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Abstract
Cognitive Diagnosis Models (CDMs) are a special family of discrete latent variable models widely
used in educational, psychological and social sciences. In many applications of CDMs, certain
hierarchical structures among the latent attributes are assumed by researchers to characterize
their dependence structure. Speciﬁcally, a directed acyclic graph is used to specify hierarchical
constraints on the allowable conﬁgurations of the discrete latent attributes. In this paper, we
consider the important yet unaddressed problem of testing the existence of latent hierarchical
structures in CDMs. We ﬁrst introduce the concept of testability of hierarchical structures
in CDMs and present suﬃcient conditions. Then we study the asymptotic behaviors of the
likelihood ratio test (LRT) statistic, which is widely used for testing nested models. Due to
the irregularity of the problem, the asymptotic distribution of LRT becomes nonstandard and
tends to provide unsatisfactory ﬁnite sample performance under practical conditions. We provide
statistical insights on such failures, and propose to use parametric bootstrap to perform the
testing. We also demonstrate the eﬀectiveness and superiority of parametric bootstrap for testing
the latent hierarchies over non-parametric bootstrap and the naïve Chi-squared test through
comprehensive simulations and an educational assessment dataset.
Keywords bootstrapping; latent hierarchical structure; likelihood ratio test

1

Introduction

Cognitive Diagnosis Models (CDMs) are a popular family of discrete latent variable models that
have been widely used in social and biological sciences. In CDMs, a set of latent attributes
are assumed to exist that can explain or govern the observed variables. Under the framework
of CDMs, one can get ﬁne-grained inference on subjects’ latent attribute proﬁles based on
their multivariate observed responses, which further can be used to infer the subgroups of the
population. In practice, the discrete latent attributes often have special scientiﬁc meanings.
For example, in educational assessments, the latent attributes are assumed to be mastery or
deﬁciency of target skills (Junker and Sijtsma, 2001; de la Torre, 2011); in psychiatric diagnosis,
they are modeled as presence or absence of some underlying mental disorders (Templin and
Henson, 2006; de la Torre et al., 2018); and in epidemiological and medical measurement studies,
the latent attributes are interpreted as existence or nonexistence of some disease pathogens (Wu
et al., 2016b,a; O’Brien et al., 2019).
Various CDMs have been developed in the literature by modeling the interactions between
the observed variables and the latent attributes diﬀerently under diﬀerent cognitive diagnostic
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assumptions. The Deterministic Input Noisy Output “AND” gate (DINA; Haertel, 1989) model
and the Deterministic Input Noisy Output “OR” gate (DINO; Templin and Henson, 2006)
model are among the most basic ones. More general CDMs include the Generalized DINA
(GDINA) model (de la Torre, 2011), the General Diagnostic Model (GDM; von Davier, 2005),
the reduced Reparameterized Uniﬁed Model (reduced-RUM; DiBello et al., 1995), and the Loglinear Cognitive Diagnosis Models (LCDM; Henson et al., 2009).
Recently the relationship among the latent attributes, especially hierarchical structures
among them, has gained increasing research interests. For example, in a learning context, prerequisite relations are often postulated among the latent skill/concept attributes, which can be
used to characterize the learning trajectory of the students (Dahlgren et al., 2006; Jimoyiannis
and Komis, 2001; Simon and Tzur, 2004; Wang and Gierl, 2011). Based on the prerequisite
relationships among the latent attributes, learning materials or test items can be designed, and
recommendations or remedy strategies can be generated accordingly. The Attribute Hierarchy
Model (Leighton et al., 2004) is a variation of Tatsuoka’s rule-space approach (Tatsuoka, 1983)
and uses an adjacency matrix to explicitly deﬁned the hierarchical attribute structures. Templin
and Bradshaw (2014) proposed the Hierarchical Cognitive Diagnosis Models (HCDMs), which
enforce hard constraints on hierarchical conﬁgurations of the latent attributes. In particular, a
Directed Acyclic Graph (DAG) was used to characterize the hierarchical dependence structure
among the latent attributes, and impose hard constraints on possible latent attribute proﬁles
under hierarchies.
Despite the popularity of CDMs, statistical inference of relationships among the latent attributes especially hierarchical structures has been a challenging yet unaddressed problem in the
literature. For example, hypothesis testing plays an important role in validating the presence
