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ABSTRACT

Multidimensional Item Response Theory (MIRT) is widely used in assessment and eval-
uation of educational and psychological tests. It models the individual response patterns
by specifying functional relationship between individuals’ multiple latent traits and their
responses to test items. One major challenge in parameter estimation in MIRT is that the
likelihood involves intractable multidimensional integrals due to latent variable structure.
Various methods have been proposed that either involve direct numerical approximations to
the integrals or Monte Carlo simulations. However, these methods have some limitations in
that they are computationally demanding in high dimensions and rely on sampling from a
posterior distribution.

In the second chapter of the thesis, we propose a new Gaussian Variational EM (GVEM)
algorithm which adopts a variational inference to approximate the intractable marginal like-
lihood by a computationally feasible lower bound. The optimal choice of variational lower
bound allows us to derive closed-form updates in EM procedure, which makes the algorithm
efficient and easily scale to high dimensions. We illustrate that the proposed algorithm can
also be applied to assess the dimensionality of the latent traits in an exploratory analysis.
Simulation studies and real data analysis are presented to demonstrate the computational
efficiency and estimation precision of the GVEM algorithm in comparison to the popular
alternative Metropolis-Hastings Robbins-Monro algorithm. In addition, theoretical guar-
antees are derived to establish the consistency of the estimator from the proposed GVEM
algorithm.

One of the key elements in MIRT is the relationship between the items and the latent
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traits, so-called a test structure. The correct specification of this relationship is crucial for
accurate assessment of individuals. Hence, it is of interest to study how to accurately estimate
the test structure from data. In the third chapter, we propose to apply GVEM to solve a
latent variable selection problem for MIRT and empirically estimate the test structure. The
main idea is to impose L1-type penalty to the variational lower bound of the likelihood to
recover a simple test structure in iterative procedures. Simulation studies show that the
proposed method accurately estimates the test structure and is computationally efficient. A
real data analysis on the large-scale assessment test called National Education Longitudinal
Study of 1988 is presented.

In the last chapter, we discuss some of the interesting extensions of our proposed method.
The first extension is to develop the estimation method via GVEM procedures for the Mul-
tidimensional 4-Parameter Logistic model, which is known to be more challenging than
previously discussed MIRT models. The second extension is to study Differential Item Func-
tioning (DIF) analysis in MIRT. In brief, DIF occurs when groups (such as defined by gender,
ethnicity, or education) have different probabilities of responses for a given test item even
though people have the same latent abilities. Our goal is to identify test items that have
DIF. We formulate the DIF analysis in MIRT as the regularization problem and solve it via
our proposed GVEM approach. Simulation studies are presented to show the performance

of our proposed method on these topics.
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Chapterl

Introduction

Educational and psychological assessment refers to a way of testing individuals on their
latent abilities, characteristics and behavior using combinations of techniques. Its goal is to
develop good understanding of the individuals’ latent traits using the observed responses on
questionnaires or assessment tests. It is widely used in various fields including education,
psychology, and medicine. For example, the proper psychological assessments of individuals
would potentially help prepare customized treatments to individuals with mental disorders.
In addition, teachers can provide personalized feedback to students and improve the learning
process of students. Another interesting application is the online recommender system.
The latent preference of online consumers can be measured by analyzing their shopping or
viewing history and this could help make predictions for the individualized recommendations.
Hence our proposed methods and discussions could be potentially applied in various fields
although we mainly focus on the setting of psychological and educational assessment in this
dissertation.

The measurement of psychological properties has been a long-lasting quest that origi-
nated in the 19th century (Sijtsma & Junker, 2006). Various statistical models have been
proposed for psychological assessment since then. Classical test theory (CTT, Gulliksen,

1950; Spearman, 1907, 1913) has been the most popular measurement model for most of



the 20th century. Fundamental idea of CTT is that the observed test scores contain a true
score plus some random error component. That is, CTT assumes that due to random error
an observable test score often is not the value representative of a testee’s true performance
on the test. The main purpose of CTT is to determine the degree in which test scores are
influenced by random error. This has lead to a multitude of methods for estimating the
reliability of a test score, of which Cronbach’s alpha (Cronbach, 1951) is the most famous.

CTT was the dominant statistical approach to psychological measurement until the item
response theory was introduced (Rasch, 1960; Lord, 1968). Item response theory (IRT) is
a general framework for specifying mathematical functions that describe the relationships
between individuals’ latent traits and characteristics of test items. Unlike the classical test
theory, the item response theory considers the items to be heterogeneous. For example, items
may differ in terms of their difficulty levels. IRT is generally regarded as being superior to
classical test theory (Embretson & Reise, 2000) and has become the preferred method for
developing scales in high-stake tests (e.g. Graduate Record Examination and Graduate
Management Admission Test).

The early research on IRT primarily involved unidimensional IRT models that measure
only a one latent trait that may represent. As an extension, several multidimensional IRT
models have been proposed for modeling the individuals’ response patterns driven by their
multiple latent traits (e.g. McKinley & Reckase, 1982; Bock, Gibbons, & Muraki, 1988;
Revuelta, 2014). The increasing availability of rich educational and psychological tests has
made MIRT an attractive model to handle complex assessment data measuring multiple
latent traits at the same time. However, there are some challenges in parameter estimation
problem for MIRT. That is, the likelihood involves intractable multidimensional integrals due
to multidimensional latent variable structure. With the advancement of computational and
statistical techniques, various methods have been proposed that either involve direct numer-
ical approximations to the integrals or Monte Carlo simulations. However, these methods

still have some limitations in that they are computationally demanding in high dimensions



and rely on sampling from a posterior distribution. In this thesis, we attempt to tackle
the challenging estimation problems in MIRT and develop accurate and efficient estimation
algorithms.

The thesis is organized as follows. In the second chapter, we propose a new Gaussian
Variational EM (GVEM) algorithm which adopts a variational inference to approximate
the intractable marginal likelihood by a computationally feasible lower bound. The optimal
choice of variational lower bound allows us to derive closed-form updates in EM procedure,
which makes the algorithm efficient and easily scale to high dimensions. We also illustrate
that the proposed algorithm can also be applied to assess the dimensionality of the latent
traits in an exploratory analysis. A series of simulation studies and real data analysis are
presented to demonstrate the performance of the proposed GVEM method in comparison to
the popular alternative Metropolis-Hastings Robbins-Monro algorithm. In essence, GVEM
method produces more precise parameter estimations and is computational efficient. We
also present theoretical guarantees of the estimator from the proposed GVEM algorithm to
establish its consistency.

In the third chapter, we propose to apply GVEM to solve a latent variable selection
problem for MIRT and empirically estimate the test structure. The test structure illustrates
a relationship between the items and the latent traits being measured in a test. The correct
specification of this relationship is crucial for accurate assessment of individuals and further
model calibration. In practice, practitioners often use fixed test structure based on their
prior knowledge for the analysis. However, wrong specification of the relationship would
lead to biased estimation. Hence, we would like to study how to accurately estimate the
test structure from data. The main idea is to impose Ll-type penalty to the variational
lower bound of the likelihood to recover a simple test structure in iterative procedures.
Simulation studies show that the proposed method accurately estimates the test structure
and is computationally efficient. A real data analysis on the large-scale assessment test called

National Education Longitudinal Study of 1988 is presented to examine it in terms of the



test design.

In the last chapter, we discuss interesting extensions of our proposed method; (1) to de-
velop the estimation method via GVEM procedures for the Multidimensional 4-Parameter
Logistic (M4PL) model and (2) to study Differential Item Functioning (DIF) analysis in
MIRT. M4PL model has been less preferred so far in the field of education and psychology
probably due to its challenge in parameter estimation. In most research, Bayesian approaches
with MCMC sampling were used for the parameter estimation in unidimensional 4PL mod-
els. However, it gets time consuming for the high dimensional assessment data even for
unidimensional latent trait. M4PL models incorporates multiple latent traits at the same
time, resulting in intractable multidimensional integrals in the calculation of log-likelihood
and making the parameter estimation even more challenging. We develop the variational
EM method to facilitate the paraemter estimation in M4PL and discuss the performance
with some simulation studies. In the second half of the last chapter, we discuss DIF anlaysis
in MIRT. DIF occurs when groups (such as defined by gender, ethnicity, or education) have
different probabilities of responses for a given test item even though people have the same
latent abilities. Our goal is to identify biasedness in test items (i.e. that have DIF). We
formulate the DIF analysis in MIRT as the regularization problem and solve it via our pro-
posed GVEM approach. Simulation studies are presented to show the performance of our
proposed method on these topics. Lastly we discuss some of the challenges remained and

talk about future directions.



Chapterll

Gaussian Variational EM for
Multidimensional Item Response

Theory

II.1 Introduction

The increasing availability of rich educational survey data and the emerging needs of assess-
ing competencies in education pose great challenges to existing techniques used to handle
and analyze the data, in particular when the data are collected from heterogeneous popula-
tions. Different forms of multilevel, multidimensional item response theory (MIRT) models
have been proposed in the past decades to extract meaningful information from complex
education data. The advancement of computational and statistical techniques, such as the
adaptive Gaussian quadrature methods, the Metropolis-Hastings Robbins-Monro algorithm,
the stochastic expectation maximization algorithm, or the fully Bayesian estimation meth-
ods, also help promote the usage of the MIRT models. However, even with these state-of-the-
art algorithms, the computation can still be time-consuming, especially when the number

of factors is large. The main aim of this chapter is to propose a new Gaussian variational



expectation maximization (GVEM) algorithm for high-dimensional MIRT models.

As summarized in Reckase (2009), the MIRT models contain two or more parameters
to describe the interaction between the latent traits and the responses to test items. In
this chapter, we focus on the logistic model with dichotomous responses. Specifically for
the multidimensional 2-Parameter Logistic (M2PL) model, there are N individuals who
respond to J items independently with binary response variables Y;;, for ¢ = 1,..., N and
j=1,...,J. Then the item response function of the ith individual to the jth item is modeled
by

exp(a; 0; — b;)

PY,;, =116, = I1.1

where a; denotes a K-dimensional vector of item discrimination parameters for the jth item
and b; specifies the corresponding difficulty level with item difficulty parameter as b;/| a; 2.
0, denotes the K-dimensional vector of latent ability for student 7.

For the multidimensional 3-Parameter Logistic (M3PL) model, there is an additional
parameter c;, which denotes the guessing probability of the jth test item. The item response
function is expressed as

exp(ajTOi — b))

PY;;=1]6)=c;+(1—¢ .
(J ’ ) C]+( c])l—i—exp(ajTHi—bj)

(I1.2)

For both the M2PL and M3PL models, denote all model parameters as M,. Then given
the typical local independence assumption in IRT, the marginal log-likelihood of M, given

the responses Y is

1M Y) = 3 log P(Y; | M4,) = 3 log [ T POV |0, 0000008, (113
i=1 i=1 j=1

where Y; = (Y;,7 = 1,...,J) is the ith subject’s response vector and J is the total num-
ber of items in the test. The ¢ denotes the K-dimensional Gaussian distribution of @ with

mean 0 and covariance Yy. The maximum likelihood estimators of the model parameters



are then obtained from maximizing the log-likelihood function. However, due to the latent
variable structure, maximizing the log-likelihood function involves a K dimensional integrals
that are usually intractable. Direct numerical approximation to the integrals have been pro-
posed in the literature, such as the Gauss—Hermite quadrature (Bock & Aitkin, 1981) and
the Laplace approximation (Lindstrom & Bates, 1988; Tierney & Kadane, 1986; Wolfin-
ger & O’connell, 1993). However, the Gauss—Hermite quadrature approximation is known
to become computationally demanding in the high-dimensional setting, which happens in
MIRT especially when the dimension of latent traits increases. The Laplace approximation,
though computationally efficient, could become less accurate when the dimension increases
or when the likelihood function is in skewed shape. Other numerical approximation meth-
ods based on Monte Carlo simulations have also been developed in the literature, such
as the Monte Carlo expectation-maximization (McCulloch, 1997), stochastic expectation-
maximization (von Davier & Sinharay, 2010), Metropolis-Hastings Robbins-Monro algo-
rithms (Cai, 2010b, 2010a). These methods usually depends on sampling data points from
a posterior distribution and would be computationally involving. Recently, S. Zhang, Chen,
and Liu (2020) proposed to use the stochastic EM algorithm (Celeux & Diebolt, 1985) for
the item factor analysis, where an adaptive-rejection-based Gibbs sampler is still needed for
the stochastic E step. Moreover, Chen, Li, and Zhang (2019) studied the joint maximum
likelihood estimation by treating the latent abilities as fixed effect parameters instead of
random variables as in (IL.3).

In this chapter, we propose a computationally efficient method that is based on the
variational approximation to the log-likelihood. Variational approximation methods are
mainstream methodology in computer science and statistical learning, and they have been
applied to diverse areas including speech recognition, genetic linkage analysis, and document
retrieval (Blei & Jordan, 2004; Titterington, 2004). Recently, there is an emerging interest
in developing and applying variational methods in statistics (Blei, Kucukelbir, & McAuliffe,

2017; Ormerod & Wand, 2010). In particular, Gaussian variational approximation methods



were developed for standard generalized linear mixed effects models (GLMM) with nested
random effects (Ormerod & Wand, 2012; Hall, Ormerod, & Wand, 2011). However, the
variational methods have only been slowly recognized in psychometrics and educational
measurement, with the pioneer papers by Rijmen and Jeon (2013) as well as Jeon, Rijmen,
and Rabe-Hesketh (2017).

In essence, variational approximations refer to a family of deterministic techniques for
making approximate inference for parameters in complex statistical models (Ormerod &
Wand, 2010). The key is to approximate the intractable integrals (e.g. Eq.(I1.3)) with a
computational feasible form, known as the variational lower bound to the original marginal
likelihood. In psychometrics, Rijmen and Jeon (2013) first developed a variational algorithm
for a high dimensional IRT model, but their algorithm was limited to only discrete latent
variables. Recently, Jeon et al. (2017) proposed a variational maximization-maximization
(VMM) algorithm for maximum likelihood estimation of GLMMs with crossed random ef-
fects. They showed that VMM outperformed Laplace approximation with small sample
size. However, their study is limited in several respects: (i) They only considered the Rasch
model. Although extending their algorithm to the 2PL model may be straightforward, its
generalization to 3PL is unknown because 3PL does not belong to the GLMM family; (ii)
The key component in their algorithm is the mean-field approximation (Parisi, 1988) that
assumes independence of the latent variables given observed data. Even though it seems
acceptable to assume independence of each random item effect, this independence assump-
tion can no longer apply to the MIRT models when different dimensions are assumed to be
correlated; (iii) In their first maximization step, the closed-form solution still contains a two-
dimensional integration where adaptive quadrature is used; in the second maximization step,
a Newton-Raphson algorithm is used. Therefore, both steps involve iterations, which may
slow down the algorithm. Instead, our proposed GVEM algorithm has closed-form solutions
for all parameters in both the E and M steps, and it can deal with high-dimensional MIRT

models when the multiple latent traits are correlated. Moreover, the GVEM algorithm is



established for both the M2PL and M3PL models. Consistency theory of the estimators from
our proposed algorithm is established, and the performance of the algorithm is thoroughly
evaluated via simulation studies.

The rest of the chapter is organized as follows. Section II.2 introduces the general frame-
work of the Gaussian Variational method and derivation of EM algorithm in MIRT models.
Section II.3 presents the GVEM algorithm for M2PL with the use of local variational ap-
proximation and presents the theoretical properties of the proposed algorithm. Section I1.4
extends the GVEM algorithm to M3PL and also presents the stochastically optimized algo-
rithm to further improve its computational efficiency. Section I1.5 and section II.6 illustrate
the performance of the proposed GVEM method with simulation studies and on real data,
respectively. The chapter is concluded with Section I1.7, which discusses any future steps.
The Supplementary Material includes the detailed mathematical derivations of the EM steps

and the proofs of the theorem and proposition.

II.2 Gaussian Variational EM (GVEM)

From here onwards, for the MIRT models in (II.1) and (II.2), we denote the model parameters
by A={aj,j=1,....J}, B={bj,j=1,...,J},and C ={¢;,j =1,...,J}. As defined
in Section II.1, we use the notation M, = {A, B,C} in the 3PL model and M, = {A, B}
in the 2PL model for simplicity. Latent traits 6 from different dimensions are correlated,
resulting in a K by K covariance matrix Yy. To fix the origin and units of measurement, it
is conventional to fix the mean and variance of all 8’s to be 0 or 1, respectively. To remove
rotational indeterminacy in the exploratory analysis, (i.e. to ensure the model identifiability)
researchers often either assume ¥y = [ or assume A contains a K by K lower triangular
matrix (Reckase, 2009).

On the other hand, in the confirmatory analysis, the zero structure of the loading matrix

A is completely or partially specified while the remaining nonzero elements are left unknown.



In this case, the correlation of latent traits @ is of interest and we need to estimate the
covariance matrix Xg. In this chapter, we consider a general setting of ¥y that works for
both exploratory and confirmatory analyses.

The idea of variational approximation is to approximate the intractable marginal likeli-
hood function, which involves integration over the latent random variables, by a computa-
tionally feasible lower bound. We follow the approach of variational inference (Bishop, 2006)
to derive this lower bound.

The marginal log-likelihood of responses Y is
N N J
UMy Y) = Y- log P(Y; | My) = Y- log [ T[ P(Y; | 6:,M,)(6,)d6:,
i=1 i=1 =1

where ¢ denotes a K-dimensional Gaussian distribution of @ with mean 0 and covariance

Y. Note that the log-likelihood function [(M,;Y) can be equivalently rewritten as
I(M,;Y) / log P(Y; | M,) x ¢:(6:)d8;,

for any arbitrary probability density function ¢; satisfying [y ¢i(6;)d@; = 1. Since P(Y; |
M,) = P(Y;,0; | M,)/P(0; | Y;, M,), then we can further write
P(Y;, 0| M
UM.-Y) = / log —~—» 7t 1 77P/
( P ) Z Og P 0 | }/i; M

( »)
P(Yi, 6; | My)qi(6:)

( )

( v)

— ] 0,)d0,
Z/ ngem,M e )XQ(Z) i

- Z / logwque )d6; + K L{g:(6,)| P(6; | Vi, M,)}

where K L{q;(6,)||P(6; | Yi, My)} = Jy, log 55257 X 4:(6:)d0; is the Kullback-Leibler (KL)
distance between the distributions ¢;(6;) and P(6; | Y;, M,). The KL distance K L{q;(6;)| P(6; |

Y;, M,)} > 0 with the equality holds if and only if ¢;(8;) = P(0; | Yi, M,). Therefore, we

10



have a lower bound of the marginal likelihood as

I(MyY) > Z/ 1OgW x q;(6;)d0; (I.4)

N N
i=1""1 i=1""1

and the equality holds when ¢;(6;) = P(0; | Y;, M,) fori=1,..., N.

The follow-up question is how to design the candidate distribution function ¢;(0;) that
gives the best approximation of the marginal likelihood. From the above argument, the best
choice is the unknown posterior distribution function P(6; | Y;, M,). Although this choice of
¢;(0;) is intractable, it provides a guideline to choose ¢;(0;) in the sense that a good choice
of ¢;(8;) must approximate P(6; | Y;, M,) well. The well-known EM algorithm follows this
idea and can be interpreted as a maximization-maximization (MM) algorithm (Hunter &
Lange, 2004) based on the above decomposition. In particular, the E-step chooses ¢; to be
a distribution that minimizes the KL distance function, which corresponds to the estimated
posterior distribution P(6; | Y;, Mp) with ]\pr from the previous step estimates. The E-step

then evaluates the expectation with respect to ¢;’s, i.e.,

N
Z/H_ log P(Y;,8; | M,) x 4,(8,)de,, (IL.5)
=1 4

which is equal to the lower bound in (I1.4), except the additional constant term
N, Jo, log qi(6;) x q;(0;)d0; that does not depend on model parameters M,. In the M-
step, we maximize the above expectation term to estimate model parameters and this is
equivalent to maximizing the lower bound in (I1.4).

However, one challenge in the EM algorithm is to evaluate the expectation in (I1.5)
with respect to the posterior distribution of 8;. In the MIRT model, it is known that this
integral in (5) does not have an explicit form and in the literature, numerical approximation

methods are often used, such as the Gauss—Hermite approximation, Monte Carlo expectation-

11



maximization (McCulloch, 1997), and stochastic expectation-maximization (von Davier &
Sinharay, 2010).

To avoid directly evaluating the posterior distribution of @;, the variational inference
method uses alternative choices of the ¢;(6;)’s to approximate the marginal likelihood func-
tion. The choices of ¢;(6;) not only approximate the posterior P(0; | Y;, M,) well, but also
are easy to compute and usually give closed form evaluations in the algorithm. In particular,
from the MIRT literature, we know that as the number of items J becomes reasonably large,
the posterior distribution P(6; | Y;, M,) can be well approximated by a Gaussian distri-
bution (Bishop, 2006). Motivated by this observation, we use the Gaussian approximation
procedure that chooses ¢;(6;) from a family of Gaussian distributions such that the KL dis-
tance between ¢;(0;) and P(6; | Y;, M,) is minimized. The estimation is then taken as a
two-step iterative procedure. In the variational E-step, we choose ¢;(68;) by minimizing the
KL distance between ¢;(0;) and P(0; | Y;, M,) and evaluate the expectation of the likelihood
function with respect ¢;(0;), which is (II.5). In the M-step we update the unknown model
parameters by maximizing the above expectation. The algorithm repeats the two steps until

convergence. In the following sections, we present the detailed algorithm steps for the M2PL

and M3PL models.

