0), the upper bound sx () of ¢x(«) is equal to tﬁzzl
forall « > P(Z = 1); see Table 1; or when P(Z = 1) > P(Z = 0), the upper bound sy («) of gy («)
is equal to tﬂzzo for all « > P(Z = 0); see Table 2. Under the optimistic self-selection assumption,
this situation is improved for the upper bound. As a matter of fact, the identification intervals (4.3.i) and
(4.3.i1) of gx («) and gy (), respectively, depend on the quantile v (), which in turn corresponds to the
quantile of the distribution of getting an score equal to ¢ either in form X or in form Y. This distribution
corresponds to a mixture. Following Bernard and Vanduffel (2015), it is possible to express the quantile
of the mixture in terms of F)}llzzl(a) and F;‘lzzo(a): let & € [0, 1] and define §, € [0, 1] by

5, = inf {5 €(0.1) : Je€ (0,1) st P(Z=1)3+ P(Z =0)e =0, Fyl,_,(6)> F;llzzo(e)}

(4.7)

and €, € [0,1] by
_a—P(Z=1)0
€x = PZ=0) 4.8)

Then
o) = max { Fgly_,(0.), Fyly_(e) }
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Table 4: Lower and upper bounds for ¢x(«) and gy () when P(Z = 1) < P(Z = 0) under the
optimistic self-selection assumptions; d, and e, are defined by (4.7) and (4.8), respectively

o \ ux (o) \ v(a) I uy (o) \ v(a)

X|Z=1

Y|Z=0
[0,P(Z=1)] o )

max {F);‘lzzl(a*), F;llz:()(e*)} max {F;‘lzzl(s*), F;‘lzzo(e*)}

(P(Z=1),P(Z=0)) iX17=1 masc { Fi ',y (60, Fyly o)} || aviz=o (“5(a252) | max{Fx |y (60, Fyly_glen)}
[P(Z=0),1] ax1z=1 (SFAEE2) | max {F5l,_ 60 Fyly_o(en} || avizoo (S5mE52) | max {Fxlymy 00, Fyly (e}

Table 5: Lower and upper bounds for gx(«) and gy («) when P(Z = 1) > P(Z = 0) under the
optimistic self-selection assumptions; . and e, are defined by (4.7) and (4.8), respectively

o \ ux (@) \ (o) I uy (a) \ ()
[0, P(Z = 0)] X17=1 max{F;‘lzzl(é*),F;llzzo(e*)} ¢y 12=0 max{F;‘lzzl(lh),F;‘lzzo(e*)}
(P(Z=0),P(Z=1)) | axiz=1 (“FE52) | max{Fxl,_,(62), Fyly_g(e)} £l 7=0 max {Fl, 1 (6:), Fyly_o(e)}
P =001 | axiro CER) | mox (im0 b} || avioce (2505%51) | mox (a0 Pl ote)

This equality shows that v(a) will be informative, as can be seen in Tables 4, 5 and 6.

Summarizing, under the optimistic self-selection assumptions (4.1) and (4.2), the partial identification
intervals of the parameters of interest are better than the corresponding intervals derived in Sections 3.2.1
and 3.2.2: they are better because their width is lesser and they are more informative for the upper bounds

of the identification intervals of the quantiles.

5 Discussion

The objective of statistical modelling is to specify the probability distribution that generates the observ-

ables. This modelling process corresponds to a combination of evidence (the observables, the data) with

Table 6: Lower and upper bounds for gx(«) and gy («) when P(Z = 1) = P(Z = 0) under the
optimistic self-selection assumptions; §, and e, are defined by (4.7) and (4.8), respectively
a | ux (@) \ v() I uy () \ v(e)

[0,%) max{F};‘lzzl(d*),F;‘IZ=O(e*)} max{F);‘IZ=1(5*),F;‘IZ=O(6*)}

[3.1]

tﬁ‘Z:1 tz/n\z:o

axz=1 2a—1) | max {F5l,_ (6 Fyly_ (e} || aviz=o @a—1) | max{Fgl,_ G0, Py, (e}
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researcher’s ideas on the explanation or formation of the phenomenon studied, which in turn are assump-
tions about unobserved quantities. “Knowledge is the set of conclusions that one draws by combining
evidence with assumptions about unobserved quantities” (Manski, 2013). The content of this paper is
precisely in this line and tries to make explicit the knowledge we obtain by combining the scores provided
by examinees under the NEAT design (the evidence provided by the phenomenon under analysis) with
three type of assumptions leading to solve the identification problem inherent to the NEAT design: strong
ignorability (discussed in Section 3.1), no assumption regarding the unobserved quantities (discussed in

Sections 3.2.1 and 3.2.2) and the optimistic self-selection assumption (discussed in Section 4).