of suspected attribute hierarchies, which can provide guidance to practitioners for experiment
design or data modeling (Templin and Bradshaw, 2014). However, to our best knowledge, there
are no systematical testing procedures or statistical theories on hypothesis testing of latent hierarchical structures. Two natural questions about such testings are (1) when the hierarchical
structures are testable and (2) how to conduct the hypothesis testing. On the one hand, under
the framework of CDMs, if the hierarchical structure under the null hypothesis cannot be distinguished from those under the alternative, we cannot test such a hierarchical structure and
therefore it is untestable. In fact, the testability of hierarchical structures is closely related to the
identiﬁability of the models. On the other hand, under the hierarchical constraints, the problem
of testing latent hierarchical structures is equivalent to testing the sparsity structure of the set
of latent attribute proﬁles in the population, that is, the sparsity structure of the population
proportion parameter vector. However, due to the identiﬁability and the irregularity issue that
the true proportion parameters are on the boundary of the parameter space under hierarchical
structures, the conventional asymptotic Chi-squared distribution may not hold for the likelihood
ratio test.
Non-regularity issues of the likelihood ratio test are known to exist in many latent variable
models such as ﬁnite mixture models, factor analysis, structural equation models, and random
eﬀects models (Chen, 2017; Chen et al., 2020). In particular, testing the sparsity structure of the
proportion parameter vector in CDMs is closely related to the problem of testing the number of
components in ﬁnite mixture models and latent class models (Nylund et al., 2007; Chen, 2017).
However, testing the hierarchical structures in CDMs is even more challenging, since it tests
whether a speciﬁc set of the proportion parameters speciﬁed by the hierarchical structure under
the null hypothesis is zero; and such a problem is further complicated due to the restrictions
imposed by the structural Q-matrix and the discrete nature of the latent variables in CDMs.
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In this paper, we focus on the problem of hypothesis testing for latent hierarchical structures.
We ﬁrst discuss the testability of latent hierarchical structures and present suﬃcient conditions
under which hierarchical structures are testable in CDMs. Then under such conditions, we
examine the asymptotic behaviors of the popularly used likelihood ratio test. Since the true
proportion parameter is on the boundary of the parameter space, the asymptotic distribution
of LRT becomes nonstandard due to the lack of regularity (Self and Liang, 1987). Moreover,
the nonstandard limiting distribution of LRT is observed to not provide satisfactory ﬁnitesample results under practical settings, and we provide statistical insights on such failures.
Speciﬁcally, we ﬁnd that when the number of items is large or the item parameters are close to
the boundary, the convergence of the nonstandard limiting distribution can be very slow and the
test tends to fail. Therefore we do not recommend using the nonstandard limiting distribution
to conduct the hypothesis testing in practice. Instead, based on these ﬁndings, we propose to use
resampling-based methods to test hierarchical structures. We conduct comprehensive simulations
and comparisons between parametric bootstrap and nonparametric bootstrap and recommend
using parametric bootstrap for testing latent hierarchies in CDMs.
The rest of the paper is organized as follows: the model setup of hierarchical CDMs and
the motivations of the problem are introduced in Section 2. Suﬃcient conditions for testability
of hierarchical structures and several illustrative examples are provided in Section 3. Studies on
the likelihood ratio test and numerical results are presented in Section 4. Speciﬁcally, Section 4.1
studies the asymptotic behaviors of LRT and provides insights on its failures in some situations.
Section 4.2 presents simulation studies that compare parametric bootstrap and nonparametric
bootstrap for testing hierarchical structures. In Section 5, we perform hypothesis testing for a
linear attribute hierarchy in an educational assessment dataset and compare diﬀerent testing
procedures. Finally Section 6 concludes with some discussions.

2

Model Setup and Motivations

In this section, we introduce the model setup of CDMs and the problem of interest. We start
with some notations. For an integer K, we use [K] to denote the set {1, 2, . . . , K}. For two vectors
a = (a1 , . . . , aK ) and b = (b1 , . . . , bK ) of the same length, we deﬁne a partial order “” that we
say a  b if ak  bk for ∀ k ∈ [K] and a  b otherwise. “” and “” are deﬁned similarly. We
use | · | to denote the cardinality of a set.