1I.3 GVEM for the M2PL Model

In this section we present the GVEM algorithm for the M2PL model. Without loss of

generality, we first focus on the ith subject’s likelihood function due to the independence of
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different subjects’ responses. The joint distribution function of 8; and Y; is

= log P(Y; | 0;; A, B) + log ¢(6;)

J exp(a] 6; — b;) 1
= Vi1 i -7 1-Y;)1 log ¢(0;
Z{ 5T explage, b T Og1+exp<a;f9@-—bj>}+0g¢( )

7j=1
1

1+ exp(a 0; — b;)

J
- S {vitare )+ g

j=1

}+kg¢wg.

The difficulty of handling the marginal distribution of Y; mostly comes from the logistic
sigmoid function, which makes the integration over 8 not in a closed form in the E-step (i.e.,
Eq. (IL5)).

To avoid dealing with intractable likelihood in E-step, we use a local variational method
initially proposed in the machine learning literature (Bishop, 2006; Jordan, Ghahramani,
Jaakkola, & Saul, 1999), which finds bounds on functions over individual variables or groups
of variables within a model instead of the full posterior distribution over all random variables.
For notational simplicity, hereafter, we denote z; ; = b; — o] 6;. Because of the concavity of
the logistic sigmoid function log(1/(1 4 e~*#7)), by the local variational method we have the

following result

et a7 o @i = &)
(I+ems) ey (L+eba) P

_ S5 e, - )

where §; ; is a variational parameter that is introduced to approximate the objective function

e®i /(1 + e®i), and

1 efi,j 1
n(&is) = 2, ; {(1 +efii) 2}

Therefore, we have the following variational lower bound on the logistic sigmoid function,

eTid eSii (33 =& )
> b Sia) e a2 - ) IL6
(14 e%d) = (14 eSid) Xp { 2 n(& J)@w gw) (IL.6)
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We then aim to estimate the variational parameter &;; that achieves the equality of the
above display. By introducing an additional variational parameter §; ;, we successfully avoid
the problem of estimating the intractable integral in the E-step. The values of ; ;’s will be
iteratively updated in the M-step.

Using the lower bound on the logistic sigmoid function, we obtain a closed-form lower
bound for log P(Y;,0; | A, B) as follows
e5 ! L (b —aj8; — &)

+ YZA,(aTQi_bAH_ J
(14 efid) ]; NI J ]; 2

log P(Y;,0; | A,B) > Zlog

j=1
= 1(Y;,6,,¢ | A, B)

where El = (gi,jaj = 17 ceey J)T
The key step is to find the optimal variational distribution ¢;(6;), which we describe in

detail in the next section.

I1.3.1 Algorithm Details

Choice of ¢; Conditional on the model parameters A, B and the variational parameters

&jfori=1,...,N,j7=1,...,J, by the variational inference theory, it can be shown that

the variational distributions ¢;(6;),7 = 1,..., N that minimize the KL divergence with the
posterior distributions P(0;|A, B),i = 1,..., N take the following form:

J J Ty-1

1 0,%,0;

log q;(0;) o Z ( 2>ajT0,~ - Zln(gi,j)(bj — ajTOi)2 — Te'

j:

J=1

The standard nonlinear optimization technique is exploited to show that ¢;(6;) ~ N(6; |

(i, ;) minimizes the KL divergence among all normal distributions where the mean param-
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eter is

= i{zn (&)bj + Y — 1}a} (IL.7)

J=1

and the covariance matrix is determined by

J
St =3+ 2) n(& ) oya;) (I1.8)

J=1

With the variational densities ¢;(6;)’s, we aim to estimate model parameters &;’s, a;’s
and b;’s by maximizing the lower bound of the marginal likelihood. Suppose we have &;’s
from a previous step’s estimation or the initial values, denoted by Sl@. Similarly, define

= {a(t) j=1,...,J}, B® = {b(t),] =1,...,J5 3%, 4! and £, The EM iteration

is presented below.

E-Step In E-step, we evaluate the closed-form lower bound of the expected log likeli-
hood with respect to the variational distributions ¢;’s. With iteratively updated varia-

tional parameters ,uZ ) and £ we easily evaluate the ¢th iteration’s lower bound of the

[

expected log-likelihood. Denote the tth iteration’s variational density as g’ 16,) = ¢:(6; |

Sf ) AW BW®. Zé)). Then, the tth iteration’s lower bound can be derived as

N
EY(A, B,&) = Z / (Y, 05,6 | A, B) x ¢\(8,)d6,
“ 0;

L0 | X X
.
= > Z(log ——w. T (5 - Yij)b§-t) + (Vi — Q)ag-t) ) — = .(’t)
i=1 j—=1 (1+ egw)

(@D 20 o uf)+a§-f”[z£“+<u§”><u§”ma§“—553”})

];]log (= Z LSS0 + (1) ().

M-Step In M-step, we maximize the estimated lower bound to update the model parame-

ters (A, B, &,Yg). This is achieved by simply setting the derivative of the lower bound with
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respect to (A, B,&,%g) to be zero. As a result, it can be shown that each update of the
model parameters are done in a closed form, which makes the proposed GVEM algorithm
computationally efficient. The updating step is presented below. The most recently updated

copies of the parameters are used for each iterative update.

-1 N 1
a = {Zn &S+l | Y [(Yij -5 ijﬁ(fi,j)%j (11.9)
i=1 =1
) Y, [(é —Yy;) + 277(&',]')0‘;%} (11.10)
7 i 2n(&ig) ’ |
2= b= 2bj0 pi + o S+ o (IL.11)

For the covariance matrix g, in the exploratory analysis, we can keep >y = [ during the
GVEM estimation and then later performed proper rotation; in the confirmatory analysis,

we update Yy by

1N
= NZZ + it ). (I1.12)

Note that if the g is assumed to be the correlation matrix with diagonals being 1, then
we need to standardize the estimated ¥y to get correlation matrix. Detailed derivations
regarding the above EM steps are given in the Supplementary Material.

In light of the above exposition, the GVEM algorithm for M2PL can be summarized as

follows.

Algorithm 1 GV EM algorithm
1: Initialize M(*) = {Ag, By}, £

2: repeat

3:  Estep : For step t > 1, update pJ, ) and E according to closed-form equations (I1.7)
and (I1.8).

4: M step : Further update M () and f(t) according to closed-form equations (I1.9),

(I1.10), and (II.11), iteratively. Fix 29 = I in the exploratory analysis or update

Zg) according to (I1.12) in the confirmatory analysis.
5. until convergence

16



Remark II.1. The algorithm complexity increases with the sample size N, which makes the
algorithm computationally inefficient for large data sets. Thus, we can stochastically optimize
the EM algorithm by sub-sampling the data to form noisy estimates of the variational lower
bound and model parameters. Please refer to Section 11.4.2 for detailed explanation of the

stochastic GVEM.

Remark I1.2. Under the IRT framework, test dimensionality is one of the major issues
explored in order to validate the design of a test and help practitioners with test development.
As a byproduct of the algorithm, we can empirically estimate the number of latent dimensions
from data. Specifically, the information criteria such as AIC or BIC can be used to compare
the model fit with varying number of dimensions. Because we approximate the true log-
likelihood by its lower bound in GVEM, the information criteria also need to be modified by
replacing the true log-likelihood with the variational lower bound, resulting in the following
modified AIC and BIC, denoted as AIC* and BIC*. The approximated information criteria
are as follows, AIC* = 2(||Allo+ || Bllo + | Zello) — 2E(A, B, €) and BIC* = In(N)(||Al|o +
IB|lo + ||Z6ll0) — 2E(A, B, €) where E(A, B, £) is the estimated variational lower bound
and A, B, € are the final estimates from GVEM estimation procedure. The notation | Allo
of matriz A denotes the zero norm of the matrix A, which is simply the number of non-
zero entries of A. The advantage of using GVEM to estimate test dimensionality is that it
is computationally more efficient especially under high dimensional data and more complex
model. This procedure can be easily applied in both the 2PL and the 3PL models. Please see

the simulation study for more discussions.

11.3.2 Theoretical Properties

In this section, we establish theoretical bounds on the estimation of the model parameters
under the high-dimensional setting where both N and J go to infinity. The dimension of
latent traits, K, is assumed known for this analysis and thus fixed. As defined in Section

I1.2, A = [ayx]sxkx denotes a matrix of factor loadings. Additionally, let © = [0;;]nxk
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denote a matrix of random variables following ¢;(6;) and let 6= [HAU] Nxxk denote a matrix
of estimated latent abilities from data. Define E,_. to be the expectation with respect to
the estimated variational densities {G;(0;) ~ N(7;,%;) : i = 1,..., N} from data. Lastly, a
superscript * denote a true parameter. For example, 87 denotes the i'® person’s true latent
ability, which is a deterministic realization from its population distribution. We assume that
the true parameters ©* and A* satisfy

(A1). [|6;]> < C and |la]|* < C for all ¢, j for some positive constant C

Theorem I1.3 derives the bound on the expected Frobenius norm of the error, |[OAT —

©*(A*)" || F, where ||M||p = /> ; M7 denotes the Frobenius norm of a matrix M.

Theorem II1.3. Suppose that condition (A1) is satisfied for the true parameters ©* and
A*. With optimally estimated variational densities §; from data and estimated parameter
matriz A that mazimizes the variational lower bound, there exists absolute constants Cy and

Cy such that

1

1 J+N ] log(N + J)
NJ

Ex z
0 JN N+ J

I6AT — 0" (A")T||¢] < meﬁ

~q
is satisfied with probability 1 — C1/(N + J).
The proof of Theorem I1.3 can be found in the Supplementary Material.

Remark I1.4. Theorem I1.3 states that the expected estimation error measured by Frobenius
norm goes to 0 as both N — oo and J — oco. The proof of Theorem I1.3 follows a similar
argument from Davenport, Plan, Van Den Berg, and Wootters (2014) and Theorem 1 in
Chen et al. (2019). However, the previous work by Chen et al. (2019) treats 0; as fized
effects while this work follows the conventional MIRT model setting with 6; random effects

and following a normal population distribution.

Remark I1.5. The Gaussian family as the candidate choice of q is reasonable according

to Laplace approximation of the posterior distribution P(0;|Y;). The Laplace approximation
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of P(6,|Y;) is a normal distribution with MLE 0; as mean and inverse of observed Fisher
information I‘l(éi) as variance. Denote 0} as the true parameter. By Bernstein-von Mises
Theorem, since P(Y; | 6;),i = 1,..., N have same support and 6; — log P(Y; | 6;) is
twice continuously differentiable, then 0; — 0: almost surely and the Laplace approzimated
distribution N(0;,1-1(6;)) converges in distribution to the true limiting normal distribution
N(O;, 171(07)) as J — oo where I71(07) is the inverse of expected Fisher information. This
supports our choice of variational density q; as a multivariate Gaussian distribution provides

an asymptotically good approximation for the true posterior distribution of 6.

Remark I1.6. Compared with the existing stochastic estimation algorithms, such as the
Metropolis-Hastings Robbins-Monro algorithm and the stochastic EM algorithm, the proposed
estimation method has the advantage that each of the estimation iterations has simple closed-
form update and it does not involve the stochastic samplings from some intermediate posterior
distributions as in the current stochastic estimation algorithms. As discussed in Remark I1.5,
even though variational distributions are used to approximate the posterior distributions in
our method, the normal approzimation is asymptotically valid. Simulation studies in Section
I1.5 further illustrate this. Moreover, the above variational EM development can be easily
generalized to the M3PL model and can also be naturally combined with the idea of the

stochastic EM, as illustrated in the next section.

1.4 GVEM for the M3PL Model

Derivation of the variational lower bound is trickier in the M3PL function since the cancella-
tion of log and exponential function, which was essential in simplifying the variational lower
bound in M2PL, is impossible due to the addition of a guessing parameter. To solve this
problem, we introduce another latent variable, Z;; which is an indicator function of whether
ith individual answered jth item based on their latent abilities or guessed it correctly (von

Davier, 2009). We define Z;; = 1 if ith individual solved item j based on his or her latent
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ability, and Z;; = 0 if he or she guessed item j correctly. Notice here that for the case of
Zij = 1, Y;; can be either 0 or 1. However, when Z;; = 0, Y;; has to be 1 by the definition

of Z;;. Hence, {Y;; =0, Z;; = 0} cannot occur.

Proposition II.7. Given the two latent variables 0; and Z;;, then P(Y;; | ;) under the

following hierarchical model is equivalent to (11.2) of the 3PL model.

Z;; ~ Bernoulli(1 — ¢;),
exp(e 0; — b;)
1+ exp(a;6; —b;)

Yij | 6i, Zi; = 1 ~ Bernoulli( )

Yii | 0, Z;; =0 ~ Bernoulli(1(Y;; = 1)).

The distribution of observation Y;; given latent variables 8; and Z;; is then

exp(eyf 0; — b;) 1Y 1 1-Yi; | Zis L
P(Yij|Zi;, 0;) = : } { } IV =1)""7.
(Y12, 0:) {{1 + exp(ajTOi — b)) 1+ exp(ajTOi —b;) (¥ )

Without loss of generality we first focus on the ith subject’s likelihood function due to the
independence of different subjects. Denote Z; = {Z;1, Zss, ..., Z;y} and its distribution as

p(Z;) =TI} p(Z;;). Then the complete data likelihood of the ith subject is

lOgP(E,HZ,ZZ ‘ A,B,C)

= log P(Y; | 6;,Z;, A, B,C) + log $(6;) + log p(Z;)

= s {v.z.1 [ (0 =b) 1 vz ! }
= U & 1+ exp(a] 0; — b;) i) 413 508 1+ exp(a) 6; — b;)
+>_{(1 = Zyj) log I(Y;; = 1)} +log ¢(6;) + log p(Z;)
j=1

1
1+ exp(a 0; — b;)

J
= 2 {Yisz‘j(ajTOi —bj) + Zijlog + (1= Zij) log I(Yy; = 1)}

Following the result from Proposition I1.7, the hierarchical formulation of the 3PL model
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with the new latent variable Z;; could be used to derive the GVEM algorithm for the 3PL
model. Please refer to the Supplementary Material for the proof of Proposition I1.7. Similar
data augmentation scheme was proposed in Albert (1992) in the Bayesian framework.

In this section, we derive the optimal choices of the variational densities for the latent
variables Z;; and 6;. The approach is similar to that of the 2PL model. For any arbitrary
density functions ¢; and r;; of the latent variables 6; and Z;;, the following equation always
holds

log P(Y; | A, B,C) = /9 ; log P(Y; | A, B,C) x ¢:(8,)r:(Z:)d6;.

Where Tl(ZZ) = Hj:l TZJ<ZZ_]>
Note that P(Y; | A,B,C) = P(Y;,0,,Z;| A,B,C)/P(0,,Z;|Y;,A,B,C). We can

write

P(}/ZaezaZ’L|A7B7C’)
P<0uZZ|YZaA7B7C)
P(K7017Z1’A7B>C)

= lo X 7,01 T Zz dOZ
f, Slos = 4:(6:):(Z)

+K L{q;(0:)ri(Z;)||P(0;, Z; | Yi, A, B,C)}.

log P(Y; | A, B,C) = /Zlog X 4:(8:)r:(Z:)d6,
9.

Since the KL distance is > 0 by definition, we get a lower bound on the marginal likelihood

similarly as in the 2PL model.

log P(Y; | A,B,C) > /ZlogP(Yi,Bi,Zi|A,B,C)><qi(0i)ri(Zi)d9i (IL.13)
[’}

i 7,

- /01- Zlog (Qi(ez‘)ﬁ(zz‘)) x q;(0;)ri(Z;)de; (IT.14)

Since (I1.14) doesn’t depend on parameters A, B and C', we focus on (I1.13) for the derivation
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of the lower bound. Again, the ith subject’s likelihood function is

IOgP(Y;,OZ,ZZ | A,B,C)
J
j=1

+ log ¢(6;) + log p(Z;).

1
1+ exp(a]TOZ - b])

Using the same variational lower bound (II.6) on the logistic sigmoid function as in the 2PL

model, we show

logP(Y},Oi,Z | A B C’)

J
> 2 o8 ey + X ZiYi(a] 0= )+ 3

j=

Zij(b; — o) 0; — &)

v
N | —

—_

—;Zz'm(&,j){(bj —a0)’ - &} +Z{ ) log I(Y;; = 1)}
+1og ¢(6;) + log p(Z;)

= Z(YZ,OZ,ZH& | A,B,C)

Recall that if Y;; = 0, then we always have Z;; = 1 by the design of our model. In other
words, {Y;;, Z;;} = {0,0} cannot occur. To accommodate this constraint, we replace Z;; by
Zi; = 1=Yy+ Z;;Yj so that Zj; = Z;; if Yy = 1 and Z]; = 1if Yj; = 0. This makes sure that

the case of {Y};,Z;;} = {0,0} is not included as a possible scenario during the estimation

22



procedure. By this substitution, we have

l

—~

}/Z’OZ’ Z’L7£’L | A B C)

egi,j J
—Yij + ZijVij) log m——p— + D> (1 = Vi + Z;;Yy)Vij(ex

T, — b,
(1 + ebiv) i)

J

I
M“

i=1

.
Il

+
N | —

(1 =Y + Z;Yij) (b; — o] 0; — &)

<
I
_

|
[~
—

=

=Y+ ZiYin(&){(b; — o) 6,)* — &}

7,7
j=1
J
+ > {Y;(1 = Zij) log I(Yi; = 1)} + log ¢(6; +Zlogp i)
Jj=1 7j=1

where log p(Z;;) = (1 = Yi; + Z;;Yi;) log(1 — ¢;) + Yi(1 — Zij) log(c;).
With variational distributions ¢;’s and r;’s, we have the following expression for the
variational lower bound of the marginal likelihood, which is an expectation of the joint

distribution with respect to ¢;’s and r;’s, i.e.,
EY(A B,C,¢) : Z/ lZl Y;,0,,Z;, & | A, B,C) x r'"(Z)| x ¢"(6;)d6;. (11.15)

Appropriate choices of the variational distributions will lead to a closed form expression
of the lower bound expressed in (II.15). As in the 2PL model, we choose the variational
distributions for each latent variable by finding a distribution that best approximates the

posterior distribution of each latent variable.
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I1.4.1 Algorithm Details

Choice of ¢; Let E, denote the expectation with respect to. the variational densities of

Zij's, i.e. r;;(Z;;)’s. We can write

N

E.(A B,C¢§): ZZZ Yi,0,,Z,,& | A, B,C) x 1,;(Z;j)
=1 Z;;
N J o6 J .
> | 21 =Yy + B[ Z]Y)) log + 2 (1 =Yy + En[Z,]Yi)Yi (e 0 — b))

i=1 Lj=1

1
Z — Y + B [Z; ]Yij)§(bj —a]0; — &)

—Yi; + E[Z4]Yii)n (&J){(bj—a;—@-)Q— 22,3}
J

E[Zij])log 1(Yi; = 1)} +1og 6(8:) + > _ Er[log p(Z};)]

J
J
ot j=1
Conditional on the model parameters A, B, C' and the variational parameters &; where ¢ =
1,..., N, by the variational inference theory, we can show that the variational distributions

¢i(0;),7=1,..., N that minimize the distances between them and the posterior distributions

take the following form:;

J 1
logq;(0;) o Y (1-Y;+ ET(ZZ-]-)SQJ»)<YZ-]~ - )O‘J'Tei

=1

=0 Y B (2l b — g 8 — 58I 55,

<.

The above likelihood function implies that ¢;(6;) ~ N(0; | p;, %;) where the mean parameter

of the normal distribution is

J 1
—nx Y {277 £.,)b; + Vi — 2}(1 Yy + B (Zi)Yi)a] (IL.16)

Jj=1
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and the covariance matrix is determined by
J
=50+ 2 (1= Vi + B (Zy)Yijn(&g)asa) (IL.17)

Choice of r;; We follow the similar steps as ¢;. That is, we take the expectation of the
lower bound (Y}, 0;, Z;,&; | A, B,C) with respect to the variational density of 6;, ¢;(8;)
and derive the variational distributions for Z;;,¢ = 1,...,N,j = 1,...,J. The variational
distribution minimizes the distances between them and the posterior distributions of Z;;
given model parameters A, B, C' and the variational parameters &;.

Let £, denote the expectation with respect to. the variational densities ¢;’s and £, denote
the expectation with respect to ¢;. Taking expectation of the lower bound (Y}, 6;, Z;, &; |
A, B, C) with respect to ¢;(0;), we have

S
Q
m

652 J J

ey T

I
MZE
M~

@
Il
—_
.
I
—

(1 =Yy + Zi;Yij)log ——— — Y+ ZYy5)Yi(a) By [6;] — b))

J

1
1-Y,+ Zz‘jYz'j)§(bj — o] B, (0] — &)

<
Il
—

| +
Mk‘ 'Mk‘

(1 =Yy + ZiYi (& ){Ee[(b; — o 6:)°] — €2}

.
Il
—

+
.Mk‘

<
Il
-

{Yi;(1 = Z;;)log I(Y;; = 1)} + E,, [log ¢(0 Zlogp (I1.18)

This implies that the variational distributions r;;(Z;;) are

efii 1
A+ &) +Yii(a) B, [0] —b;) + 5(53' —a; B, (0] — &)

lOgT’ij(Zij) X leKJ[lOg
(e LBl — a8 — €2} + log(1 - cj>]

+Yi;(1 = Zi) [10g I(Yij=1)+ 10%(03')]
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Thus, 7;;(Z;;) ~ Bernoulli(s;;) where s;; =1 if ¥;; = 0 and

1 cj 14 ebii v AT 'Y
S, = 1+1—Cj7€£i’j eXp{ Y;J(ajEQi[el] b;) +

(b — ] B8] — &) — (€ Bl — o] 007 — €1} (119)

if Y;; = 1 where Eg [0;] = p1; and Eg [(b; — a] 0;)?] = b3 — 2bja) p; 4+ ] [Si + i |
With the chosen ¢;’s and r;;’s, we aim to estimate model parameters §, A, B and C,
by maximizing the variational lower bound of the marginal likelihood, i.e., (II.15). The EM

steps for 3PL model follow the same procedure as in 2PL case.