The modelling process consisted in specifying the statistical model (developed in Section 2.4.1), that is,
to specify (i) a set of probability distributions generating the observations (we call them sampling proba-
bilities), (i1) making explicit their parameters, and (iii) pointing out the parameters of interest. Following
Fisher (1922), the parameters of the sampling probabilities are characteristics of the observations under
study. However, the researcher focuses the attention on additional characteristic of interest (represented
by parameters of interest) and, therefore, the question is to know if such characteristics can be expressed
as functional of the sampling probabilities or not: when this is not possible, we face an identification

problem.

When conducting equating under the NEAT design, the parameters of interest are F'y and Fy: our
modelling strategy allows us to make explicit their meaning as well as their lack of identifiability. We
suppose the researcher knows that those distributions are necessary to define the equating function (see
Section 2.3), and that it is possible to explicitly show why those parameters can not be derived from the
statistical model, which is done through the decompositions (2.7) and (2.8): the lack of identifiability of
Fx and Fy is due to the lack of identifiability of F'x|z—o and Fy|z—; —which in turn follows from the
lack of identifiability of F'y|4 z—o and Fy |4 z—1.

Decompositions (2.7) and (2.8) are a key step that surprisingly has not been followed in the equating
literature, even though it is recognized that the lack of indentifiability of F'y|4 z—o and Fy|4 z—1 can
be considered as a missing data problem; see Holland et al. (2008) and Sinharay and Holland (2010).
The missing data problem and, more in general, the selection problem becomes palatable after using
the Law of Total Probability: it allows us to correctly relates F'y and Fy with the identified conditional
probability distributions, some of them being unidentified. Consequences of this key step are twofold:
on the one hand, to show that the notion of target population is meaningless; on the other hand, to show
that the target distributions are arbitrary and therefore difficult to interpret with respect to the statistical

model underlying the NEAT design.
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What is the knowledge we get when we combine the evidence (examinees’ scores) with assumptions
on the unobserved quantities? If we are ready to believe in the strong ignorability condition, then Fy|4
and Fy|, becomes point identified and, in fact, are equal to Fx 4 z—1 and Fy |4 z—o. From these dis-
tributions, we obtain F'x and Fy, and the equating function can be computed. Note that in this case
the relative sizes of populations P and Q do not play any role. Under the strong ignorability condition,

equity is ensured, which means that the price to pay for getting equity is to accept strong ignorability.

If no assumption regarding the unobserved quantities is made, we realize how severe is the lack of
identifability of F'x and Fy. The partial identification intervals show what we learn from the evidence
in absence of assumptions regarding the unidentified parameters F'x|z—o and Fy|z—;. In particular, the
uncertainty by design emerges and the role of the relative sizes of P and Q in such uncertainty becomes
explicit: it involves a trade-off in the sense that the larger P(Z = 1) (respect., P(Z = 0) is, the less
precise Fy (respect., F'x) is. The consequence of these findings is that equity is lost, which means that

equity is not a property inherent to the NEAT design.

If an optimistic self-selection assumption is introduced, we learn something additional from the evi-
dence (examinees’ scores) because the width of the partial identification intervals decreases. What we
learn is that the identification bounds are more accurate in the upper part of the score scale, which is
coherent with the assumption that one would score better in X than in Y with larger probability. Unfor-

tunately, equity is not recovered.

Scientific knowledge is obtained when evidence is combined with assumptions about unobserved quan-
tities. Such assumptions become relevant when an identification problem is present.A constructive mod-
elling process like the one developed in this article is relevant because it makes it explicit to what extent
scientific knowledge is highly dependent on those assumptions. Psychometrics needs to travel these

avenues in order to be honest (Pielke Jr, 2007).
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