2.1

Cognitive Diagnosis Models

We ﬁrst introduce the model setup of CDMs and provide some illustrative examples. In CDMs, J
items are assumed to depend on K latent attributes of interest. In this work, both the responses
and the latent attributes are assumed to be binary. Based on a subject’s observed responses to the
items R = (R1 , . . . , RJ ) ∈ {0, 1}J , the latent attribute proﬁle of the subject α = (α1 , . . . , αK ) ∈
{0, 1}K denoting the proﬁle of possession of the latent attributes needs to be inferred. With K
latent binary attributes, there are 2K possible latent attribute proﬁles, and we use p = (pα :
α ∈ {0, 1}K ) to denote the
 proportion parameter vector for the latent attribute proﬁles which
satisﬁes pα ∈ [0, 1] and α∈{0,1}K pα = 1. We use n to denote the standard n-simplex, that is,

K
n = {(t0 , . . . , tn ) ∈ Rn+1 : ni=0 ti = 1, ti  0 for all i}, and then we have p ∈ 2 −1 . In CDMs,
the latent attribute proﬁles are assumed to follow a categorical distribution with proportion
K
parameter vector p ∈ 2 −1 .
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Figure 1: Illustration of Q-matrix.
A key ingredient of CDMs is a structural binary matrix, the so-called Q-matrix (Tatsuoka,
1990), Q = (qj,k ) ∈ {0, 1}J ×K , which imposes constraints on items to reﬂect the dependence
structure between the items and the latent attributes. Speciﬁcally, qj,k = 1 indicates that item
j requires (or depends on) attribute k. Then the j th row vector of Q denoted by qj describes
the full dependence of item j on K latent attributes. Usually in applications, the Q-matrix is
pre-speciﬁed by domain experts to reﬂect some scientiﬁc assumptions (George and Robitzsch,
2015; Junker and Sijtsma, 2001; von Davier, 2005). See Figure 1 for illustration of the Q-matrix.
As in classical latent class analysis, given a subject’s latent attribute proﬁle α, the responses
to J items are assumed to be independent and follow Bernoulli distributions with parameters
θ1,α , . . . , θJ,α , which are called item parameters in this work. Speciﬁcally, θj,α := P(Rj = 1 | α).
In the literature of psychometrics, the item parameters often refer to the discrimination and
diﬃculty parameters in item response theory (e.g., Reckase, 2009). Here for convenience of
discussions, we use item parameters to represent the probabilities of getting a positive response,
which are diﬀerent
from the discrimination
and diﬃculty parameters in item response theory.


K
=
θ
:
α
∈
{0,
1}
to
denote
the
item parameter vector for the j th item, and  =
We
use
θ
j
j,α


K
θj,α : j ∈ [J ], α ∈ {0, 1} to denote the item parameter matrix. Under the local independence
assumption, the probability mass function of a subject’s response vector R = (R1 , . . . , RJ ) ∈


R
{0, 1}J then can be written as P(R | , p) = α∈{0,1}K pα Jj=1 θj,αj (1 − θj,α )1−Rj .
Under the CDM framework, for subject i, we have latent attribute proﬁle αi to indicate
subject i’s possession of K attributes, and for item j , we have a structural vector qj to reﬂect the item’s dependence on K latent attributes. Under diﬀerent model assumptions, the
structural matrix Q puts constraints on item parameters in diﬀerent ways. One important common assumption in CDMs is that the item parameter θj,α only depends on whether the latent
attribute proﬁle α contains the required attributes by item j , i.e., the attributes in the set
Kj = {k ∈ [K] : qj,k = 1}, which is called the set of required attributes of item j in Gu and
Xu (2019). Therefore, for item j , the latent attribute proﬁles which are only diﬀerent in the
attributes outside of Kj would have the same item parameters. In such a way, the structural
matrix Q forces some entries in the item parameter matrix θ to be the same. The dependences
of item parameters on the required attributed are modeled diﬀerently in diﬀerent CDMs. See
Example 1 and Example 2 for two popular families of such models.
Example 1 (DINA and DINO Models). The DINA model (Junker and Sijtsma, 2001) and
the DINO model (Templin and Henson, 2006) are two basic models in cognitive diagnosis. The
DINA model assumes a conjunctive “AND” relationship among the latent binary attributes while
the
“OR” relationship. We introduce a binary matrix  =
a conjunctive
 DINO model assumes
K
j,α : j ∈ [J ], α ∈ {0, 1}K ∈ {0, 1}J ×2 , which is called the ideal response matrix. In the DINA