E-Step Inevery E step, we choose the optimal variational distributions ¢;’s and r;;’s, which
is equivalent to estimating variational parameters p,, 3;, and s;; for every ¢ and j. With
iteratively updated variational parameters, (i.e. /LZ(-t) , Zl(-t), and sg)) and most recent updates

of model parameters (i.c. M) = {A® B® C"}) we derive a closed form expression of

variational lower bound at tth step as follows;

EY(A,B,C,¢)
= 33—V sV [ log — i+ (5 = Vit + (¥ — )l T
i=1j=1 (1 + egi,j) 2 2
1
B AT e )
Y1 () ®)y (O\T
+ YZJ Nlog I(Y; 25 Y+ ()T
=1 j5=1 i=1
N 1 (t) (t) (t)
*logl !+ZZ{1—YQJ+S Yi;) log(1 — )+ng(1—8 )10g( )}

=1 j=1

M-Step In this step, we again maximize the E®(A, B,C,§) to update the parameters
(A, B,C,€). This is achieved by setting the derivative of E®(A, B, C,€) with respect to
(A, B,C, &) to be zero. Since we have a closed-form expression of the lower bound, updates

of the model parameters are also in closed-form. Detailed derivation is provided in the
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Supplementary Material.
For £ and ¢, the update is the same as in 2PL model. For other parameters, we derive
the updating rule by taking derivative of the variational lower bound E(A, B, C, &) derived

in E step. As a result, we have the following updating rule for oy, b; and ¢;;

N

1 —1
o; = B} [Z(l - Y+ Sz‘jYz‘j)Tl(fi,j)[Zi + ,uz‘/lz'T]
=1
N 1 -
xS (0= Vi s¥a) (Yo — 5+ 2on(6) )il | (1120)
=1
.
) (1 =Y+ s;5Yy) {(% — V) + 2n(&)al Mz} )
b Ef’vzl 2(1 - Y + Sz’jYz‘j)n(fi,j) ’ '
N N
ie1(Yij — 8i;Y35) 1
c; = = — Yii(1—s;:). 11.22
! (=Y 4 s5Yy) + 20, (Vi — s5Yy) N 12::1 it i) (1122)

The Algorithm 2 summarizes the EM steps for GVEM algorithm in M3PL.

Algorithm 2 GV-EM algorithm for M3PL
1: Initialize M(®) = {Ag, By, Cy}, £,
2: repeat

(t+1) E(t—H)

3: B step : For step ¢ > 1, update variational parameters p; '/, ;" /, and sgj
according to closed-form equations (I1.16), (I1.17), and (II.19).
4: M step : Further update Mé”l) according to closed-form equations (I1.20), (I[.21),

and (I1.22) iteratively. Update £€*+1) and E(etﬂ) same as in M2PL.
5. until convergence

Remark I1.8. The theoretical property of the M3PL is more challenging to derive rigor-
ously due to the addition of the guessing parameters c;’s. From Theorem 2 in Davenport
et al. (2014) we can show that the Hellinger distance of error between estimated probability
distributions and the true probability distributions is bounded above. For this discussion,
we define Hellinger distance for probability distributions and matrices. Hellinger distance
for two scalars p,q € [0,1] is defined as d3;(p,q) == (/P — VO)* + (VIT—p — VI —0q)%

Following Davenport et al. (2014), we also allow the Hellinger distance to act on matrices

by averaging Hellinger distances over their entries. For matrices P,Q € [0,1]%%%  we de-
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fine d%(P,Q) = ﬁzi,j d3, (P, Qij). Let M = [M;;]nxs be the matriz with entries M

exp(a; Oi —b]')

exp(M;;)
1+exp(a}r 0; —bj)

satisfying Topary = G+ (1—¢)) . Let P(Y'|M) be a matriz of probability dis-
ij

tributions P(Y;;|M;;)’s where M;; denotes a collection of model parameters o;j,b;, ¢;. Again,

M* denotes a matrix of true parameters and M denotes estimated model parameters. Then

by Theorem 2 of Davenport et al. (2014)

04 (P(Y|NT), P(Y|M*)) < CzC\/W\/l e J])Vl;g(NJ)

Cy
N+J

with probability 1 — for absolute constants Cy and Cy. Hence, the Hellinger distance
between estimated probability distribution and true probability distribution goes to 0 as both
N — oo and J — oo. However, the consistency result for model parameter {oy,bj, c; @ j =

1,...,J} in M3PL is more challenging to derive and thus left for the future research.

I1.4.2 Stochastic Optimization of GVEM

In M3PL, the proposed GVEM algorithm may become computationally inefficient as sample
size increases because of the additional variational parameters and model parameters to esti-
mate compared to M2PL. Especially in the E step, variational parameters (i.e. p;, £;, &5, Sij)
need to be optimized for every data points ¢ = 1,..., N. Thus, the computational bur-
den increases with larger sample size N. To improve the computational efficiency of the
GVEM algorithm, we can stochastically optimize the variational approximation in the E
step (Hoffman, Blei, Wang, & Paisley, 2013). That is, at each iteration of the E step, we
subsample the data to form noisy estimate of the variational lower bound and iteratively up-
date the estimate with a decreasing step size. Then M step in Algorithm 2 follows using this
stochastically estimated variational lower bound. The stochastic optimization only affects
the E step, thus with minor changes to the original GVEM algorithm we can stochastically
optimize the algorithm for M3PL. The noisy estimates of the variational lower bound are

cheaper to compute as it only requires small subset of the data at each iteration. Also, for
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complicated models like M3PL, following such noisy estimates can also help the algorithm
to escape local optima of complex objective functions. Specifically, the stochastic EM steps

can be summarized as follows.

Stochastic E step For step t > 1, choose a subset of data S; with desired size. Choose a
decreasing step size ¢;. Update p,l(t), th), Ez(t) and sz(;) for data point ¢ € S; only, according
to closed-form equations (I1.16) and (II.17). Since we only update variational parameters
for ¢ € S, the algorithm is computationally more efficient than GVEM approach without
stochastic optimization, especially when the size of the subset S; is chosen to be small.

With updated variational parameters partially for ¢ € S, calculate noisy estimate of ¢th

iteration’s expected variational lower bound Qt as follows;

=3/ [sz,ei,zi,MA,B,C)><r§“<zi> x 4" (6:)do;
0 |7,

1€ St

Then we obtain a stochastic approximation of the variational lower bound by a weighted

average of previous and current step’s noisy estimates of the lower bound, i.e. (1— et)Qt—l +

GtQt-

M step Once E step is done, we follow the previous M step. That is, estimate A®, B®,

C ) and fl(gt) that maximizes the stochastic approximation of the variational lower bound.

Notice that this stochastic optimization idea is different from the stochastic component
in the stochastic EM (StEM) algorithm (Nielsen, 2000). In the StEM algorithm, random
samples of the unobserved latent variables 6; are drawn from the conditional distribution
of 8; given observed variable Y;, and these random samples are used to approximate the
otherwise intractable expectation in the E step. In our algorithm, the stochastic component
instead refers to the random sub-sampling of the observed data {Y;;,i =1,..., N} to form

a noisy approximation of the variational lower bound E(A, B,C, &) in E step.

29



In theory, if a sequence of step sizes satisfies the conditions such that

€ = oo and €2 < 00, I1.23
t

which results in a sequence of decreasing step sizes, the algorithms provably converge to an
optimum (Robbins & Monro, 1951). Following the approach in Hoffman et al. (2013), we set
the tth step size as ¢, = (t+7)~" where forget rate r € (0.5, 1] and delay 7 > 0. The forget rate
controls how quickly old information is forgotten and the delay down-weights early iterations
to decrease the effect of the earlier noisy estimations. This step size obviously satisfies the
conditions (I1.23). Thus the iterative stochastic optimization of E step converges to a local
optimum of the variational lower bound. In simulation, we fix the delay to be one and try
various forget rates as different values of delay didn’t play a big role for our model. Although
in theory the stochastic optimization of GVEM converges to a stationary point for any valid

forget rate r, the quality and speed of the convergence may depend on r in practice.

II.5 Simulations

I1.5.1 Design

A series of simulation studies were conducted to evaluate the performance of the proposed
GVEM algorithm in comparison to the Metropolis-Hastings Robbins-Monro (MH-RM) al-
gorithm implemented in the R package, ‘mirt’ (Chalmers, 2012)!. The Metropolis-Hastings
sampler is used to draw missing data (which is @ in MIRT) in the stochastic imputation
step of the MH-RM algorithm (Cai, 2008, 2010a). In the ‘mirt’ package, “MHcand” is a
vector of values used to tune the MH sampler, with larger values yielding lower acceptance

rate. By default, these values are determined internally and adjusted on-the-fly, attempt-

!Please note that our conclusions regarding the MH-RM algorithm is based on the implementation of the algorithm
in the ‘mirt’ package. Researchers using other packages may get slightly different results. Thoroughly evaluating the
MH-RM algorithm in ‘mirt’ is beyond the scope of this thesis, but our preliminary check of the package revealed that
the MH-RM results are credible.
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ing to tune the acceptance of the draws to be between .1 and .4. In addition, the default
number of Metropolis-Hastings draws at each iteration is 5, which is considered sufficient
by Cai (2010a). Only the exploratory item factor analysis will be presented since it is a
computationally more challenging scenario than the confirmatory analysis. That is, in the
confirmatory analysis, many of the item loading parameters (or discrimination parameters)
are constrained to 0 based on the pre-specified item factor loading structure. Hence, the
update equation for a (i.e., (IL.9) for the 2PL model and (I1.20) for the 3PL model) only
needs minimum updates to reflect the constraints specified in the factor loading structure.
In the exploratory analysis, we do not assume any constraint on the item discrimination pa-
rameter A. Instead, to ensure model identifiability, we fix 3¢ = I during the estimation. A
post-hoc rotation can then follow to rotate the factors and allow them to be correlated. The
best-known rotation methods available in most commercial software packages are varimax
(Kaiser, 1958) in orthogonal rotation or promax (Hendrickson & White, 1964) in oblique ro-
tation. Other popular methods include, for instance, the CF-Quartimax rotation (Browne,
2001). In the simulations studies, the promax rotation was used such that the factors were
allowed to be correlated. Both the M2PL and M3PL were considered in the simulation
studies. The number of dimensions was fixed at 3 and test length was fixed at 45.

Additionally, we compared the performance of GVEM to the joint maximum likelihood
(JML) estimator given that the JML estimator is also shown to be consistent under the
same high-dimensional setting presented in Theorem II.3 and efficient (Chen et al., 2019).
The JML estimator was computed using the default settings in the R package ‘mirtjml’
implemented by Chen et al. (2019). Since Chen et al. (2019) did not study M3PL, here we
only compared the performances for M2PL.

The manipulated conditions include: (i) multidimensional structure, i.e. between-item
multidimensionality and within-item multidimensionality; (ii) correlations among the latent
traits, and (iii) sample size. In particular, for the between-item multidimensional structure,

there were 15 items loaded onto each factor; whereas for the within-item multidimensional
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structure, about one third of the items were loaded onto one, two, and three factors respec-
tively. In all cases, item discrimination parameters were simulated from Unif(1,2) distri-
bution, and difficulty parameter b; was simulated from the standard normal distribution.
For the M3PL model, the true guessing parameters were fixed at 0.2 for all test items. The
latent traits 8; were generated from multivariate normal distribution, N(0,Yg), where ¥q is
a covariance matrix whose diagonal elements were 1 and the off-diagonals were drawn from
Uniform distribution. For the high correlation condition, the correlations were drawn from
Unif(0.5,0.7) and for the low correlation condition, they were drawn from Unif(0.1,0.3).
Sample size was set at either 200 or 500.

The convergence criterion for the GVEM algorithm is ||M,|l2 < 0.0001, where ||M,]|2
refers to the Ly norm of all model parameters. The number of Markov chain samples drawn
in the MHRM algorithm is by default 5000 in the R package ‘mirt’. Lastly, the JML method
adopts sequential change in log-likelihood as the convergence criterion and the tolerance of
convergence is by default 5 in the R package ‘mirtjml. 100 replications were conducted
for each condition. Evaluation criteria include the average bias, root mean squared error
(RMSE), and computation time of both methods. The parameter recovery for g is calcu-
lated by taking differences between each entries of the true ¥y and estimated 9. Both bias
and RMSE were obtained for each model parameter across all items within a condition first

and then averaged over 100 replications.

11.5.2 Results for the M2PL model

Figures II.1 and I1.2 compare the distributions of bias and RMSE of the model parameters
from the two methods under the four manipulated conditions for the between-item and
within-item M2PL model respectively. As shown, GVEM generally produces comparable or
more accurate model parameter estimates than MHRM 2 in all conditions for both between-

item and within-item models. With respect to the manipulated conditions, increasing sample

MHRM method is run by the R package ‘mirt’
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sizes helps reduce the RMSE and bias of the parameter estimates in both GVEM and MHRM.
Moreover, the RMSE and bias are generally higher when the correlations among factors are
higher. This may be because higher correlation introduce multicollinearity among factors,
making the parameter recovery more difficult (C. Wang & Nydick, 2015). Last but not least,
the parameter recovery from the between-item multidimensional model is better than the
parameter recovery from the within-item multidimensional model. This is not surprising
since the loading structure A is more complex in the within-item model. Figures I1.3 and
I1.4 compare the distribution of bias and RMSE of the model parameters from GVEM and
the JML method under the four manipulated conditions for the between-item and within-
item M2PL models respectively. We observe that GVEM produces much lower RMSE and
bias than the JML estimation under all conditions for both between-item and within-item
models. The performance of the JML estimator is especially worse in small sample and high
correlation settings and under more complex within-item multidimensionality structure. This
could be due to the fact that the JML estimator assumes 0;’s as fixed effects whereas GVEM
models them as random effects with multivariate Gaussian distributions which account for
the factor correlations. This result suggests that our proposed estimation method not only is
theoretically consistent but also performs better in practice particularly under these complex
simulation settings with correlated latent factors.

Figure 1.5 shows the average computation times in seconds for GVEM and MHRM
algorithms over 100 replications. To demonstrate a thorough comparison of the computation
time, additional simulation settings were added for Figure I1.5; three different sample sizes
(N = 200, 500, and 1000) and three different test dimensions (K = 3, 4, and 5) were
considered as the simulation settings, resulting in 9 conditions in total. Each column presents
the results for the between-item and withinin-item model respectively. Overall, GVEM
algorithm is computationally more efficient than MHRM in both low and high correlation
settings with varying sample sizes. The most reduction in computation time was observed in

between-item model with low correlation setting. Unsurprisingly, computation time increases
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for both methods when the number of dimensions increases or when sample sizes increase.
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Figure II.1: Parameter recovery of the between-item M2PL models from exploratory factor analysis
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35



RMSE

RMSE

%)
@
m

Bias

1.2-

R
== ) =T
0'0- 1 1 1 1 |- =
o5 az ok b 2
(a) N =200, Low Correlations
1.2-
0.8-
0.4- ‘ ‘ # —
= = = ol
O'O- 1 1 1 EI
O3 as O3 b Ze
(c) N =500, Low Correlations
0.75-
0.50- -
0.25- ‘ * *
000- & &t %ﬂ =
-0.25-
_0'50- 1 1 1 1 1
op Oy O3 b %o
(&) N = 200, Low Correlations
0.75-
0.50 -
0.25- * * *
000- & == em AN
-0.25-
-0.50-

1
oy O3 b 2

(c) N =500, Low Correlations

a;

RMSE

RMSE

0
@
m

Bias

1.2- T L
0.8- * .
04- be b= | se -
0'0- 1 1 1 1 E|
ay az ok b 29
(b) N = 200, High Correlations
1.2~
0.8- -1
= & = 1 W
0'0- 1 1 1 EI =I---
Oy az a3 b 24
(d) N =500, High Correlations

0.75=  =r - T

050- ! 5 '

0.25- . ‘ -

0.00- mm.!. &= | = %. .
~0.25- wh
_0'50- 1 1 1 1 1

op Oy O3 b %o
(b) N = 200, High Correlations

0.75-

050-  -1° L. -p-

025- &% M

0.00- = &' &= Eti_[_
-0.25-
-0.50-

1
ai a2 O3 b 2

(d) N =500, High Correlations

Methods B3 GVEM ¥ ML

Figure I1.3: Parameter recovery of the between-item M2PL models from exploratory factor analysis using GVEM
and Joint Maximum Likelihood (JML) estimator

36



4- 4- - ;
1 i :
w 3" w 3" i '
D) , . —— 2 ;. - .
0- - @ e - ] 1 0- == = -_— =* _:-I'E
0;1 0;2 0;3 kI) Zlg 0;1 0;2 0;3 kl) 2
(&) N = 200, Low Correlations (b) N = 200, High Correlations
4- 4= o -
w 3" w 3" :
< 2~ e —— S 2- 4
U z,. B W
0- -- i - - T R ) 0- - - * "I"
O(Il 0;2 0;3 kl) Zle O(I1 0;2 0;3 b Ze
(c) N =500, Low Correlations (d) N =500, High Correlations
3- -
B 2" st o 2
m 1- : — m
0- -. -l -. Eﬁ! - E* -—
-1- |- - |--- |- ) 1 1 - |--- 1 1
a; a; o3 b b2y O3 b 29
(a) N = 200, Low Correlations (b) N = 200, High Correlations
3- 3- T
R L g 2 r
m 1- . ' l m 1- ; )
0- == —. Eﬁé =i 0- - it ¥
-1- l- - I- = |- i 1 1 '
ay az O3 b 2 (11 3 b Ze
(c) N =500, Low Correlations (dN= 500, High Correlations

Methods B3 GVEM ¥ ML

Figure I1.4: Parameter recovery of the within-item M2PL models from exploratory factor analysis using GVEM
and Joint Maximum Likelihood (JML) estimator

37



(a) Between-item model (b) Within—item model

60 - -
X
) o
Q 5]
fQ 2
() ()
£ £
= =
2 S
g g
> =}
[oR Qo
1S g
o o
@) ]
200 400 600 800 1000 200 400 600 800 1000
Sample size (N) Sample size (N)
X
) 3
2 23
Q ()
£ £
= =
§=] 8
s IS
3 =
S S
o o
O @)

200 400 600 800 1000 200 400 600 800 1000

Sample size (N) Sample size (N)
K—3--4:.--5 Methods - GVEM - MHRM

Figure IL.5: Average computation time for (a) between-item model (first column) and (b) within-item model (second
column) with low correlation (first row) and high correlation (second row).

38



11.5.3 Results for the M3PL model

For the M3PL model, the sample size and forget rate for stochastically optimized 3PL
algorithm were chosen based on pilot testing of various sample sizes and forget rates. We
observed that using the whole data set for the initial estimation step helped a lot with
the estimation precision. Hence the forget rate was fixed at a small value so that the
information from entire data set in the first iteration was weighted more heavily in the
subsequest iterations (i.e. forget the information from entire data set slowly with small
forget rate). After the first iteration, only 5 data points were sampled at a time, resulting
in a huge reduction in computation time.

Figures I1.6 and 11.7 present the distributions of bias and RMSE of the model parameters
from the two methods under the four manipulated conditions for the between-item and
within-item M3PL model, respectively. During simulation studies, we observed that the
performance of MHRM was quite unstable and the model did not converge well in M3PL
under all manipulated conditions. Specifically, model did not converge in about 30 to 45% of
the total experiments in most conditions. In another 15 to 20% of the experiments, the model
converged but the estimates of the model parameters exploded to surprisingly high values,
which implies the instability of the parameter estimation. For MHRM method, we excluded
these results from the total of 100 experiments and reported only the values that seem more
meaningful. On the other hand, we report the results for all 100 experiments for the GVEM
method. Precisely, in Figure 1.6, 40 cases for (a), 41 for (b), 28 for (c), and 40 for (d) were
reported. In Figure I1.7, 48 cases for (a), 46 for (b), 54 for (c¢), and 47 for (d) were reported.
Note again that in both Figures, we report all 100 experiments for GVEM method because
they all converged successfully. Similarly as in the simulation studies for M2PL, increasing
sample sizes helps reduce the RMSE and bias of the parameter estimates in both GVEM
and MHRM. However, the RMSE for MHRM method is quite high with large variation

under most conditions. Overall, we observe that for varying sample sizes and correlations
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between latent traits, GVEM performs better than MHRM, even after excluding unstable
estimation results for MHRM. Given that the inclusion of guessing parameter poses model
estimation challenge is well-documented in literature (e.g, Lord, 1968; Thissen & Wainer,
1982; Yen, 1987), it is not too surprising to note the large proportion of non-converged
replications from MHRM. However, the stable performance of GVEM further reinforces its
promise as a robust alternative method to the current status-quo, in particular when guessing
parameter is included in the model. Also note that GVEM does not need much tuning for
good performance, hence it is more accessible to broader audience who may not have the

technical capacity to manually tune certain parameters, as may required by other algorithms.

I1.5.4 Estimating the Number of Dimensions

In this section, a separate simulation study was conducted to evaluate if AIC* and BIC*
could help identify the correct number of factors from data. The simulation design is the same
as illustrated in Section I1.5.1. The result is presented for different sample sizes and degrees
of correlation between latent traits. A total of 100 independent samples were generated
for each setting, and the proportion of replications in which the correct number of factors
identified by AIC* and BIC* were recorded.

Table I1.1 and Table I1.2 present the correct estimation rate of the number of dimensions
for M2PL and M3PL models respectively. As shown, increasing sample size help increase
the correct estimation rate. In addition, similar to the findings in the previous sections,
lower correlation is more preferable as it usually produced higher correct estimation rates.
There is only one exception, though, for the within-item M3PL model, in which both AIC*
and BIC™ performed better for the higher correlation scenario regardless of the sample size.
There is no appreciable difference between AIC* and BIC™* except a few cells in Table II.1:
AIC* performed better than BIC* for large ¥y with sample size of 200, whereas BIC*

performed better for small ¥y with sample size of 200.
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Figure I1.6: Parameter recovery of the between-item M3PL models from exploratory factor analysis. For MHRM,
(a) 40, (b) 41, (c) 28, (d) 40 cases of simulation results were reported due to convergence issue. For GVEM, all 100
cases were reported under all conditions.

41



2.0-
¥ FETR
] 15- 1 I 1 1
W - i wT b b
S10- G i A S1o- b ¢ L
0: == I_ -L. -L.
0.5- = = + ® 05- = & - E
0.0- 1 1 1 1 1 |- . 0.0- 1 1 1 1 1 :*
a1 az O3 b c 24 a1 az O3 b c P2
(a) N = 200, Low Correlations (b) N = 200, Low Correlations
2.0- 20-
w15 n T i |.u 1.5~ T
R ' . z Lo- & b EF
0.5- E‘ E- = L.i. 05- E* E‘ E
— b ——
0.0- 1 1 1 1 1 E| 0.0- 1 1 1 1 1 |..E.|
o5 a3 as b c P2 o5 az as b c P
(c) N =500, Low Correlations (d) N =500, High Correlations
1.0- LT 1.0- o
0.5- :r I I 0.5- i I 1
8 g0- L™ ‘ ‘ ‘ I e S 00- gt ‘
g g a3l N ! = e
o E i E - " & L= &
-05- o 05- ! E .
7 i
_1 O T 1 1 1 1 1 1 _1 O T 1 1 1 1 1 ! 1
Oq az O3 b c P2 Oq az O3 b c %,
(&) N = 200, Low Correlations (b) N =200, Low Correlations
1.0- 1.0-
0.5- 0.5- — =
N 1 -r ) -r
s ' s . e
By T T
_1'0- 1 1 1 1 1 1 _1'0- 1 1 1 1 |- 1
o az O3 b c b2 a1 oz O3 b c DI
(c) N =500, Low Correlations (d) N =500, High Correlations

Methods B GVEM M MHRM

Figure I1.7: Parameter recovery of the within-item M3PL models from exploratory factor analysis. (a) 48, (b) 46,
(c) 54, (d) 47 cases of simulation results were reported due to convergence issue. For GVEM, all 100 cases were
reported under all conditions.
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between-item | within-item
Correlation(Xy) | N | AIC* | BIC* | AIC* | BIC*
200 76 92 69 94
small 500 82 91 76 83
1000 88 93 79 85
200 59 25 69 58
large 500 66 41 82 81
1000 83 52 84 89

Table II.1: Simulation: correct estimation rate(%) in the M2PL model

between-item | within-item
Correlation(Xg) | N | AIC* | BIC* | AIC* | BIC*
200 47 47 63 63
small 500 83 87 93 93
1000 93 93 84 84
200 40 43 83 83
large 500 60 60 97 97
1000 73 73 97 97

Table II.2: Simulation: correct estimation rate(%) in the M3PL model

I1.6 Real Data Analysis

In this section, the GVEM and MHRM algorithms were used to conduct an exploratory
item factor analysis on the National Education Longitudinal Study of 1988 (NELS:88) data.
In this data set, a nationally representative sample of approximately 24,500 students were
tracked via multidimensional cognitive batteries from 8th to 12th grade (the first three stud-
ies) in years 1988, 1990, and 1992. In this study, we focused on the science and mathematics
test data where the multidimensional factorial structure has been previously investigated (e.g,
Kupermintz & Snow, 1997; Nussbaum, Hamilton, & Snow, 1997). For the science subject,
there are 25 items and four factors emerged from the data collected in 1988: “Elementary
science (ES)”, “Chemistry knowledge (CK)”, “Scientific reasoning (SR)” and “Reasoning
with knowledge (RK)” For the math subject, there are 40 items in 1988 and two factors
emerged, they are “Mathematical reasoning (MR)” and “Mathematical knowledge (MK)”.

We pooled together data from both domains, resulting in 65 items and a complete sample
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size of N=13,488. Because the factor structure was analyzed using normal theory factor
analysis more than two decades ago, we plan to reanalyze the data using the proposed new
methods. In addition, pooling together both math and science domains result in poten-
tially high dimensional data. First, both GVEM and MHRM were conducted assuming the
number of factors were 6. The focus is on the recovery of the correlation matrix ¥y and its
comparison between two methods. Since the exploratory item factor analysis was conducted,
in both GVEM and MHRM we assumed that ¥y = [ during GVEM estimation and later
performed the same promax rotation to estimate the correlation matrix So. Second, GVEM
was used to explore the dimension of latent traits from the data.

Table I1.3 shows the estimated >y from both methods assuming the number of factors is
6. The correlations in 3¢ from two algorithms look comparable although most values from
GVEM are slightly smaller than those from MHRM. The negative correlations on the last
row, especially, are similar between two correlation matrices. Please note that S is invariant
to the ordering of the latent traits (i.e., the factor labels are arbitrary), hence it is possible

to reduce the differences between two matrices by further reordering their columns in Table

I1.3.
GVEM MHRM
. 1l ]
622 1 549 1
566 208 1 607 432 1
472 112 426 1 635 532 682 1
489 869 424 248 1 697 478 740 544 1
—.767 —.388 —.701 —.512 —.595 1] | |-.607 —.497 —.602 —.525 —.592 1]

Table I1.3: Real Data: comparison of estimated f)g

To further explore the optimal number of factors from data, we applied the GVEM
algorithm with the information criteria for dimension selection. Figure II.8 presented the
results of latent dimension selection under M2PL and M3PL models. By fitting the M2PL

model to the data, the optimal dimensionality of the latent traits was estimated to be six by
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Model Comparison
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Figure II1.8: Real Data: Model Selection (BIC* for both M2PL and M3PL. AIC* shows the same trend).

both AIC* and BIC* as shown in Figure I1.8. This corresponds to the number of latent traits
identified in prior research. However, the dimensionality of the latent traits was estimated to
be five under the M3PL model. This result implies that some of the six latent traits may be
highly correlated under the M3PL model that they are merged. Comparing the information
criteria values across both M2PL and M3PL, it appears that AIC* and BIC* were smallest
for the M2PL model with six factors. Hence, our results further validate the number of
latent factors that could be extracted from the NELS:88 data. In addition, it suggests that
the guessing didn’t play a significant role in students’ performance on the math and science

cognitive test data.

I11.7 Discussions

Variational methods are first introduced in psychometrics by Rijmen and Jeon (2013) for
high dimensional IRT model with discrete latent traits, and later by Jeon et al (2017) in a

form of a variational maximization-maximization algorithm for GLMMs with crossed random
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effects. Although their findings demonstrate great promise of variational methods as they
apply in psychometrics, their methods are not ready for calibrating high-dimensional MIRT
models with correlated latent factors and guessing parameters. In this chapter, a new method
based on variational approximation is proposed for the parameter estimation in the M2PL
and M3PL models. Compared to the existing methods, it has the advantage of avoiding
the calculation of intractable log-likelihood by approximating the lower bound to the log-
likelihood. It also greatly reduces the computation complexity by deriving the closed-form
updates in the every EM step. Moreover, the efficiency of the algorithm is further improved
in the stochastic version. Simulation studies demonstrate that the proposed methods show
better performance in terms of parameter recovery and computation time in both M2PL and
MS3PL compared to the widely used MHRM method. Theoretical results are provided on
the convergence rate, which shows that the estimation error goes to 0 as both the sample
size and number of test items go to infinity. As byproducts of the GVEM algorithm, both
AIC* and BIC™ could be used to help identify the optimal number of latent factors from
data, as reflected by the simulation results.

Although the current simulation study and data analysis focused on the exploratory item
factor analysis, the GVEM algorithm can also be easily applied to the confirmatory item
factor analysis. In the latter case, the loading matrix A will have structural 0’s implying
that certain items are irrelevant to certain factors. Similar to the approach in Cai (2010b),
these user-defined restrictions can be incorporated in the estimation via linear constraints.
Reflecting in the GVEM algorithm, due to the closed-form solutions in the M-step, handling
the structural 0’s basically means multiplying A by a same size matrix of binary entries with
1’s indicating the corresponding element is estimable.

Taking one step further, the GVEM algorithm could be coupled with latent variable se-
lection (Sun, Chen, Liu, Ying, & Xin, 2016). Traditional approaches for identifying item
factor loading structure proceeds in two steps: (i) allowing all item factor loadings to be

freely estimated, and (ii) conducting a post-hoc rotation (Browne, 2001). While these ro-
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tation methods intend to produce a near-simple structure for the ease of interpretation,
an arbitrary cut-off for the rotated factor loadings is often needed. In contrast, the latent
variable selection avoids setting subjective cut-offs. The principle idea is to estimate the
non-zero elements in the A matrix. Specifically, a penalty will be added to elements in A
and when a factor is not associated with an item, the corresponding element in A will shrink
to 0. Hence, this is a one-step approach where model calibration and factor selection are
completed simultaneously. This idea was first proposed by Sun et al. (2016), but they still
used a traditional EM algorithm that can hardly be generalized to higher dimensions due to
the computation burden. The GVEM algorithm proposed in this study is a good candidate
for such one-step latent variable selection, and future studies could explore this direction.
Despite its computational efficiency and comparable estimation accuracy, GVEM does
not produce standard errors of the model parameters as a byproduct of the estimation pro-
cedure. However, one can derive standard errors of the model parameters similarly following
the existing works (Jamshidian & Jennrich, 2000). Relevant future research is needed on
exploring the accuracy and efficiency of the estimation of standard errors in the GVEM
framework. In addition, extending the GVEM framework to polytomous response models
would be of another interest for the future research as polytomous response models have a
wider range of applications including psychological and social science assessments with likert

scales.
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Appendix of Chapter 11

In this section, we present the derivations and proofs for the GVEM algorithms and
theorems. Appendix A and C illustrate the derivation of the GVEM algorithm for M2PL
and M3PL models, respectively. In Appendix B, we present the proof for the Proposition

I1.7. Finally in Appendix D, we prove the consistency result in Theorem II.3.

II.A Derivation of GVEM in the 2PL model

Here, we provide a step by step derivation of the GVEM algorithm in 2PL model. Especially,

EM steps are described in detail.

E-Step In E step, we evaluate the lower bound of the expected log-likelihood with respect
to the variational distributions ¢;(6;)’s. Recall that we can mathematically write the lower

bound as
N
E(A,B,£) = Z/ 1(Y:,0:,& | A, B) % ¢:(6:)d6;. (ILA.1)
=179

Our main interest is to evaluate the integral in (II.A.1) to derive a closed-form expression
of the variational lower bound, F(A, B,§). In each E step, we iteratively update the lower
bound until convergence.

The optimal variational density ¢;(6;) is chosen as a Gaussian distribution with mean
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and covariance determined by

4 1
o= Six Y {zn )b+ Yy — 2}(0@1 (ILA.2)
7=1
J
o= 423 (&) aa (ILA.3)
7j=1
Let q(t)(O ) =q(0; | A® Z,(gt), 3% ) denote the tth iteration’s variational density ¢;(6;)

with all recent updates of the model parameters (A®, B®), Eg 751 ) Also, let E denote

the expectation with respect to the distribution q-(t)

. (0;). Then, we can write the tth iteration’s

variational lower bound as

EO(A,B.&) = Y [ Uv,6.&] A B) x4 (6,6,
— Jo

i=1""
_ N | ebisi v TEOg b 1 . Tp
— Zz:uz:l Ogm+ ij(aj P [ i]— ]) 2( - [ ] 5”)

~n(EER[(b; — o 6:)] - £”}> *10?; Pl Z E 16, %,"6]
Note that the expectation Eéf) can be expressed with ul(-t) and Egt) since
EQ10] =" EQ1(b; — o] 0)°) = 0 200 i + ()T + (") ) e,
and

EL[075,°0, = EO[Tr(2,'0,6])] = Tr(5 EL10:6]]) = Tr(S5 (2 + (u) (1) T)).

)
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Therefore, by plugging in we have the following equivalent form.

N J 65” 1
EY(ABE) = X Z(log Ty T Yulem” —b)+ 50 —afu? - &)

—n(& )02 — 20;0] pu? + (@) T[2 + <u§>><u£t>>ﬂa§“—ﬁj})

N t t
+5 og|zel|—z STr(EG 50 + () () )
= 1
e 1 1 1
— 1 Y )b + (Vi — ol it — Z¢; .
P 1( Og 1_|_€§”) +<2 ]) ]+( J 2>aj luz 25»]

(g8 = 26,071 + a5 + (1) (1) ey, f”})

N
5 log|Zp"| - Z 21r(55 (20 + (1)) ). (IL.A4)

= 1

This gives a closed form expression of the expectation function E®(A, B,€), i.e the tth
iteration’s variational lower bound of the marginal likelihood. In every E step, we iteratively
update E®(A, B,€) (i.e. (ILA.4)) with all recently updated model parameters for ¢ > 1

steps.

M-Step In tth iteration’s M step, we maximize the E® (A, B, ) to estimate the param-
eters (A, B, ¢). This is achieved by setting the derivative of E® (A, B, €) with respect to
(A, B, €) to be zero.

First, consider the a;. Setting the derivative with respect to a; equal to zero, we have

OEY(A S t t t t
EUABE) 5y, - L)l)T + 2yl — 206 )50 + (1)) s =0
J =1

(t+1)

which implies that o is updated according to

-1 N

S [(v - 5+ 206 ) ()]

i=1 =1

1 N

oy = 5[ S n(6) = + (e () )T

(ILA.5)
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Similarly, set the derivative with respect to b; equal to zero and we have

OEY(A, B, §)
b,

N
1

= Z(i —Yi) — 2n(& ;)b + 2n(&i5) e ]Tﬂgt) 0

which implies that b§-t+1) is updated according to

S|4 = Yo) + 20(6)a) 1"
e =Y. 20(6) | A0

Setting the derivative with respect to §; ; equal to zero, we have

OEY (A, B 1 1
- <a§.’, S (1+efs) 2 W (EGEL (b — o 0] = €5} + 20(&i)1,
]

= 0 (EGEI(b; — ] 0,)°] = &}

This implies that 52-(?1) is updated according to the equation

2 = BY[(b; — o] 6,)% = 02 — 2b,e] i) + o] 2 + (1) (1d7) e (ILA.7)

l’]

When there is no constraint for X3, i.e., all parameters of ¥ are free, we set the derivative

with respect to X, to be 0 and we obtain

Nolog|Sy!| 1 & oTr(Sp B + (b)) (™)) N LShie® 0y, (04T
0 = — 1 [ 7 _ 72 1 Z
2 0%, 2; 0%, 5 0 ;[ i ) (),

which gives the update of ZSHI) as

m:ﬁiw%w&mﬂw (ILA8)

i=1

Hence, we update ¥g by (II.A.8) in confirmatory factor analysis. However, in exploratory

factor analysis we keep ¥g = I and ignore the step (I1.A.8). Note that if the ¥4 is assumed
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to be the correlation matrix with diagonals being 1, then we can standardize the estimated

Y9 to get correlation matrix.

II.B Proof of Proposition I1.7

Proposition I1.7 states that the hierarchical formulation of the 3PL model with new latent
variable Z;; is equivalent to the general IRT formulation of the 3PL model. This can be
proved by showing that the two approaches yield the same distribution, i.e. P(Y; | 0;, M,).

We first start from the hierarchical formulation of the 3PL model. The conditional

distribution of Yj; given Z;; and 8; can be equivalently written as

P(Yi; | Zij, 0i, o5, b)
( eXp(aJ«THi — b))
1+ exp(a]TGZ - bj)

1 1y, |7 1-Zy;
) IV = 1)

el
1+ exp(a]TOZ - bj)

Then, the joint distribution of a response Y;; and a latent variable Z;; is

P(Yij, Zij | 0i, o, b5, ¢5)

= P(Yy | Zij, 05, 05,b5)P(Zi; | ¢))
_ [( exp(a] 0; — b;) i 1 1Y
1+ exp(aj@l — bj) 1+ exp(a?@z — bj)

B [( exp(a;-rei — b)) 1

Zii

(1)

P

By summing the joint distribution over the domain of Z;;, we recover the general IRT

formulation of the 3PL model.

P(Yy | 65, 0,05, ;)
— Z P(Yyj, Zij | 6, a5, b5, ¢5)
Z;;=0,1
.
exp(a; 0; — b;)
1+ exp(a; 6; —b;)

1

= 1Y =D+ (1 =) 1+ expla 6 — b))
j0i = b

)" (
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Hence, the result of Proposition I1.7 allows us to use the hierarchical formulation of the 3PL
model instead of the general IRT formulation for the derivation of GVEM algorithm in the
case of M3PL.

II.C Derivation of GVEM in the 3PL model

In 3PL model, the EM steps are derived in the similar fashion as in 2PL model. We again

start with the derivation of the E step.

E-Step As in the M2PL model, we estimate the variational parameters first and then
compute the variational lower bound on the expected log-likelihood. As previously discussed
in Section I1.4.1, the choice of the optimal variational density for the first latent variable 6;

is a Gaussian distribution ¢;(6;) with mean and covariance determined by

4 1
pi = Tix ), {277 §ij)bj +Yij — 2}(1 — Yy +sYi) (e)) (IL.C.1)
j=1
J
Ei_l = -1 + 2 Z n &] —|— sinij)ajajT. (IICQ)
7j=1

The optimal variational density of the second latent variable Z;; is a Bernoulli distribution

1ij(Z;;) with the success probability s;; determined by

c;i 1+ ebid
S;jl — 1+ J +

1—¢; €S exp{ N }/;j(a;’rE‘h‘ [6:] —b;) +
j

1
S = 0 B8]~ &) — (&) {Eul(b; - o] 8% = €1} (1LC.Y
Let the tth iteration’s variational densities for the latent variables 8; and Z;; be denoted

as Qz(t)(0i> =q,(0; | A®, B C®, Eét), Sz(t)) and Tz(;’)(Zij) =r;j(Z; | AD, BY CO, Eé”,é”)

with all recent updates of the model parameters, respectively. Then, the tth iteration’s
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variational lower bound of the expected log-likelihood is

EY(A,B,C,¢): Z/ [Zm,ez,zl,mABC)xrt( Z)| x ¢”(6,)d6;.(1L.C.4)

where rgt)(ZZ-) =T1_ r(t-)(Zij).

Jj=1"1j

With the variational parameters discussed above (i.e. (IL.C.1), (IL.C.2), (II.C.3)), we
can derive a closed form expression of the variational lower bound. Consistent with the

previously defined notations, Eﬁt) denotes the expectation with respect to the variational

distribution rg)’s. Now we evaluate the integrals in expectation function E® (A, B, C,€)

bl

with respect to ¢;(0;)’s and r;;(Z;;)’s.

(t) (A7 B7 C7 €>
STICIRS 0 ek T
= D B> (1 =Yy + EV[Z;]Yy)| log At Yij(o; 0; — b;)
i=1 j=1

L= a0~ ) (€ (b — o]0 - m) +

SV, (1= BLZy]) log (Y = 1) + log 6(6,) + 3" £ 1ogp<zm>1]

Jj=1 =
N Eij
i 1 0y 1
— 1-Y;; SV [ log ——— S V(b — ( y
;;( ]+8] ])( Og (1—’—66%]) +<2 .7)( J,LL ) 257]

—n(& )62 — 2ba] 1 + () T[EY + (1) (1) e — éij})

+3 STV (1 = si) log I(Yy; = 1) + Elogmew—z “Tr(Z 20 + (1) (™))

i=1 =1 =2
N J

+ D A =Yy + s;Yig)log(1 — ¢;) + Yis(1 = s5)log(c;) }, (I1.C.5)
i=1j=1

since E,[Z;;] = s;; for the Bernoulli distribution r;;. The equation (II.C.5) is the closed form

expression of the tth iteration’s variational lower bound E®(A, B, C, €).

M-Step As in 2PL case, in tth iteration’s M step we maximize the E®(A, B,C, &) to

update the model parameters (A, B, C,&). This is again achieved by setting the derivative
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of EW(A, B, C,¢§) with respect to (A, B,C, &) to be zero.

For a;, setting the derivative with respect to a; equal to zero, we have

OEY(A,B,C N 1
(4.B,C.8) _ S(1—Y,+ sin;j)(Yij -5+ zbjn(&,j))(u?)f

=1

8aj

— (&) (1 — Yij + 55 [ + (1) (1) e = 0.