qj,k
DINA
= I(α  qj ) = K
model, an ideal response is deﬁned as j,α
k=1 αk , indicating whether the
latent proﬁle contains all the required attributes. In the DINO model, an ideal response is deﬁned
DINO
as j,α
= I ∃ k ∈ [K], qj,k = αk = 1 , indicating whether the latent proﬁle contains any of the
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required attributes. The item level uncertainties are characterized by two parameters, the slipping
parameter and the guessing parameter. For item j , the slipping parameter sj := P(Rj = 0 |
j,α = 1) denotes the probability of a subject giving a negative response despite possessing all the
necessary skills; while the guessing parameter gj := P(Rj = 1 | j,α = 0) denotes the probability
of giving a positive response despite deﬁciency of some necessary skills. Then the item parameter
1−
for item j and latent proﬁle α can be written as θj,α := P(Rj = 1 | α) = (1 − sj )j,α gj j,α .
Example 2 (GDINA model). The Generalized DINA model (GDINA, de la Torre, 2011) is a
more general model where all interactions among the required latent attributes are considered.
The item parameters for the GDINA model are written as
GDINA
= βj,0 +
θj,α

K

k=1

βj,k αk qj,k +

K
K


k=1 k  =k+1

βj,k,k αk αk qj,k qj,k + · · · + βj,1,2,...,K

K


αk qj,k .

(1)

k=1

The coeﬃcients in the GDINA model can be interpreted as following: βj,0 is the probability of
a positive response for the most incapable subjects with no required attributes present; βj,k is
the change in the probability of a positive response due to the main eﬀect of αk ; βj,k,k is the
change in the probability of a positive response due to the interaction of αk and αk ; βj,1,2,...,K is
the change in the positive probability due to the interaction of all the latent attributes. In the
GDINA model, the intercept and main eﬀects are typically assumed to be nonnegative, while the
interactions can take negative values. By incorporating all the interactions among the required
attributes, the GDINA model is one of the most general CDMs.

2.2

Problem and Motivations

Researchers in many applications assume certain hierarchical structures among the latent attributes to characterize their dependence. For example, in cognitive diagnosis modeling, the
possession of lower-level skills is often regarded as the prerequisite for gaining higher-level skills
(Leighton et al., 2004; Templin and Bradshaw, 2014). If some hierarchical structure exists, any
latent proﬁle α that does not respect the hierarchy is deemed not to exist with the corresponding population proportion pα = 0. For 1  k = l  K, we use αk −
→ αl (or k −
→ l) to
denote the hierarchy that attribute αk is a prerequisite for attribute αl . Under the hierarchy
→ αl , the latent proﬁles with αl = 1 but αk = 0 will not exist in the population and thereαk −
fore we have pα = 0 if αl = 1 but αk = 0. The set of prerequisite relationships is denoted by
E = {k −
→ l : attribute k is a prerequisite for l, 1  k = l  K}, and the induced set of existing
latent attribute proﬁles is denoted by A = {α ∈ {0, 1}K : pα = 0 under E}. It is noted that an
attribute hierarchy results in the sparsity of the proportion parameter vector, which will reduce
the number of model parameters especially when K is large. Example hierarchical structures
and the corresponding induced latent proﬁle sets are shown in Figure 2.
In many applications, certain hierarchical structures are postulated by domain experts. In
this paper, we consider the problem of hypothesis testing for the existence of such pre-speciﬁed
latent hierarchical structures. As we illustrated above, the hierarchical structure of the latent
attributes results in the sparsity structure of the proportion parameter vector for the latent
attribute proﬁles, since the latent proﬁles that do not follow the hierarchical structure will not
exist in the population. Therefore the problem of testing latent hierarchy is equivalent to testing
the sparsity structure of the proportion parameter vector. More formally, we aim to test the
following hypothesis:
/ A0 under hierarchy E0 ,
H0 : pα = 0, ∀α ∈