(t+1
j

This implies that ) is updated by

il -
oy = 3| 0= Yy + V(€)= + () ()] x
i=1
1 ONT
(1= Y+ ) (Y = 5+ 2006 ) ()| (1.C.6)
i=1
Similarly for b;, the derivative of the variational lower bound with respect to b; is
8E(t)(A,B,C,£) ol 1 T (%)
2. = (1 =Yy +s;5Yy) {(5 —Yi) = 20(&5)b; + 2n(& ) ] =0
j i=1

Setting it equal to 0, we obtain the updating equation for b§t+1) as

) SN (1 =Y+ s45Y5) [@ — Vi) + 277(&,1)0}#?)} e
a SN 2(1 = Y+ siYi5)n(&iy) ' o

Finally for a guessing parameter c;, we again take derivate of E® (A, B, C, €) with respect

to ¢; and set it equal to zero.

ED(A, B al -1 !
OE"Y(A,B,C.§) Z[(l—Y2j+8zﬁ/¢j)17+ygj(1_sij)f]:0'

dc; i=1 G €

This implies that c§-t+1) is updated according to

! (1 =Y+ s5Y5) + X8, (Y — s5Y5) N
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Following the same procedure, it is easy to check that & and ¥4 are updated with the same
updating rule as in 2PL model (i.e. (II.11), (II.A.8)). Hence this completes the derivation
of the M step for the 3PL model. In every M step, we iteratively update the tth iteration’s

estimate of the model parameters by (I1.11), (IL.A.8), (I.C.6), (II.C.7), and (II.C.8) until

convergence, for t > 1 steps.

II.D Proof of Theorem I1.3

In this section, we provide theoretical bounds on the estimation of the model parameters.
We follow the proof of Theorem 1 in Davenport et al. (2014) and Theorem 1 in Chen et al.
(2019). Define a matrix M = [M;;] = [a] 0; — b;] and define f(z) to be a logistic sigmoid
function. For simplicity, we use the notation 3=,;; = Zf\il Z}'le for the following proof. Then

the variational lower bound to the marginal log-likelihood is as follows.

N
Le(M) = Y [ log P(Y;,6,|A, B)q,(6,)46,

exp(al@; — b))

N J b,
B ;/H [;Yij IOg(l + exp(a] 6; — bj))
) + log ¢(0i>1 q:(0;)do;

1-Y;)1

N eXp(ajTOi —b;)

i=1j=1

HI=Y)B, ot )| + 2 loz0(0)

= Z B[ Jou(f (Myy)) | + (1= Yij) By [ log(1 — f(My))| + 37 By [log (6

where E,, denotes the expectation with respect to the distribution function ¢;(6;).

Define Lg(M) = Lg(M) — Lg(0) where 0 is a zero matrix with the same dimension as
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M. Then,

f(M;;)
f(0)

Lg(M) = ZKquillog ]+(1_Y;j)Eqi[10g1—f(Mi,)].

1—f(0)

By the Mean Value Theorem of integrals, we can express E[log f(M;;)] = log f(M;;) and
B, [log(1 — f(M;;))] = log(1 — f(M;;)) for some M;; and M;;. Since we only observe either

Yi; = 0 or 1 for each data point, we then can rewrite Lg(M) as

o) = £, 20] 1y g L)
= 2 Ty [log f;%i)j)l +2_Tiv,=0) [log m]
= L, (M) + Ly (M), (ILD.1)

Define G = {M € RN*/ . |M||. < CVKNJ} C RV for C > 0, where || M]||. is defined

as a nuclear norm of a matrix M. Define

Il e

which is the set that satisfies the boundedness assumption (A1l). As shown in Chen et al.
(2019), if M € H then M € G since

| M|, < VNJy/rank(M)|| M|l < CVENJ.

Note that rank(M) = K in this proof as we assume that the number of latent traits K is fixed

and known. For the following proof, we define C, = COC’\/F\/NJ(N +J)+ NJlog(NJ)
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with an absolute constant Cy for simplicity. Hence we have

B, s [Le0n) - B0 > )

MeH,p;,%;

< B _sw [En ()~ BlLa (1) + La (1) - ElL (0] > )

MeH,McH

< B sup [£o0) - BILeO)] > ) (1D

where the first inequality follows from (I1.D.1). The last expression in (I1.D.2) satisfies
conditions of Lemma A.1 of Davenport et al. (2014). Hence, we achieve the following result

in lemma 11.9 for GVEM.

Lemma I1.9. For absolute constants Coy and C1,

IP’( sup  |Lg(M) — E[Lp(M)]| > CoCVE\NJ(N +J) + NJlog(NJ)> < G
MEH u;, % N+J

We can show with slight modification to page 210 of Davenport et al. (2014) that for any
choice of M and M’ € H ,

E[Lp(M")] — E[Lp(M))]

= E[Lp(M') - Lg(M))]

I S - )

- Tr0tE, [bg (f <M5f>>] +(1— f(My))E, [log (HEM)N

f(M;;)

= —NJEJ[D(f(M)||f(M))] (ILD.3)

where D(P||Q) = 55 >ij KL(P;||Qi;) for P,Q € [0,1]¥*/ is the KL divergence defined on
the matrices of scalar inputs P;;, Q;; € [0, 1] for all ¢, j as defined in Davenport et al. (2014).

Now, define Lg(M) = Lg| jiApy, Which is estimated lower bound evaluated at the
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estimates from GVEM. It can be written as

o) = ¥ os (L0 ) | (- i) o ()

= %:Yij% llog (Wﬂ +(1-Yy)Ey, [log ( ﬂaiﬂ%) >>]

Then, we have

A A — —

= E[Lp(M) — Lg(M)] + Lg(N) — E[Lg(N)] — (Lg(M) — E[Lg(M)])

< EBlLp(N) = Lp(M)] + 2 swp Le(M) - E[EE(M)H

= NI E[D MO0 +2 sup  [Le(M) = E[Lp(M)]|  (ILD4)

H,pi %

where (I1.D.4) follows from (ILD.3). Since the estimates M from GVEM should satisfy

Lg(M) > Lg(M*) for the true parameter matrix M* € H,

~NJE[D(f(M")||f(M))] +2 sup |Lp(M) — B[Lp(M)]| > 0. (ILD.5)

MeH,p;,%;

N+J

sup |Lp(M) — E[Lp(M)]| < CoCVE\NJ(N +.J)+ NJlog(N +J). (ILD.6)

MeH, p; %5

Combining (I1.D.5) and (I1.D.6),

ED( (M) £ (1) < 2000“— 200V N ) v log(N £ ). (1LD.7)

Note that the KL divergence can be bounded below by the Hellinger distance; d%(p, q) <

59



D(pl|q). Using this fact with Lemma A.2 from Davenport et al. (2014), we have for C' > 0

8(1 + e“)?

1A = 1|3 < SN x D(F(M) () < 326N x D(F(M)]|£(N1)).(ILD.8)

From (I.D.7) and (I1.D.8),

1

N+J logN—i-J)
NJ .

N+J

E[||M* — M|[2] < 64eCCoCVE \/ (ILD.9)

This completes the proof of Theorem II.3.
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ChapterlIII

Regularized Variational Estimation

for MIRT

II1.1 Introduction

In large-scale educational and psychological tests, dichotomouse or polytomouse responses
are often collected to investigate respondents’ underlying latent abilities or traits. It is
not uncommon that a single test is designed to examine multiple latent abilities at the
same time. Multidimensional Item Response Theory (MIRT) is useful in this scenario as
it models multiple latent abilities simultaneously to account for different mixtures of the
abilities required by each test item. The MIRT models contain two or more parameters to
describe the interaction between the latent traits and the responses to test items (Reckase,
2009). In this chapter, we focus on the logistic model with dichotomous responses but the
proposed method can be adapted for other types of responses as well. In the multidimensional
2-Parameter Logistic (M2PL) model, the item response function of the ith individual to the

Jth item is modeled by

exp(a] 0; — b;)
PY,;=1]6;,) = 1 I1.1
( J ’ ) 1+ exp(aIOz — bj)7 ( )
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where there are N subjects who respond to J test items independently with binary response

variables Y;;

i, fore=1,...,Nand j =1,...,J. o denotes a K-dimensional vector of item

discrimination parameters for the jth item and b; denotes the corresponding item difficulty
parameter. 6; denotes the K-dimensional vector of latent ability for student i. For the
multidimensional 3-Parameter Logistic (M3PL) model, there is an additional parameter c;,
which denotes the guessing probability of the jth test item. The item response function is

expressed as
exp(a; 0; — b;)
14 eXp(ajTHl - b]) .

P(Y; =1]6)=c;+(1—¢) (111.2)

The maximum likelihood estimators of the model parameters are then obtained from max-
imizing the log-likelihood function. However, due to the latent variable structure in MIRT,
maximizing the log-likelihood function involves a K dimensional integrals that are usually
intractable where K is the dimension of latent factor. In the literature, direct numerical
approximation to the integrals have been proposed, such as the Gauss-Hermite quadrature
(Bock & Aitkin, 1981) and the Laplace approximation (Lindstrom & Bates, 1988; Tierney
& Kadane, 1986; Wolfinger & O’connell, 1993). However, the Gauss—Hermite quadrature
approximation is known to become computationally demanding in the high-dimensional set-
ting, which happens in MIRT especially when the dimension of latent traits increases. The
Laplace approximation, though computationally efficient, could become less accurate when
the dimension increases or when the likelihood function is in skewed shape. Other numerical
approximation methods based on Monte Carlo simulations have also been developed in the
literature, such as the Monte Carlo expectation-maximization (McCulloch, 1997), stochastic
expectation-maximization (von Davier & Sinharay, 2010), and Metropolis-Hastings Robbins-
Monro algorithms (Cai, 2010b, 2010a). These methods usually depends on sampling data
points from a posterior distribution and would be computationally involving. More recently,
variational approximation to the integrals has been proposed, such as Gausssian Variational
EM (GVEM) (Cho, Zhang, Wang, & Xu, 2020). GVEM adopts a variational lower bound

of the intractable likelihood for the Expectation-Maximization procedure. This allows us to
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derive closed-form updates in the iterative EM steps, which makes the algorithm computa-
tionally efficient. Even when iterative parameter estimation under the GVEM framework
get computationally intensive as both the number of subject N and number of test item J
grows, we can stochastically optimize the variational estimation to reduce the computational
burden. The advantage of having simple closed-form updates and stochastic optimization
combined, the GVEM estimation can be computationally efficient in high dimensional MIRT
models. Additionally, it was shown that GVEM works well in complex M3PL models com-
pared to the existing methods. Hence variational approximated based method seems like a
good alternative to the existing methods that uses direct numerical approximations to the
integrals.

One of the primary goal in MIRT is to investigate a relationship between test items and
multiple latent traits, a.k.a. a test structure or a factor loading structure. It shows a set
of latent traits associated with each test item. Traditionally, identifying the factor loading
structure proceeds in two steps. First, all item factor loadings are allowed to be freely
estimated, and then a post-hoc rotation is conducted (Browne, 2001). While these rotation
methods intend to produce a near-simple structure, an arbitrary cut-off for the rotated factor
loadings is often needed to achieve a simple enough structure for interpretability. Instead,
recent work has formulated the problem of estimating a test structure in MIRT as a latent
variable selection problem (Sun et al., 2016). That is, for each test item, a set of latent
traits influencing the distribution of the responses has been selected by the Li-regularized
regression. The basic idea is to penalize the factor loadings towards zero if the corresponding
latent traits are not associated with a test item. This leads to correctly estimating an optimal
non-zero factor loading structure, instead of setting subjective cut-offs. This approach also
has the advantage over the model selection methods based on information criterion in terms
of the computational cost as it simultaneously performs model estimation and selection of
the sparse test structure. However, the computation is still quite challenging in MIRT model

due to its intractable likelihood function. For parameter estimation, Sun et al. (2016) uses
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direct numerical approximation of the likelihood in the iterative EM procedure, which can
be computationally inefficient especially in high dimensions. Specifically, they showed that
the computation time for the latent variable selection is 30 minutes for the first penalization
parameter A and additional 10 minutes for the subsequent As. Considering that multiple As
have to be used for the latent variable selection via regularization, it can take a few hours
to estimate a test structure for a single dataset in high dimensions. Also, they could not
tackle the challenging estimation problem in multidimensional 3-Parameter Logistic (M3PL)
model. Hence, it is of our interest to develop computationally efficient estimation method
for the item-trait structure that is flexible enough to work well in both M2PL and M3PL
and in high dimensions.

In this chapter, we propose to apply the Gaussian Variational EM (GVEM) to facilitate
the estimation of the item-trait relationship in MIRT. GVEM was proposed as a flexible
and efficient estimation algorithm for the parameter estimation in MIRT models. It avoids
direct calculation of the intractable likelihood function by approximating the variational
lower bound to the likelihood. This leads to closed-form updates in the iterative EM algo-
rithm, which greatly reduces the computational complexity. Moreover, the GVEM can be
stochastically optimized to future improve the efficiency of the algorithm. We will apply
these aspects of the GVEM to develop a flexible estimation algorithm of the item-trait re-
lationship that extends well to more challenging scenarios involving complex M3PL model
and high dimensional data. The performance of the proposed algorithm is thorougly studied
with simulation studies.

The rest of the chapter is organized as follows. Section III.2 introduces a framework of
the Gaussian Variational method in MIRT models. In Section I11.3, we presents the general
regularized variational algorithm. Section II1.4 and section IIL.5 illustrate the performance
of the proposed method with simulation studies and on real data, respectively. The chapter
is concluded with Section III.6 to discuss future studies. Supplementary Material includes

the detailed mathematical derivations of the estimation procedures presented in Section I11.3
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and additional results for the real data analysis.

II1.2 Variational Estimation for MIRT

In this section, we will briefly illustrate the key idea of variational approximation discussed
in Cho et al. (2020). We will provide general idea under M3PL model but it can be easily
simplied to M2PL model. For conciseness, let us denote the model parameters for the MIRT
models in Eqn (II.2) by A = {ej,j =1,...,J}, B={b;,j=1,...,J},and C = {¢;,j =
1,...,J}. Also, denote the responses Y ={Y;,i =1,..., N} where Y; = {Y};,7=1,...,J}
is the ith subject’s response vector. Given the typical local independence assumption in IRT,

the marginal log-likelihood of A, B, and C' in M3PL model given the responses Y is

N N J
i=1 Jj=1

=1

where N is the total number of respondents and J is the total number of items in the test.
Similarly this holds for M2PL model with model parameters A and B. Here, ¢ denotes the
K-dimensional Gaussian distribution of 8 with mean 0 and covariance Y. The maximum
likelihood estimators of the model parameters are then obtained from maximizing the log-
likelihood function, which is often intractable under MIRT. Hence we obtain variational
approximation of (IIL.3) as follows. Further denote all model parameters as M, to be general.

Then the log-likelihood function [(M,;Y) can be equivalently rewritten as

N
(M, Y) = Z/e_ log P(Y; | M,) x q;(8:)d6;,
i=1"""
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for any arbitrary probability density function ¢; satisfying [, ¢:;(0;)d6; = 1. Since P(Y; |

M,) = P(Y;,0; | M,)/P(0;|Y;, M,), then we can further write
Z(M Y) — i lo w X (Q)dg
P - — Oi g P(gl | }/’”Mp) Qz 1 7
. P(Y;, 0: | My)qi(6:)
= log — P i(0;)d0;
( )

where K L{q;(6;)||P(0; | Yi, M)} = [y, log #% X q;(0;)d0; is the Kullback-Leibler (KL)
distance between the distributions ¢;(6;) and P(6; | Y;, M,). The KL distance K L{q;(6;)|P(; |
Y;, M,)} > 0 with the equality holds if and only if ¢;(8;) = P(0; | Yi, M,). Therefore, we

have a lower bound of the marginal likelihood as

N P(Y;,0; | M)
I(M,;Y) > log ———— P2

N N
i—170i i—1 /0

and the equality holds when ¢;(6;) = P(6; | Y;, M,) for i« = 1,...,N. With the optimal
choice of the variational densities ¢;’s, one can derive a closed-form variational lowerbound
as close as possible to the intractable log-likelihood. As a result, all parameter updates in

EM procedure is done in closed-form, which makes the estimation computationally efficient.

I1I.3 Regularized Estimation of Test Structure

In this chapter, our main interest is to estimate a sparse test structure, denoted as Q@ A = (g«
where ¢, = I(a;, # 0). We follow the approach of formulating this as a latent variable
selection problem in MIRT as presented in Sun et al. (2016). That is, we formulate the

problem of estimating sparse test structure as a latent variable selection problem and solve

66



it using the idea of regularized regression via L;-type penalization. Our main contribution
is to apply variational approach to avoid directly calculating intractable log-likelihood in
MIRT models in solving the regularization problem.

Although Lasso regularization is a popular technique for simultaneous model estima-
tion and efficient variable selection, there has been some arguments against the lasso oracle
statement. For instance, Zou (2006) argued that there exist nontrivial conditions for the
lasso variable selection to be consistent and thus Lasso rarely enjoys oracle properties. Al-
though the computational efficiency of Lasso is appealing for the estimation problems in
high-dimensional MIRT models, the bias of the Lasso may prevent consistent variable se-
lection and model estimation. On the other hand, Adaptive Lasso is shown to enjoy oracle
properties if the regularization parameters are chosen to be data-dependent (Zou, 2006).
Since it is a convex optimization problem, its global optimizer can be efficiently solved. Ad-
ditionally Adaptive Lasso is a simple extension of Lasso, which makes it easy to implement
with the existing algorithm for the lasso and is computationally efficient as well. Hence,
Adaptive Lasso is a good candidate as a penalization method for the latent variable selec-
tion problem in MIRT. In this chapter we focucs on regularized estimation via adaptive
lasso penalization and compare its performance with Lasso. Simulation studies confirms
that Adaptive Lasso is computationally efficient and also estimates model parameters more
accurately than Lasso penalization under various conditions. See Section III.4 for more
detail.

Specifically for parameter estimation, we solve the following optimization problem;

K
(Ax, By, Cy) = argmazp B ¢l(A,B,CY) — A D> Wl (I1L.5)
j=1k=1
where W5, = ﬁ In the adaptive lasso penalization, we use adaptive penalization weights
J
for each parameter i, instead of a constant penalization parameter, A. The penalization
weight for aji, is M, = %W for some v > 0. Thus, a;, < 1 will get penalized more than

l&;
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the bigger values such as «a;;, > 1. The weight is chosen to be dependent on data to satisty
the regulatory conditions discussed in Zou (2006).

To choose the constant sparsity parameter A, we apply three different information criteria;
AIC, BIC and GIC. We estimate the information criteria by substituting the log-likelihood
with the variational lower bound from GVEM algorithm. The sparsity parameter that

minimizes these information criteria will be chosen as optimal.

AIC™ = maxq,=q-»2(||Allo + [[Blo + ||Cllo) — 2E(A, B, C,§)
BIC™ = mazq,=q-pin(N)([[Allo + [[Bllo + [[Cll0) — 2E(A, B, C, )

GIC™ = mazq,=q-pln(In(N))(|[Allo + [[Bllo + [[Cllo) — 2E(A, B, C, )

where [|Allo = X2, I (i, # 0) denotes the Ly norm of matrix A.

To ensure identifiability, we impose certain constraints on the a K x K sub-matrix of () 4.
For the remaining part of the A matrix, we don’t assume any pre-specified zero structure and
instead the appropriate penalization was imposed to shrink «;’s to recover the true zero
structure, 0%. The Xy is considered unknown throughout the estimation, thus it requires
the estimation during GVEM steps. Below we describe two different constraints on A matrix
which satisfy the identifiability conditions. Due to more flexible constraint in constraint 2, it
is more challenging simulation setting than constraint 1. We will compare the performance

between two constraint settings in the simulation study.

Constraint 1 To ensure identifiability, we designate one item for each latent factor and
this item is associated with only that factor. That is, we set a K x K sub-matrix of Q4 to

be identity matrix, /. The ¥4 is unknown and thus estimated.

Constraint 2 Instead of setting off-diagonals of a K x K sub-matrix of ()4 to be zero, we
keep the sub-matrix of ()4 to be a triangular matrix. That is, there are test items associated

with each factor for sure and they may be associated with other factors as well. Nonzero
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entries except for the diagonal entries of ()4 are penalized during the estimation procedure.
Although this constraint is much weaker than the Constraint 1, it still ensures model iden-

tifiability. (Sun et al., 2016)

The parameter estimation for M3PL in practice often gets more challenging due to the
increased number of parameters to estimate and complex model design. To tackle this
challenge and improve the accuracy of the parameter estimation in M3PL, we allow to impose
additional constraints on the model parameters, B = {b;;j = 1,...,J} and C = {¢;;j =
1,...,J} in addition to the parameter matrix A. Specifically for parameter estimation, we
solve the following optimization problem where P,(-) denotes a penalty function on each

model parameter;

A

(A, By, C)) = argmazp g.c (A, B,C;Y) — Po(A) + PA(B) + PA(C) (I11.6)

where Py(A) = M|Al[1 = AX7_, S0, @jlagil, PA(B) = 7, log N (bj |, 07 ), and Py(C) =
le log Beta(cj|ae, B.) for some distribution parameters pi,07, a., and .. These penalty
functions were chosen to satisfy the ranges of values on which the parameters are defined.
For instance, since the guessing parameters C naturally satisfy the constraint {0 < ¢; <
1;7=1,...,J} as they are defined as probabilities of guessing, we can assume the distribu-
tion of ¢; ~ Beta(a., f.). The penalty on b; and ¢; are essentially a Lo-type and Laplace
penalization, respectively. By imposing these additional penalties on model parameters B
and C, the number of variational parameters to estimate during iterative EM update greatly
decreases, leading to better estimation results especially in high dimensional M3PL models.
The approach of imposing additional penalty on model parameters with the chosen dis-
tributions is similar to the Bayes Modal estimation presented by Tierney and Kadane (1986).
That is, an augmented optimization objective is employed that includes the likelihood and

some prior beliefs on the item parameters. These priors can be used to prevent deviant
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parameter estimates and help the algorithm to produce more accurate estimation in com-
plex M3PL models. Essentially, Bayes Modal estimation can be seen as a regularization on
maximum likelihood estimation where maximum likelihood estimation is a special case of
Bayes Model estimation that assumes uniform prior distributions.

The amount of penalization can be flexibly controlled using the distribution parameters.
For instance, one can use non-informative priors on C such as Beta(1, 1), which is equivalent
to flat uniform distribution on [0, 1]. Additionally, one can similarly choose non-informative
normal prior with high variance o}, for B. This suggests that although additional penalization
functions are added, the algorithm also allow the flexible estimation with essentially no
penalty with the choice of non-informative distributions. The advantage of this is that
practitioners can adjust the amount of prior knowledge they would like to impose on the
model. The less prior knowledge one uses, the more flexible the estimation is and the results
will be based more on the observed data. With these prior-like penalties, our algorithm
more accurately estimates the parameters in M3PL and also is computationally efficient by

reducing the number of parameters to estimate.

I11.3.1 Computation via GVEM

To update A matrix, we use coordinate descent algorithm developed by Friedman et al.
(2010). The general estimation procedure as follows; The regularization parameter is chosen
as follows: For each \ we first obtain the estimate (Ay, By, C) via (IIL6). Then we obtain
from a zero structure, Q) matrix from A,. We fit a MIRT model with Q) as zero structure
for A using GVEM algorithm without penalty. Hence, the final estimate A satisfies Q(fl) =
Q)\. We compute the information criteria using estimates from a MIRT model without
penalization. The regularization parameter is chosen to be the one admitting the smallest
information criterion values.

For each item j, there are one difficulty parameter b; and K discrimination parameters c;.

The coordinate descent algorithm update each of the K + 1 variables iteratively according
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to the following updating rule. See appendix for detailed derivation of the updating rule.

Define a function S to be a soft threshold operator such that S(d, A) = sign(d)(|6] — A4
we update model parameters b; and ¢; following (II1.7) and (IIL.8), respectively. For

M3PL, we penalize a;’s with adaptive lasso penalty as well. Then &, is updated according

to the (II11.9). See Appendix for the detailed derivation.

:
oy T Yy + 5 Yy) [5 = Vi + 20(s)0 ] + 2 (IT1.7)
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where \ is the sparsity parameter of choice.
The detailed algorithm of the regularized estimation of the test structure via Adaptive

Lasso penalization is illustrated below in Algorithm 3.

Algorithm 3 Regularization with Adaptive Lasso Penalization
1: Set a range of \. Choose v > 0.
2: Initialize model parameters Ay, By, X such that the identifiability condition holds.
3: Run confirmatory factor analysis (CFA) to obtain A, := [éx]sxx
4: for each A starting from smallest do
5
6

Set the adaptive penalization weights, " ( e for j = ,Jand k=1,... K.
Update A according to (II1.9) using the adaptive Welght as a sparsity parameter.

Update B, C according to (II1.7), (II1.8). Update 3y as in regular GVEM estimation.

Estimate AjC’*, BjC'*, and GTC" with recent updates.
Set A,\,B \ as the initial values for next step.
9: end for
10: Find A* that minimizes the information criteria. Calculate the correct estimation rate

of A)\*.
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Remark III.1. Here, we present the Algorithm 4 that summarizes the detailed reqularized
estimation procedure with Lasso reqularization. It is to illustrate the slight difference between
Lasso and Adaptive Lasso penalization approaches. After reqularization, we re-estimate pa-
rameters in the Algorithm 4 step 7 to correct for the biased estimation of Lasso. Although
this re-estimation might help correct the biasedness, it does not quarantee the consistent es-
timation after all. In addition, Lasso estimation requires more computation time due to this
additional step. However, this difference in the estimation procedure is minor and we can
easily check that the Adaptive Lasso is a simple extension of Lasso. Hence, it is easy to

implement the adaptive lasso penalization using the existing numerical algorithms for Lasso.

Algorithm 4 Regularization with Lasso Penalization
1: Set a range of \.
2: Initialize model parameters Ay, By, o such that the identifiability condition holds.
3: for each A starting from smallest do
4.  Update A, B, C according to (II1.9), (IIL.7), (II1.8). Update g as in regular GVEM
estimation.
5. Re-estimate A, B, and Xy according to confirmatory factor analysis with most recent
updates (i.e. Ay, B%) as initial values.
With re-estimated A, B, and Y4, estimate AjC’*, BjC*, and GI1C”.
Set A,\,E \ as the initial values for next step.
end for

Find \* that minimizes the information criteria. Calculate the correct estimation rate
of A)\* .

Remark II1.2. In addition to our choice of Adaptive Lasso for P\(A) in Eqn (111.6), there
are generally other methods of penalizations. For instance, Fan and Li (2001) showed that the
Lasso penalization problem is suboptimal to their proposed method called smoothly clipped ab-
solute deviation (SCAD) penalty as Lasso produces biased estimates for the large coefficients.
They showed that the SCAD penalization enjoys asymptotic normality and oracle properties
with proper choice of reqularization parameters. Due to its solid theoretical properties, SCAD
has been widely applied in variable selection problems (T. Wang, Xu, & Zhu, 2012; Liu, Yao,
€ Li, 2016; Breheny & Huang, 2011). Additionally, Minimax Concave Penalty (MCP) has
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been presented as a fast, continuous and nearly unbiased method of penalization and hence
claimed to be a good alternative to Lasso (C. H. Zhang, 2010). Truncated lasso is also
another popular penalization method; however penalty function for these methods are non-
convex and it makes local solutions to be nonunique in general. The nonconvexr optimization
problem is computationally challenging to solve as well. On the other hand, Adaptive Lasso
is a convex problem and it is also computationally efficient, which makes it a good candidate
for reqularization problem under complex MIRT models. Hence, we chose Adaptive Lasso for

solving our reqularized problem.

II1.4 Simulation Study

II1.4.1 Design

We present the simulation results for M2PL and M3PL models from 50 independent samples
generated with number of subjects N = 2000, the dimension of test structure K = 3, and
the test length J = 45. For the between-item multidimensional structure, there were 15
items loaded onto each factor with loading values set to 1, 1.5, 2 respectively for each factor.
For the within-item multidimensional structure, about 60% of the items are loaded onto
one factor, about 25% are loaded onto two factors and the rest are loaded onto all three
factors so that the data contains some single-, double- and triple-attribute test items. Their
loading values are randomly drawn from Unif(1,2). For both models, the latent traits 8 are
simulated from MV N(0,Xy) with variance 1 and a common inter-factor correlation p = 0.1.
The difficulty parameters b} are set to zeros. Additionally in M3PL, we fixed true c¢* to
be 0.15 for all j’s and ¢q’s were initialized from Unif[0.05,0.3]. For prior-penalty, we used
Beta(a, B) = Beta(2,5) for both ¢; and d; so that the mode is around 0.2. For b;’s, we used
N(up,08) = N(0,1). The model parameters are estimated with tuning parameter A chosen
by the information criteria, which will be compared in terms of their estimation accuracy in

the simulation.
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As the main objective of this section is to estimate relationship between test items and
latent traits, we use the correct estimation rate of A matrix (eq. (II1.10)). It measures how
well the sparsity of the A matrix is estimated by the regularized estimation. Notice that we
only calculate correct rate for entries excluding the first K by K sub-matrix since we fix this

part to have identity matrix as a zero structure to ensure identifiability.

1 A
CR= o m 7K K+1§j§1§kSKI (Qjr = Q%) (111.10)
We also compare the performance of Lasso and Adaptive Lasso penalization using two mea-
sures; sensitivity and specificity. In the context of our project, sensitivity is the probability
of correctly identifying nonzero entries among true nonzero entries. Specificity is the proba-
bility of correctly identifying zero entries among true zero entries. In other words, sensitivity
measures the true negative while specificity illustrates the true positive rate. Naturally, a

test with both high sensitivity and high specificity is desired, although there is always a

trade-off.

I11.4.2 Simulation Results

In this section, we present the simulation results under various settings in M2PL and M3PL
with boxplots to show the distribution of correct estimation rates, sensitivities, and speci-
ficities. Among the three information criteria, GIC showed the best performance at selecting
the optimal result as it favors the models that penalizes more on the number of parameters;
thus, we present the simulation results with GIC selection criteria in Figures in this section.

As shown in Figure III.1, Lasso penalization performs well in the Between-item model
under both constraint settings. However, its performance under within-item model structure
is much worse than that of the Adaptive Lasso as you can observe in Figure III.1 (b).
Essentially, Adaptive Lasso shows close to 100% performance under all simulation settings

in M2PL. We can observe from Figure II1.2 that under M3PL both Lasso and Adaptive
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Lasso penalization generally perform worse than in M2PL. However, overall Adaptive Lasso
still performs well with mostly above 80% correct rates even in more complicated simulation

conditions under more flexible identifiability constraint.

(a) Between Item Model (b) Within Item Model
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Figure III.1: Correct estimation rates under M2PL.
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Figure III.2: Correct estimation rates under M3PL.

In addition to correct estimation rates, we compared the performance of Lasso and Adap-
tive lasso in terms of the sensitivity and specificity under various simulation settings. Figures
I11.3 and II1.4 show the distributions of sensitivities and specificities for M2PL under Con-

straint 1 and Constraint 2, respectively. We can observe the Lasso performs as well as the
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Adaptive Lasso in between item model. However its performance is much worse in more
complex within item model. Both sensitivities and specificities are lower than those for
Adaptive Lasso.

In Figures II1.5 and III.6, we observe the distributions of sensitivities and specificities
for M3PL under Constraint 1 and Constraint 2, respectively. Adaptive Lasso generally
outperforms the Lasso penalization method under all model conditions. Considering that the
parameter estimation is much more challenging in complex M3PL, Adaptive Lasso performs
especially well for M3PL under Constraint 1. The specificities gets quite low for both Lasso
and Adaptive Lasso under Constraint 2. However the Adaptive Lasso still performs quite

well on average and much better than Lasso penalization.
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Figure II1.3: Comparison of Lasso and Adaptive Lasso in M2PL under Constraint 1
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Figure II1.4: Comparison of Lasso and Adaptive Lasso in M2PL under Constraint 2
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Figure III.5: Comparison of Lasso and Adaptive Lasso in M3PL under Constraint 1
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Figure I11.6: Comparison of Lasso and Adaptive Lasso in M3PL under Constraint 2

III.5 Real Data Analysis

In this section, we apply our proposed regularization method on the National Education
Longitudinal Study of 1988 (NELS:88) data. To revisit the data, a nationally representa-
tive sample of approximately 24,500 students were tracked via multidimensional cognitive
batteries from 8th to 12th grade (the first three studies) in years 1988, 1990, and 1992.
In this study, we focused on the science and mathematics test data where the multidimen-
sional factorial structure has been previously investigated (e.g, Kupermintz & Snow, 1997;
Nussbaum et al., 1997). Figure II1.7 shows the example of the content of the questions in
science test. For the science subject, there are 25 items and four factors emerged from the
data collected in 1988: “Elementary science (ES)”, “Chemistry knowledge (CK)”, “Scientific
reasoning (SR)” and “Reasoning with knowledge (RK)”. For the math subject, there are
40 items in 1988 and two factors emerged. They are “Mathematical reasoning (MR)” and
“Mathematical knowledge (MK)”. We pooled together data from both domains, resulting in
65 items and a complete sample size of N = 13, 488.

In the previous analysis, we used GVEM to empirically estimated the optimal number
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of latent traits from the data. The result suggested there exists six latent traits being
tested by NELS:88. This finding also correspond to what the previous literature suggests as
the number of latent factors being measured by the exam (e.g, Kupermintz & Snow, 1997;
Nussbaum et al., 1997). Thus, we fix the dimension of latent factors as six for this analysis.
Also, Kupermintz and Snow (1997) and Nussbaum et al. (1997) analyzed the latent traits
required by each test item based on the content of the questions. Based on their findings,
we chose 6 questions that are only associated with each one of latent factors and performed
our proposed regularized estimation under Constraint 1.

First, we compared the GIC values for different models as shown in Table III.1. For
this analysis, we focused on adaptive lasso penalization as it was shown to perform better
than lasso penalty under most model conditions in the simulation studies. Table III.1 shows
that the M2PL with penalization has the lowest GIC value and thus is chosen as the model
that best fit the NELS:88 test data. The fact that M2PL is chosen instead of M3PL as the
optimal model implies that guessing does not play a big role on the performance in NELS:88

math and science assessment test. This result is again consistent with our previous analysis

of NELS:88.
M2PL M3PL
no penalty | w/ penalty | no penalty | w/ penalty
8.46E5 8.31E5 1.28E06 1.81E06

Table ITI.1: GIC comparison with Adaptive Lasso penalty

As a second part of the analysis, we apply our proposed method of regularized estima-
tion of test structure on NELS:88 data. Following the model selection result, we report the
estimated sparse Q matrix for M2PL under constraint 1. The NELS:88 data is potentially a
high dimensional measurement data with sample size of 13,488 and 65 test items. Hence we
used stochastic optimization of the GVEM procedure to reduce the computational burden.
Specifically we used a stochastic sampling of 200 at each iteration and initially sampled 3000

for more stable convergence. Table I11.2 and Table II1.3 illustrate the estimated sparse test
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NELS:88 Science Items and Descriptions

Master

science

item 8th 10th

number grade grade Description

S01 1 Infer geologic history from facts about limestone
deposits

502 2 Identify components of solar system

503 3 2 Read a graph depicting solubility of chemicals

504 4 3  Choose an improvement for an experiment on mice

505 5 4  Choose a statement about source of moon’s light

S06 6 5  Identify the example of a simple reflex

507 7 Choose viable way of communicating on moon

508 8 Select statement about position of sun, moon, earth
in diagram

509 9 Identify source of oxygen in ocean water

510 10 1  Choose the property used to classify a list of
substances

S11 11 Explain lower freezing temperature of ocean water

S12 12 6 Answer question about the earth’s orbit

513 13 Infer use of oxygen from description of condition
of aquarium

514 14 7  Estimate temperature of a mixture

515 15 8  Select a statement about the process of respiration

816 16 9  Read a graph depicting digestion of a protein by an
enzyme

517 17 10  Explain location of marine algae

818 18 11 Choose best indication of an approaching storm

$19 19 12 Choose the alternative that is not a chemical change

820 20 13 Infer statement from results of an experiment using
a filter

821 21 14  Explain reason for late afternoon breeze from the
ocean

S22 22 15  Select basis for a statement about a food chain

823 23 16  Interpret symbols describing a chemical reaction

524 24 17 Differentiate statements based on a model or an
observation

525 25 18  Describe color of offspring from a guinea-pig cross

526 19  Calculate a mass given density and dimensions

527 20 Locate the balance point of a weighted lever

528 21  Interpret a contour map

529 22 Identify diagram depicting path of light through
camera lens

S30 23 Calculate grams of a substance given its half life

$31 24 Read population graph; identify equilibrium point

532 25  Identify cause of fire from overloaded circuit

Note. S stands for science master item.
Item descriptions adapted from Rock, Pollack, Owings, and Hafner (1990).

Figure II1.7: Description of questions in science test of NELS:88
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structure from math and science test, respectively. After penalization, total of 6 factors re-
mained in the estimated test structure. We observe sparser structure between mathematrical
abilities and science questions, and between science skills and math questions. This suggests
that our regularized estimation procedure accurately shrunk the entries towards zero when
the associated latent factors are not required to answer given test items. The sparse pattern
is more apparant for the math test as shown in Table III1.2. This could be because more test
items are available in the math test to measure smaller number of latent factors (i.e. MR
and MK). Although the estimated test structure in Table II1.3 is less sparser overall, we do
observe bigger coefficients for the entries associated with science skills.

The sparse test structure may be challenging to obtain due to the correlatedness of the
latent traits. Although the NELS:88 test was designed so that each test item only requires
subset of the six latent skills, the correlation between facors are quite high as shown in
Table II1.4. The correlations between science abilities are over 90%. Additionally some
latent abilities are tested by only few test items according to the design of NELS:88. For
example, “Reasoning with Knowledge(RK)” were intended to be measured by only S15 and
S22 according to the NELS:88 test design. This makes it even more challenging to get

accurate sparse test structure from the science test.
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Factor | MR MK ES SR CK RK
M1 0 1.1882 0 0 0 0
M2 0 1.1460 0 0 0 0
M3 1.3400 0 0 0 0 0
M4 0 1.4999 0 0 0 0
M5 0 1.5282 0 0 0 0
M6 1.2909 0 0 0 0 0
M7 1.2938 0 0 0 0 0
M8 0 1.0713 0 0 0 0
M9 1.4850 0 0 0 0 0
M10 0 1.3691 0 0 0 0
MI11 | 1.0457 0 0 0 0 0
M12 0 1.5105 0 0 0 0
M13 1.3216 0 0 0 0 0
M14 0 1.1564 0 0 0 0
M15 | 0.7200 0 0.0902 0 0 0
M16 | 1.6220 0 0 0 0 0
M17 0 1.2101 0 0 0 0
M18 | 0.8592 0 0 0 0 0
M19 1.1810 0 0 0 0 0
M20 | 1.0592 0 0 0 0 0
M21 | 1.5735 0 0 0 0 0
M22 | 0.9947 0 0 0 0 0
M23 | 0.3162 0.4328 | 0.2156 0 0 0
M24 | 0.2515 0.4673 | 0.1739 0.0302 0.0310 0.0323
M25 1.4601 0 0 0 0 0
M26 1.3114 0 0 0 0 0
M27 0 0.5693 0 0 0 0
M28 | 0.4440 0.6379 0 0 0 0
M29 0 0.9575 0 0 0 0
M30 | 1.6277 0 0 0 0 0
M31 0 1.5418 0 0 0 0
M32 | 1.3457 0 0 0 0 0
M33 | 0.3465 0.2134 0 0.7503 0.7717 0.8065
M34 0 1.3468 0 0 0 0
M35 0 0.8882 0 0 0 0
M36 | 1.8644 0 0 0 0 0
M37 0 1.6834 0 0 0 0
M38 0 1.8049 0 0 0 0
M39 0 0.6994 0 0 0 0
M40 | 0.8942 1.2048 0 0 0 0

Table IT1.2: Estimated sparse test structure for math test in NELS:88
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Factor | MR MK ES SR CK RK
S1 0 0 0 0 1.0249 0
S2 0 0 0.8427 0 0 0
S3 0.3739 0 0.5413 0 0 0
S4 0 0.1888 | 0.5024 0.1793 0.1842 0.1924
S5 0 0 1.4329 0 0 0
S6 0 0 1.3383 0 0 0
ST 0 0 0.9671 0.0968 0.0997 0.1042
S8 0 0.1733 | 0.6884 0.2005 0.2061 0.2154
S9 0 0 0.8239 0 0 0
S10 | 0.1339 0.4530 | 0.4113 0.4632 0.4762 0.4974
S11 0 0 0 0 0 0
S12 0 1.1572 0 0 0 0
S13 0 0 0.9184 0 0 0
S14 0 1.6108 0 0 0 0
S15 0 0 0 0 0 0
S16 | 0.3988 0.1215 | 0.2026 0.7289 0.7486 0.7815
S17 | 0.2047 0.1176 | 0.5358 0.9919 1.0204 1.0665
S18 | 0.0748 0.3842 | 0.5234 0.8062 0.8293 0.8667
S19 | 0.0486 0.3973 | 0.4455 0.5574 0.5732 0.5988
S20 | 0.3532 0.0149 | 0.2353 1.0324 1.0611 1.1083
S21 | 0.0547 0.3287 | 0.2423 1.2428 1.2780 1.3354
S22 | 0.1667 0 0.4888 0.2285 0.2357 0.2467
S23 | 0.0076 0.3669 0 0.8709 0.8941 0.9331
S24 | 0.1065 0.2701 | 0.6743 0.2888 0.2971 0.3104
S25 | 0.1327 0.1718 | 0.2765 0.1455 0.1496 0.1563

Table II1.3: Estimated sparse test structure for science test in NELS:88

MR MK ES SR CK RK
MR | 1.0000 0.9815 0.8999 0.7150 0.8668 -0.8366
MK | 0.9815 1.0000 0.9617 0.8214 0.9391 -0.9032
ES | 0.8999 0.9617 1.0000 0.9212 0.9903 -0.9577
SR | 0.7150 0.8214 0.9212 1.0000 0.9345 -0.8885
CK | 0.8668 0.9391 0.9903 0.9345 1.0000 -0.9535
RK | -0.8366 -0.9032 -0.9577 -0.8885 -0.9535 1.0000

Table III1.4: Estimated Correlation between latent factors
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I11.6 Discussions

In this chapter, a Gaussian variational regularization method has been proposed for the esti-
mation of the sparse item-trait relationship in M2PL and M3PL models. It has the advantage
over the model selection methods based on information criteria as it simultaneously performs
model estimation and selection of the sparse test structure. Moreover, it has the compu-
tational advantage over the exiting methods based on direct numerical approximation (e.g.
Sun et al., 2016) by avoiding the calculation of the intractable likelihood with variational
approximation and deriving closed-form EM updates. Simulation studies demonstrated that
the proposed methods performs well in correctly estimating the sparse item-trait structure
in both M2PL and M3PL models with the adaptive lasso penalization.

A future step of this chapter would be to consider adding additional individual-level
covariates to the model such as gender, race, and age, etc. These additional characteristics
of individuals would help obtain in-depth understanding of the individuals’ response pattern
compared to the MIRT analysis only considering latent traits. The interesting application of
this future study would be the recommender system. In the online recommendation system,
individual-level information such as gender or age has significant impact on the individuals’
preferences. Hence, incorporating these additional covariates in analyzing their pattern and
understanding their latent preferences would greatly help the prediction for the personalized

recommendations.
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Appendix of Chapter III

In this section, we present the detailed derivations of the regularized variational esti-
mation procedures. Appendix A and B illustrate the GVEM algorithm as presented in
Algorithm 3 for M2PL and M3PL models, respectively.

IITI.A Derivation in M2PL

Item discrimination parameters aj; are updated by the following steps. Let Q;(a;,b;) be
the variational lower bound only concerning jth test item. Then,
eSiri 1 1 o 1
Qj(a, b)) Z(log Treen) + (5 —Yi)b; + (Y — 5)0@%5 R

1+ efid) 2

(&) {2 — 2bja] p + o] 2 + (1) (18”) ey — gf,j})

log 155 - 3 1755 =Y + ().

= 1

The first and second derivatives of the jth variational lower bound with respect to a;;, are

aQafb) = Z(Y — D () — (6205 + () () e
123 ay[s ¢ <u§“><u§”>m>),
1k
N
Filenby) —Z<2n<@j>[z§“+< ) (0T ])
8ajk i=1 ’
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respectively. Define a function S to be a soft threshold operator such that S(d,\) =

sign(0)(]6] — A);+ Then &y, is updated according to the following rule;

& = — S(—0*Qj(ey;, b )*ajk+aQJ(aJ7 i) A)
" Q;(0;.by)

S( v, [% D+ 2o i — () S S + <m~><m>m] , A)

v (277@-&)[21- ‘ <m><mk,k)
(IILA.1)

III.B Derivation in M3PL

The likelihood with prior-penalty on B and C can be written as

J

L(A,B,C,0) H (b; | g, o) X H Beta(c; | @, B)
J 1 T 071 — ¢) D)
— L(A,B,C,0) x [[(2702) 2 exp | — —= (b; — )2 ; j
(48..0) x [Temod) e |~ 50— | < [T 5o

Then, the variational lower bound to the expected log-likelihood is

I(A,B,C,0) +Z{—§log(27mb) M}

2
j=1 20b

+ 3 {(o~ )logley) + (5~ Dlog(1 - ;) ~ log Bl )}

)
S (-4 [ 1og Ly v - Yary, - L
= ;;( =Y+ s45Y55) Ongr(Q— )b+ (Yig = S)eg pi = 58
N
1 _
—n(& )05 — 2bj0u] p; + o) [Si 4 () (1) T £ij}> —ZgTT(Eel[Eﬂr(ui)(ui)T])
=1
N J
+> > V(1 —siy)log I(Yi; = 1) + 10g %' + Z Z{ i+ si3Yi5) log(1 — ¢))
i=1 =1 i=1 =1
J ]‘ 2 1 2
+Yi;(1 — si5) log(c;) } + Z{—§ log(2may,) — ?(bj — pip)” + (o — 1) log(c;) +
j=1 b

(6 — 1) log(1 = ¢;) — log(B(a, §))}.
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To get the updating rules, we maximize the log-likelihood with respect to parameters b;,

c; for j =1,...,J. First for b;, we get the following by setting the derivative with respect

to b; equal to zero.

m& al 1 .
Z: i T siYi) | (5 = Yig) = n(&){20; — 20 pi} | — ?(b — ) =0
We update b§-t+1) according to the following equation (II11.7).

b (IILB.1)

Zz (1 =Y +SZJY;J) — Y+ 2n(&i ) ;rﬂ ‘|’%
pEHD) _
! 221: (1 =Yy +s5Yij)n (5@))"‘%

Similarly for ¢;, the derivative of the partial log-likelihood is

(e 1 X 1Y —1 — 1
0Q;(c;) _ _ Z(l—Kj+siﬂ/ij)+fzyij(1—3ij)+a -

8Cj 1 - Cj =1 J j=1 Cj 1 - Cj

By rearranging the equation by c;, we get a closed-form update of c§~t+1 as follows.

S _ S Yi(l—sy) +a—1 (IIL.B.2)

J N+a+p-2

For M3PL, we penalize a;’s with adaptive lasso penalty as well.

90 (i, b, N 1
Q]a(a;j) = Y (1-Y; +s;;Yy) ((Yij - 5)/% + 20;1(&i5) ik — U(Ei,j){Qajk[Ei + atty Nk
J =1

+2) o[+ Niﬂz]l,k}> ;

£k

820.(a;. b, N
Qéf;”j) = =) (1 =Yy +5i;Yi5) X 20(&)[Zi + papta) ks
ik :
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respectively. Then &, is updated according to the following rule;

(t+1)

S(-@QQ]‘(OC]‘, b]) X 0452 + 8Q] (ij, bj), )\)
9?Q;(ey, by)
(S0 Yo s ¥ {5 = D+ 20 s~ 20060 S (S + () T} A)

N (=Yt s Vo) (m(m)[zi ; <m><ui>m,k)
(I1L.B.3)

where A is the sparsity parameter of choice.
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ChapterlV

Extensions of Gaussian Variational

EM

IV.1 Introduction

In this chapter, we discuss some of the interesting extensions of the proposed Gaussian
Variational estimation approach. The first extension we study is the parameter estimation
for the Multidimensional 4-Parameter Logistic (M4PL) model, an extension of the M2PL and
M3PL models discussed previously. M4PL model can be simplified to the unidimensional
4-Parameter Logistic (4PL) model where we only model one latent ability at a time. The
4PL model has not been widely applied for a long time probably due to its challenges in
parameter estimation and a lack of evidence supporting the need for such a complex model
(Loken & Rulison, 2010). However, recent literature have expressed renewed interest in the
4PL model. For example, Liao, Ho, Yen, and Cheng (2012) and Rulison and Loken (2009)
demonstrated that the 4PL can improve the accuracy of the assessments in computerized
adaptive testing by incorporating the individuals’ careless mistakes in the early stages. In
addition, Reise and Waller (2003) and Waller and Reise (2010) argued that the 4PL model

may be more appropriate for measuring psychopathology traits than the simpler 2PL or 3PL

89



models since it is very common in psychopathology measurement for a highly able subject
(i.e. subject with enough latent abilities) to be reluctant to self-report his or her attitudes.
These findings support the need to include an upper asymptote parameter in modeling the
probability of responses and develop estimation methods for the 4PL models. Furthermore,
it would be necessary to study the parameter estimation for more general multidimensional
4PL models which can handle more complex educational and psychological data by modeling
multiple latent traits at the same time.

Several parameter estimation methods for the 4PL model have been proposed in the pre-
vious literature. For instance, Loken and Rulison (2010) adopted a Bayesian approach with
the Markov chain Monte Carlo (MCMC) sampler for the parameter estimation. Feuerstahler
and Waller (2014) employed the marginal maximum likelihood method, which require less
computation time than the Bayesian approach with the MCMC sampler. However, marginal
maximum likelihood approach may not be stable and may produce deviant values in many
cases (Baker & Kim, 2004). To solve this problem, Waller and Feuerstahler (2017) recently
applied Bayes Model estimation for the 4PL model. That is, an augmented optimization
objective was used that includes the likelihood and some additional prior beliefs on the item
parameters to prevent deviant parameter estimates. However, these methods either involve
MCMC sampling or computation of complete likelihood and thus would be computationally
time-consuming for high dimensional data from the large scale assessment tests. In addi-
tion, they would be especially challenging for the parameter estimation in M4PL models
that involve intractable multidimensional integrals in the calculation of likelihood due to its
multidimensional latent varable structure. To tackle these challenges, we propose to apply
Gaussian Variational EM approach to develop a computationally efficient and accurate EM
algorithms for the parameter estimation in M4PL.

As our second extension, we demonstrate how the GVEM method can be applied to
Differential Item Functioning (DIF) analysis for MIRT. In short, DIF occurs when groups

(e.g. defined by gender or race) have different probabilities of responses for a given test
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item even when individuals share the same level of latent abilities. An item is labeled as
having DIF when people with the same level of latent abilities but from different groups have
an unequal probability of responses. An item is labeled as non-DIF when people with the
same latent abilities have equal probability of getting a test item correct, regardless of group
membership. If DIF occurs in a test, that means subgroups of the examinee population
differ on the dimensions that are other than the goal dimensions (i.e. a set of latent abilities
or traits intended to be measured by the test). Hence, the reported results in such a test
may include test and item bias (Reckase, 2009). MIRT analyses can help identify any group
differences that contribute to test bias and a clear representation of DIF using MIRT models
has been previously discussed (Ackerman, 1992).

Naturally it is desirable for the assessment test to not have differential item functioning
in any of its items. Hence, identifying the items that have DIF is crucial in evaluating and
improving the test design. On the other perspective, studying the DIF would help practi-
tioners uncover deeper understanding of individuals by studying whether certain subgroups
have different responses or characteristics. Hence, it is of interest to study DIF for many
practitioners in the field of education, psychology, epidemiology and medicine (e.g. Breslau,
Javaras, Blacker, Murphy, & Normand, 2008; Crane et al., 2007; Kwakkenbos et al., 2014;
Lewis, Yang, Jacobs, & Fitchett, 2012; Uebelacker, Strong, Weinstock, & Miller, 2009). We
formulate the DIF analysis to assess group differences in a test as a regularization problem in
MIRT and develop the estimation methods using the proposed GVEM approach. This could
be considered as the extension of the regularized variational estimation studied in Chapter
ITI. Our discussion of DIF analysis in this chapter is limited to the M2PL model; however
it can be naturally extended to more complex MIRT models. We leave this for the future
study.

The rest of this chapter is organized as follows. In Section V.2, we introduce the M4PL
model formulation in detail and present the mixture modeling approach for the M4PL. Sec-

tion IV.2.1 presents the derivation of the GVEM algorithm for parameter estimation in
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MA4PL under the mixture modeling framework. Section IV.2.2 shows simulation studies con-
ducted to evaluate the performance of the proposed method under various model conditions.
Section IV.3 then discusses the Differential Item Functioning for MIRT as our second ex-
tension focusing on the binary group case such as defined by gender. Section IV.3.1 present
the proposed estimation methods via GVEM approach. Simulation results in IV.3.2 shows
that our proposed GVEM approach performs well for the DIF analysis in M2PL model in

various model conditions.

IV.2 Multidimensional 4PL model

The unidimensional 4-Parameter Logistic model (4PL) was first proposed in Barton and
Lord (1981), who introduced an upper asymptote parameter, d, to incorporate the scenario
where a high-ability individual misses an easy test item. Essentially, 1 —d can be considered
as the probability of making a mistake. The limitations of Barton and Lord’s model are
that all test items share a common upper asymptote parameter value and also the model
was estimated with fixed d values. Recent studies (e.g. Linacre, 2004; Rouse, Finger, &
Butcher, 1999; Rupp, 2003; Tavares, Andrade, & Pereira, 2004; Waller & Reise, 2010) have
demonstrated that the upper asymptote d varies across test items in most cases. Hence, the
4PL formulation that allows the upper asymptote parameter to be item-specific (i.e. d; for
j =1,...,J) is considered more appropriate. The probability of correctly answering test

items in 4PL model is formulated as follow;

exp(ozj@i — b])

P(Y,;=1|6,)=c: +(d; — c;
(Y3 | ;) = c; + (d; cj)l—l—exp(ajei—bj)

(IV.1)

where Y;; denotes the observed dichotomous response of examinee ¢ to test item j for ¢ =
1,...,Nand j=1,...,J). Again, Y;; = 1 denotes a correct response and Y;; = 0 otherwise.
As previously discussed, «; denotes the item discrimination parameter and b; denotes item

difficulty parameter for the jth test time. The ¢; denotes the guessing parameter and d;
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denotes the upper asympotote parameter. The parameter d; is the maximum probability of
response for the jth item. Hence, 1 — d; can be considered as the slipping probability of a
student who’s able to correctly answer but missing the item by mistake. N and J are used
to denote the number of the examinees and the test length.

The unidimensional 4PL model in (IV.1) can be extended to multidimensional 4PL
(M4PL) model by substituting a single latent ability variable, 6;, to a K-dim vector of
multiple latent traits, 6;, as follows;

exp(a?@z — bj)

P(Y;i=11|6,)=c; +(d; —c;
(Y | 6;) = c; + (d; C])l—f—exp(a;rei—bj)

(IV.2)

where K is the dimension of latent traits. Due to the K dimensional latent structure in M4PL,
the complete log-likelihood involves calculation of K-dim integrals, which is intractable as in
M2PL and M3PL. The Bayesian approach of using MCMC sampler or marginal maximum
likelihood approach could be considered as it has been discussed as the estimation methods
for the unidimensional 4PL model. However, this would be computationally time-consuming
when the dimension K is high and data is of high dimensions. Also, the marginal maximum
likelihood estimates could be biased as shown in the 4PL model (Baker & Kim, 2004). Hence,
we would like to apply our Gaussian Variational approach to approximate the intractable
likelihood and to facilitate the parameter estimation in EM procedures.

Mixture modeling approaches have been recently developed for MIRT by introducing
additional latent variables. For instance, Béguin and Glas (2001), von Davier (2009), and
Martin, Del Pino, and De Boeck (2006) interpreted the 3PL model from the perspective
of a two-response strategy (with and without guessing) and formulated it as a mixture
model. Culpepper (2016, 2017) further developed a mixture modeling approach to refor-
mulate the four-parameter normal ogive model (4PNOM) and multidimensional 4PNOM.
In addition, Meng, Xu, Zhang, and Tao (2019) adopted the mixture modeling approach for

unidimensional 4PL model to develop EM based estimation approach. Following these mix-
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ture framework, we present an alternative expression for the M4PL using a mixture model.
Specifically, we introduce an additional latent variable, Z;; to characterize the two response
processes. Define Z;; as a binary latent variable denoting the ¢th individual’s capability on
jth test item. That is, Z;; = 1 if ¢th subject is capable of correctly answering jth test item
based on his or her latent ability ; and item specific parameters (i.e. a; and b;). Naturally,
Z;; = 0 if he or she does not have enough latent skills required by jth test item to answer it
correctly. The mixture modeling of M4PL is as follows;

Yij | Zij ~ Bernoulli(d7 ¢5~79)

i G
exp(a?@z — b])
1+ exp(a 0; — b;)

Zi; | 6; ~ Bernoulli( ) (IV.3)

It can be easily shown that the marginal probability of responses Y;; under the mixture
model in (IV.3) is equivalent to that of M4PL given in (IV.2).

The mixture model framework for 4PL. models offers new insight into the connection
between 4PL MIRT models and the Cognitive Diagnosis Models (CDMs) (Meng et al., 2019).
The Z;; can be interpreted as the attribute profile in the CDM literature, often denoted as
a. That is, Z;; = 1 indicates that the ith examinee is capable of answering jth item and
Zi; = 0 otherwise. Then the distribution of responses Y;; is the same as the deterministic
input, noisy AND gate (DINA) model specification, where ¢; corresponds to the guessing
parameter and 1 — d; corresponds to the slipping parameter. Meng et al. (2019) argues that
4PL can also be viewed as a generalization of the higher-order DINA model (De La Torre
& Douglas, 2004) with only one latent attribute and more generally, multi-attribute higher-
order DINA model may be considered as a sub-model of the M4PL. This emphasizes the
importance of developing estimation methods for M4PL and study the connection between

M4PL and CDM framework.
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IV.2.1 GVEM for M4PL

In this section, we present the Gaussian variational EM algorithm for M4PL model with its

mixture modeling specification. By Bayes Theorem, we have P(Y;;, Z;;,60; | A,B,C,D) =

P(Yy |

Zij,0;,C,D)P(Z;; | 6;,A,B)P(6;). Then, the complete data log-likelihood for ith

subject only can be written as

log P(Y;, Z;,6; | AaBacaD)

J
> log P(Yi;, Zi;,0; | A,B,C,D)

j=1

J J
> log P(Yi; | Zi;,0;,C,D) + > log P(Z;; | 6;, A, B) + log P(6;)
Jj=1

j=1

J
> log(d; e )15 (1= de” ™)' + log P(8))
=1

J exp(aTOi —b) \z 1 -
+ 1 J J J y

Jz::l 0g (1 + eXP(aJTGi - bj)) (1 + exp(ajTHi - bj))
J
2 [ Zijlogd; + (1= Zy)log ¢} + (1 — V) log(1 — d“ ¢ Zw)] +log P(6))
j=1

3 T 1

Al 0= bj) +1 IV 4

+]Z1[ i(a; i) + Ogl—f—exp(ajTOi—bj)] (IV.4)

By using local variational method on log-sigmoid function in Eqn (IV.4) as discussed in

previous chapters, we have

v

log P(Y;,Z;,0; | A,B,C,D)
J
N |\Yi{Zijlogd; + (1 — Zyj) log c;} + (1 — Yij) log(1 — d;7¢;” ") | + log P(8;)

7=1
J 65” |
j=1 j=1
J
7=1
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Now, we would like to find the optimal variational densities for the latent variables 6;

and Z;. Let us denote these variational densities as gg(0;) and ¢.(Z;;) respectively where

Z; ={Zn,Zis,...,Zs}. Firstly, in order to find the optimal ¢4(80;) we take expectation of
the lower bound to the log-likelihood (i.e. Eqn (IV.5)) with respect to Z;;’s. Then we can
show that gg(0;) naturally follows the following form;

J 1 J 1 _
log qo(60;) x > (E.| -3 o) 0; — 2177(514)(53‘ -0, - 59;20191'
o

J
J=1

Then, the optimal choice of the variational density for 8; is qa(0;) ~ N(0; | i, 3;) with

J
1
W o= XX Zl{zn(@,j)bj + E.[Zi] — 5a}} (IV.6)
]:
J
o= Spt+2> n(&y)a) o (IV.7)
J=1

fori=1,...,N.
Similarly, we take the expectation of the lower bound, Eqn (IV.5), with respect to 6,’s in

order to find the optimal choice of the variational distributions, ¢,(Z;;). We can easily show

that the posterior distribution of Z;; has the following form;

log q:(Z;) o Yi;Zijlog(d;) + Yiy(1 — Ziy)log(c;) + (1 — Vi) log(1 — d; ;=)

J

+Z;j(o] Egl6;] — b))
= Zij{Yi;log(d;) + (1 = Yy) log(1 — d;) + ] Ep[6;] — b;}

+(1 = Zij){Yijlog(cj) + (1 = Yij) log(1 —¢;) }

This implies that the optimal choice of the variational density for Z;; is ¢.(Z;;) ~ Bernoulli(s;;)

where

1

Sii —
T 1 exp [V log($) + (1 — Vi) log (4=

(IV.8)

i) — o El0i] + b
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fore=1,..., Nand j=1,...,J.

E step With the optimally chosen variational densities ¢o(0;) and ¢.(Z;;) fori =1,..., N

and 7 =1,...,J, we can derive a closed form expression of the variational lower bound to

the marginal log-likelihood, denoted by E[A,B, C, D, &], as follows in the E step;

E[A,B,C,D,¢]
N J
= Z/ ZZZ(YiaaiaZi7£i|A7B’C7D>q,z(Zij) QQ(ez’)dei
=179 | j=1 7,
N J
= > [Yz’j{sij logd; + (1 — si;)log ¢;} + (1 — Yij){si;log(1 — dj) + (1 — sy5) log(1 — Cj)}]
i=1j=1
N 4 N N J ebii
-y 5T?“(ngl[Z)i + g 1) + 5} log S|+ > [sij(a;r,ui —b;) +log T oty
i=1 i=1j=1 + e

+-(b; — CYjT,uz‘ —&ij) — U(fi,j){[ﬁ - 2bjajT,ui + Oth (3 + MiMiT]aj - fi,j}]

N | —

(IV.9)

M step To get the updating rules for model parameters, we simply take derivatives of vari-

ational lower bound in Eqn. (IV.9) and set them equal to zero. By repeating this procedure

for each model parameter, we get the updating rules as in Eqn. (IV.10), (IV.11), (IV.12),

and (IV.13) for ay, bj, ¢; and d; repectively. Xy and ¢; ; have the same updating rule as in

M3PL, which can be referred to Chapter 11.4.1.

N N

oy = {2277(5@]‘)[2@' + Mz‘ﬂﬂ}_l > [Sij - ; T 2bjn(fij)}uj

i=1 i=1

_ i]\il[zn(&’j)a;ﬂi — 8+ %]
’ Sy 2n(6y)

— f\;Yz‘j(l_SJi\;)‘FQ_l _ Ef\%vyz‘j(l—sij)
i1 (Yig = s3Yi5) + 225 (1 = Yi) (1 = si5) St (1= s45)
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N
i=1 YijSij

d; =
)
2 i=1 Sij

(IV.13)

From the above updating rules, we observe that iterative EM updates for the parameter
estimation are all in closed-form, which contributes to the efficient computation for the

complex M4PL model.

IV.2.2 Simulation studies : M4PL

A series of simulation studies were conducted to evaluate the performance of the proposed
GVEM algorithm for M4PL models. The number of test dimensions was fixed at 3 and test
length was fixed at 45. In all cases, item discrimination parameters a; were simulated from
Unif(1,2) distribution, and difficulty parameter b; was simulated from the standard normal
distribution. The probability of guessing and slipping were fixed at 0.05 for all test items.
That is, there is 5% chance of guessing the test items correctly and 5% chance of making a
mistake even with enough latent abilities.

The manipulated conditions include: (i) correlations among the latent traits, and (iii)
sample size. The latent traits 6; were generated from multivariate normal distribution,
N(0,%g), where Yy is a covariance matrix whose diagonal elements were 1 and the off-
diagonals were drawn from Uniform distribution. For the high correlation condition, the
correlations were drawn from Unif(0.5,0.7) and for the low correlation condition, they were
drawn from Unif(0.1,0.3). Sample size was set at either 500 or 2000 to consider both small
sample and large sample scenarios.

In the confirmatory analysis, some of the item loading parameters are constrained to
0 based on the pre-specified item factor loading structure. In the simulation, there were
15 items loaded onto each factor with loading values set by Unif(1,2). In the exploratory
analysis, we do not assume any constraint on the item discrimination parameter A. Hence,
the exploratory item factor analysis for M4PL is computationally more challenging scenario

than confirmatory factor analysis. In our preliminary analysis in M4PL, we encountered
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several convergence issues with the exploratory factor analysis. This could be due to the
fact that we need additional constraints in M4PL to ensure stable model estimation since
the number of parameters to estimate is much higher and the structure is more complex in
MA4PL. For this section, we mainly present the results in confirmatory factor analysis with
between item multidimensional structure. The more challenging simulation conditions will
be further discussed in Section IV.4 as a topic for the future studies.

Figure IV.1 shows the distributions of RMSE and Bias of the model parameter under
M4PL with between item multidimensional structure. Overall, higher factor correlation
increases the RMSE and Biases as expected. In terms of varying sample sizes, N, the RMSE
and Bias decreases with increasing sample size in low correlation conditions as observed in
Figure IV.1 (a) and (c¢). Under the high correlation condition, however, we observe less
decrease in both RMSE and Bias, which implies that parameter estimation in M4PL is more
challenging especially with highly correlated latent factors. In all simulation conditions, we
observe that the estimation error of c; and d; are relatively lower than the error of ;.
This suggests that the estimation of lower and upper asymptote values of the M4PL model
is quite accurate and less challenging. However, inclusion of these additional asymptote
parameters make the estimation of item discrimination a; more difficult. Computationally,
the estimation is done in a few seconds for the simulation conditions discussed in this section.
Overall, the performance of our proposed GVEM approach in challenging M4PL model is

pretty impressive both in terms of the accuracy and computational time.

IV.3 Differential Item Functioning (DIF) Analysis

Measures of differential item functioning (DIF) are used to help ensure the fairness of tests in
the applications of educational and psychometrics test. They can also be used to assess the
effect of interventions and help building better intervention strategies for biomedical research.

In this section, we study the DIF analysis in MIRT and develop the Gaussian Variational
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Figure IV.1: Parameter recovery of the between-item M4PL models from confirmatory factor analysis
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estimation procedure via regularization. For our discussion of DIF, we focus on the scenario
with a binary predictor in the M2PL model to assess its effect on the probability of responses
in assessment tests. The estimation procedure presented in this chapter is applicable to any
binary predictor of interest. For simplicity, let us consider this binary predictor as gender,
i.e. male or female, for the following discussion. We could understand the concept of DIF
with respect to gender as gender-biasedness of each test items in the assessment test. Since
gender effect may be present for each test items respectively, we consider gender coefficients

specific to each item, 3;;. The model is as follows;

exp(aTez — bj + 61]’Gi>
1 } V.14
(Y | 6:) 1+ exp(a; 0; — b; + 1;G;) e

where G; denotes the gender status of the ith individual and non-zero ;; implies the exis-
tence of gender-bias in the jth test item. Other model parameters are defined in the same
fashion as in previously discussed MIRT models.

Our goal is identify the test items that have DIF. That is, we would like to study if
certain gender group has higher chance of correctly answering the test items and if so, which
test items they are. Hence, we formulate the problem of estimating gender effect on test
items in MIRT as a variable selection problem, in which we penalize the coefficients for the
observed predictors G; so that we can detect the true non-zero coefficients among the 3;’s

for j=1,...,J. We solve the following optimization problem with L; penalty,

A A ~

J
(Ax, By, Bin) = C“”gmaflfA,B,ﬁll(A, B,81;Y) - A Z |51j’ (IV.15)
j=1

where A is the penalization parameter and 81 = [81,]j=1,..5 = {f11,..., P17} As discussed
in regularized variational estimation in Chapter I1I, we use variational lower bound in place
of the complete log-likelihood. In essence, we empirically estimates the biasedness of the
test items via the sparsity of the coefficient vector B under the GVEM framework. The

non-zero (31;’s implies that the associated jth test items are biased toward certain gender
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group. Optimal penalization parameter A is chosen by the information criteria similarly as

discussed in Chapter III.

IV.3.1 Algorithm Details

In this section, we illustrate how the regularized estimation using Gaussian Variaitonal EM
approach can be applied to the DIF analysis in MIRT. The only difference between M2PL
model and model equation (IV.14) is the existence of the observed binary predictor, G; for
i =1,...,N. Hence the derivation of the EM procedures is similar to our previous discussion
of the regularized GVEM in M2PL models.

We first find the optimal choice of variational distributions for 8;, « = 1,...,N. By
following the variational inference theory as in previous chapters, it can be shown that the
variational distributions gg(0;), i = 1,..., N that minimizes the KL divergence with the
posterior distributions P(6;|A, B, 8;) takes the following form;

log ¢;(6;) o EJ:(Y@' - 1)05;91' - i:ﬁ(&,j){bj — a0, — G} - 6.5, 6

2 st 2

which implies that the optimal variational distribution is qg(8;) ~ N(0;|ui, >;) where the

mean parameter is

pi = i X

J
Ly T
J:

(2n(&i5)bj — 2n(&i ) B1Gi + Y — 5)e;

(IV.16)
1 2 ’

and the covariance matrix is

J
Sit= 2> n(gi,j)aja}. (IV.17)

J=1

E-step Following the Gaussian variational approach developed previously, we evaluate

the closed-form lower bound of the expected log likelihood with respect to the variational
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distributions ¢;’s under the model (IV.14) as follows;

E(AaBthg)

NI exp(&i,j 1
= Z Z(log 11 e)ip(’gj) + Yij(aij —b; + B1;G;) + i(bj - ajTMz‘ — £1;Gi — & j)
—0(&){b7 — 2b00) s + ) [S + (1) () ey + B3,Gi — 2b; 615G

N N1
+2ﬁleiajT,ui - 5@2j}> + 5 log ’251| - Z §TT(251[Ez‘ + MzNzT])

i=1

i=1j=1

M-Step In this step, we maximize the E(A,B, 81,€) to update the model parameters.
This is simply achieved by setting the derivative of E(A, B, 81, £) with respect to (A, B, 81, &)

to be zero, respectively. See appendix for more details. Then, «; is updated according to

N

o = 5[ €+ )

=1

—1 N 1
> (ng 5 + 2b;n(&i5) — 261]'Gi77(§i,j)),u;r. (IV.18)
i—1

The updating rule for b; can be derived similarly, which is

1 N

bj = 3 {Z 77(&73‘)] B

=1 =1

1
(5 - Yo+ 20@)40] i+ BuGit BTG}, (V.19)

Setting the derivative of the variational lowerbound with respect to &; ; equal to zero, we get
the following updating rule for §; ;;

27-]

The updating rule for Yy is
N

1
Yo = N > I5 A+ g ], (Iv.21)
i=1

which is same with the updating rule for M2PL model presented in Chapter II.

To update the coefficient vector 8; with L; penalty, we use the coordinate descent al-
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gorithm by Friedman et al. (2010) as in Section III.3. The coordinate descent algorithm

update each of the j3,; iteratively according to the following updating rule;

S( L Y5Gi — 3G — (& ){2Ga) pi — 2b;GY, >\>
Zﬁil 277(§z‘,j)Gi

Brj = (Iv.22)

where ) is the sparsity parameter of choice and the function S is a soft threshold operator
such that S(5, \) = sign(d)(|d] — A);. Refer to the appendix for detailed derivation of the

updating rules presented above.

IV.3.2 Simulation Studies : DIF

In this section, we present the simulation results conducted to assess the performance of the
proposed regularized GVEM approach for the DIF analysis in MIRT. We focus on M2PL
models as discussed in previous sections. The number of test dimensions was fixed at 3
and test length was fixed at 45. The manipulated conditions include: (i) multidimensional
structure, i.e. between-item multidimensionality and within-item multidimensionality; (ii)
correlations among the latent traits, and (iii) sample size. Similarly as in the previous stud-
ies, for the between-item multidimensional structure, there were 15 items loaded onto each
factor; whereas for the within-item multidimensional structure, about one third of the items
were loaded onto one, two, and three factors respectively. In all cases, item discrimination
parameters were simulated from Unif(1,2) distribution, and difficulty parameter b; was
simulated from the standard normal distribution. The latent traits 8; were generated from
multivariate normal distribution, N(0,Xg), where ¥ is a covariance matrix whose diagonal
elements were 1 and the off-diagonals were drawn from Uniform distribution. Three different
correlation conditions were studied. That is, the correlations were drawn from Uni f(0.5,0.7)
for the high correlation condition, Unif(0.1,0.3) for the low correlation condition and lastly
they were set to zero for the condition with no factor correlations. Sample size was set at

either 500 or 2000 to study to effect of varying sample sizes.
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50 replications were conducted for each condition. Evaluation criteria include the correct
estimation rates(%) of the nonzero structure of the coefficients for the Gender predictor.
Again, the goal here is to detect any gender-biased test items via regularization. Additionally
we present the false positive and false negative rates(%) in each condition to further study
the performance of the proposed method in correctly estimating the gender biasedness of
test items. In the context of our DIF problem, false positive rate is the probability of falsely
identifying test items as gender biased. Similarly, false negative rate is the probability of
falsely identifying test items as not biased for any gender group. Naturally, we would like to
observe low false positive and low false negative rates.

Figure IV.2 and Figure IV.3 show the correct estimation rates(%) under the between-
item and within-item multidimensional structure, respectively. Overall, the correct estima-
tion rates are pretty high with most above 90% rates although we do observe several cases
with lower rates in more challenging scenario, which is within item model with large factor
correlations and small sample size (i.e. N = 500). The performance gets better on average as
sample size increases in all correlation and multidimensional structure conditions. However,
this pattern is not very strong probably since the correct estimation rate are already pretty

high in all conditions.
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Figure IV.4 show the false positive and false negative rates in between-item model (first
row) and within- item model (second row), respectively. We can clearly observe from false
positive and false negative rates that the performance of the regularized estimation for DIF
gets better with increasing sample sizes. Especially, false negative rages decreases to 0 in all

conditions with large sample size (i.e. N = 2000).

IV.4 Discussions

In this chapter, we discussed two interesting extensions of our proposed Gaussian variational

estimation approach; the parameter estimation in Multidimensional 4-Parameter Logistic

(M4PL) model and Differential Item Functioning (DIF) analysis in MIRT. We developed
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Gaussian Variational EM algorithm for M4PL as a computationally efficient and accurate
estimation method for M4PL parameters. In addition, we applied the regularized variational
EM approach for DIF analysis in order to assess the item bias in assessment tests with an
example with gender. Through the discussions on the two extensions of GVEM, we illustrate
how well the GVEM approach can be applied in various aspects of analyzing educational and
psychological assessment data. A series of simulation studies demonstrate that the proposed
method performs pretty well in the parameter estimation for M4PL and DIF analysis for
M2PL model.

However, there are some challenges remained. For M4PL model, we observed that the
parameter estimation gets less stable and encounters convergence issues with exploratory
factor analysis and within item multidimensional structure. This could be due to the iden-
tifiability issue since we estimate too many parameters in the M4PL exploratory analysis
and have less constraints than in confirmatory analysis. This suggests that penalization on
model parameters may be helpful in reducing the number of parameters to estimate and thus
making the estimation more stable. We leave this for the future research. Another interest-
ing future research is the DIF analysis involving multiple covariates and even interactions
between the latent traits and covariate. For example, one’s probability of response would be
dependent on a combination of his or her characteristics such as gender, race, income group,
and ethnicity. Hence, it would be interesting to study the estimation methods for scenario
with a combination of binary predictor (e.g. gender) and multiple categorical covariate (e.g.
race or ethnicity). In addition, estimation problem with interaction between latent traits
0; and covariate (e.g. G;) needs further study. Discussions on the model identifiability and
necessary conditions to achieve consistent estimation would be necessary. It would be in-
teresting to see if the Gaussian Variational approach can be developed as the estimating

algorithm.
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Appendix of Chapter IV

In this section, we provide the detailed derivation of the estimation procedures which are
presented in Chapter IV. In Appendix A, we present the detailed derivation of the E and M
steps for the proposed GVEM method for M4PL model. Appendix B presents the detailed
derivation of the Gaussian Variational regularized estimation procedure for the DIF analysis

in M2PL model.

IV.A Derivation of EM steps for M4PL

With the optimal choice of variational distributions gy and ¢., we have the closed form

expression of variational lower bound to the marginal log-likelihood.
J
E(A,B,C,D) Z/ lz 1(Y;,60;,Z;,& | A,B,C,D)q.(Zi;)|qe(0;)d0;

To evaluate this, we first need to choose optimal variational distributions that would give us

a nice closed form solution.
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Choice of g9 The expectation of the variational lower bound with respect to variational

density of Z;; is

Ez(A,B,C,D)
N J
= 22> UY:i 62,6 | A B,C D). (Zy)
1= 1] 1Z”
N J .
= z; z:IYzJ{EZ il logd; + (1 — E,[Z;] logc]}—i—z — [log(l—d Geg ]
v J
. T 4 65’7‘7 J 1 T
J
_ZT/(&J){(() _a ) _gzg}
=1

Then we can show that variational distributions gg follows the following form:;

J J
1 _
log o (6;) < > (E.| o 0, = n(&;)(b; — ) 6;)7 — 59?29191'

Jj=1 J=1

Thus, the optimal choice of is go(0;) ~ N(0; | p;, %;) with

J
1
po= X D A2t + BelZs] - 50 } (IV.A.1)
]:
J
j=1

where we denote E,[Z;;] = s;; in the following derivation.
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Choice of g, The expectation of variational lower bound with respect to 6; is

Eo(A,B, C,D)
= ZZ/ Y17027Z’L7€Z)q9( )
i=1j=1
N J 1-Z
= > [ZY;j{ZijIOgdj‘F(l_ ij 10gcy}+z ~ ¥y)log(1 — dj ;™)
i=1 Lj=1
J . ebii
—|—E9[10g P(Gl)] + Z Zij (aj EO[OZ] - b]) + Z log 1+ efis
=1 =1

J J
Z; TEH Z gZJ Zn gl] {E9 b _a )] gzj}
j=1 j=1

Then, posterior distribution of Z;; has the following form;

log q(Zy;) o Yy Zy;log(d;) + Yis(1 = Ziy) log(e;) + (1 = Yiy) log(1 — dj¢; )
+Z;j(o] Egl6;] — b))
= Y Zi;log(d;) + Yi; (1 — Zij) log(c;) + (1 — Yij){Zi; log(1 — d;) +
(1= Zij)log(1 — ¢;)} + Zij(o] Egl60;] — by)
= Zi{Yilog(d;) + (1 = Vi) log(1 — d;) + o] Ep|0:] — b}

+(1 = Zij){Yijlog(c;) + (1 = Vi) log(1 —¢;) }

This implies that the optimal choice of the variational density is ¢.(Z;;) ~ Bernoulli(s;;)

where

1

1+ exp [Vijlog(5) + (1 — Vi) log(1=5) — o] Eo[6:] + bj]

Sij =

(IV.A.3)
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E step With optimally chosen ¢, and gy, we can derive the closed form variational lower

bound.
E[A,B,C,D,¢]
N
- S|SBl osd, + (- B2 logcj}+2 VB (] log(1 - dy)
=1 Lj=1
J efzg
+(1 = E.[Z;])1log(1 — ¢;)} + Eollog P(6:)] + Y E.[Z;](cx] Eo[6;] — +210g1—|—65w
7=1 J=1
! 1 ! T 2 2
#3500 - o] Ealo] - &) - X&) (Bl - a0 - )
J= J=
J
= [Yz‘j{sz‘j logdj + (1 — si;) log¢;} + (1 = Yij){si;log(L — d;) + (1 — s5) log(1 — Cj)}]
1j—=1
1 1 T 1 et
—ZiTT(Eo (30 + pini 1) + —log|29 H‘ZZ sij(a b-)+logﬁ
i—1 i—1j—=1 + e

1

+5(b — i — &) — (&) {0 — 2bja) i + e [ + i |y — €, 1

M step We update model parameters by taking derivatives of variational lower bound and
setting them equal to zero. First, the updating rule for a; can be derived as follows. Here,
Q; denotes the variational lower bound for the jth item only. By setting the derivative of

the variational lower bound with respect to a; as zero, we get

a N
06(ey) = [ Sij — M@ + 2058 ) — 20(& ) (S0 + g ]%‘1-

aa] =1

Then, «; is updated according to

o = g T +uall] 2|6 - g+ onle bl |

=1
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Similarly for b;, we set the following derivative equal to zero.

" i S5+ & — (€20, — 20 )] = 0

Thus, we update b; by

L2n(& o pi — si; + 3]

b; =

’ Zi]\il 2n(&i5)
For ¢;, we have

8QJ ¢) X 1 1
(1= s55)— — (1= Yij)(1 = s35)——] = 0
dc; ;[ sii) o cj ( i)l Sj)l—cj}
We update c¢; according to
i]il Yz‘j(l - Sz'j) _ 5\41 Yz’j(l — S4j)

Cj:

S (Y — sV + 2 (1=Yy) (1 —sy) X1 —sy)

Lastly for d;

0Q;(d;) _ < 1 17
od, ;{szwd (1 ng)Sul_dj}—O

Thus, we update d; according to

Zz 1 SZ]

d; =
J N
Zz—l SU

Y and &; ; have the same updating rule as in the EM steps for M3PL.
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IV.B Derivation for DIF analysis

The derivation of the variational lower bound of the expected log likelihood and the optimal
variational distributions ¢;(60;) are simply extensions of the derivations shown for M2PL
models and thus are straightforward to derive. Hence, in this Appendix we start directly

with the EM steps.

E-step Similarly as presented for M2PL model, we evaluate the closed-form lower bound
of the expected log likelihood with respect to the variational distributions g¢’s under the

model (IV.14) as follows;

E(AvB /8175)

N

=3[ l (Y., 0, A,B,fn)] 0(6:)d6,

1=1"""

L exp(&i ;) T 1

121];< &1 exp(és,) + Yoy Eil6i] = b + B13Gi) + 5(b; — o Ei[0;]) — B1;Gi — &)
=& Eil(b; — ) 0 — B1;Gi)*] — 52'2,1'}) ~log |25 - Z LS5 [ + el )

= 1

Sl eXP(fiJ) T 1 T
= Z > | log TS exple) + Yo i = by + PiyGi) + 5 (b — e pi = Pi;Gi = &)

= (& j {b3 — 2b; O‘J Hi + O [2 + (NJ(U%’)T]O‘J‘ + B%jGi — 2b;81;G

N N1
+251jGiOleMi - 512]}> + 5 log |Zg' = iT"’(Egl[Ei i)
i=1
where Eg[60;] = p; and Covlf;] = %;, which are the model parameters for the variational

distributions ¢g(8;).

M-Step In this step, we maximize the E(A,B, 1,€) to update the model parameters.
This is simply achieved by setting the derivative of £ (A, B, 81, €) with respect to (A, B, 81,&)
to be zero, respectively.

First, consider the a;. The derivative of the variational lower bound w.r.t. «; is as
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follows;

aE(A, B, 81, €) _ i(y _ E)Hz + Qb]n(&j) 277(51‘,]‘)[21‘ + Mi,u;r]a]
da; i=1 2
=261, Gin (& ;) (1) -

Setting it equal to zero, we get the updating rule for o;.

N —-1 N

o = ;{Zﬁ(&,j)(& + Mi#?)} > <Yiﬂ' - ; +2b(&i) — 261ij(§i’j>)M:

=1 =1

Now similarly, we take derivative with respect to b;.

N
3E(A,a];>, ,317€> _ Z( Y;] + 1 (5”){2b 204;—,1% - QBlei}) =0
J

i=1

This implies that b; is updated according to

1T &1
bj = 3 {; 77(&',]')] > (2 — Y+ 20(& ) i + BryGi + 52TjMiGi}>-

=1

To update the coefficient vector By with L; regularization, we first evaluate first and

second order derivatives of the variational lower bound with respect to 3;;, which are

N
aE(Aé];{.ﬂl’g) =2 (¥5Gi = 5Gi = n(&,){281,G: — 20,Gi + 2Gia] i)

and

O?E(A,B,B1,E)

By the coordinate descent algorithm by Friedman et al. (2010), /31; is updated as follows;

By = _S( 053 X P + 351] =)
1 0*5(A B.g1.¢)
9B,
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where A is the sparsity parameter of choice and the function S is a soft threshold operator
such that S(d, A) = sign(0)(|0| — A)+. Evaluating above, we can show that each of the 3, is

updated iteratively according to the following updating rule;

S( L YGi — 3G — (& ){2Gia) p — 2b;GY, >\>

P = >N 2n(&,)Gi

fory=1,...,J.
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