284

Ma, C. and Xu, G.
Linear

Convergent

Divergent

Unstructured

α1
α1

α1

α1

α2
α3

α2

α3

α2

α3

α2

α4

α3
α4

α4

⎛
0
⎜1
⎜
A1 = ⎜
⎜1
⎝1
1

0
0
1
1
1

|A1 | = 5

0
0
0
1
1

⎞
0
0⎟
⎟
0⎟
⎟
0⎠
1

⎛
0
⎜1
⎜
⎜1
A2 = ⎜
⎜1
⎜
⎝1
1

α4

0
0
1
0
1
1

0
0
0
1
1
1

|A2 | = 6

⎞
0
0⎟
⎟
0⎟
⎟
0⎟
⎟
0⎠
1

⎛
0
⎜1
⎜
⎜1
⎜
A3 = ⎜
⎜1
⎜1
⎜
⎝1
1

0
0
1
0
0
1
1

⎞
0
0⎟
⎟
0⎟
⎟
0⎟
⎟
1⎟
⎟
0⎠

0
0
0
1
1
1
1 1

|A3 | = 7

⎛
0
⎜1
⎜
⎜1
⎜
⎜1
⎜
A4 = ⎜
⎜1
⎜1
⎜
⎜1
⎜
⎝1
1

0
0
1
0
0
1
1
0
1

0
0
0
1
0
1
0
1
1

⎞
0
0⎟
⎟
0⎟
⎟
0⎟
⎟
1⎟
⎟
0⎟
⎟
1⎟
⎟
1⎠
1

|A4 | = 9

Figure 2: Examples of hierarchical structures of latent attributes. For i = 1, . . . , 4, each Ai
represents the induced set of existent attribute proﬁles under the hierarchical structure above
it, where each row in Ai represents an attribute proﬁle α with pα = 0.
where E0 is the hierarchical structure under the null hypothesis and A0 is the induced latent
attribute proﬁle set under E0 .
Even though CDMs can be viewed as a special family of ﬁnite mixture models, there is a key
diﬀerence between testing hierarchical structures in CDMs and testing the number of components
in ﬁnite mixture models. When testing the number of components in ﬁnite mixture models, there
are no restrictions on the components’ distributions. See Chen (2017) for a review of testing
the number of components in ﬁnite mixture models. However, when testing latent hierarchical
structures, we are in fact testing whether the proportion parameters of the nonexistent latent
attribute proﬁles corresponding to the hierarchy are zeros. Moreover, the constraints imposed
by the structural Q-matrix makes it more restrictive and complicated.

3

Testability Requirements and Conditions

Before we introduce concrete testing procedures, we ﬁrst need to understand when the hierarchical structures are testable. For instance, consider the case when the item parameters are the
same for two latent attribute proﬁles and we want to test the nonexistence of one of them. In
this situation, we cannot distinguish these two proﬁles and thus cannot identify their proportion parameters, not mention to test whether the corresponding proportion is zero. Example 3
provides an illustrative example. Therefore, the testability issue is of fundamental importance
before performing concrete testing procedures. Moreover, the testability conditions would also
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provide guidance for practitioners and scientiﬁc researchers to design experiments.
Example 3. Assume that there are two latent attributes of interest and there is a linear
→ 2}, which results in the induced attribute proﬁle set A0 =
attribute hierarchy E0 = {1 −
{(0, 0), (1, 0), (1, 1)}. If the Q-matrix is speciﬁed as,
⎛
⎞
1 0
⎜1 1⎟
⎜
⎟
⎟
Q=⎜
⎜1 0⎟ ,
⎝1 1⎠
1 1
then under the DINA model assumption, the item parameter vector for the latent proﬁle (0, 0),
θ(0,0) , would be the same as θ(0,1) . In this case, we cannot distinguish the proﬁles (0, 0) and (0, 1),
and therefore the proportion parameters p(0,0) and p(0,1) cannot be identiﬁed. Furthermore, the
induced proﬁle set A0 is not identiﬁable, which makes the latent hierarchical structure untestable.
To ensure the testability of hierarchical structures, some conditions need to be met. Before
we dive into these conditions, let’s ﬁrst deﬁne the concept of the testability of latent hierarchies.
Deﬁnition 1 (Strict testability of E0 ). Given the Q-matrix and certain cognitive diagnosis model
assumptions, consider the following hypothesis testing:
H0 : the latent attributes respect the hierarchy E0 ,
H1 : the latent attributes do not respect the hierarchy E0 .
Then the latent hierarchy E0 is said to be testable, if there is no parameter under the alternative
hypothesis gives the same distribution as the parameters under the null hypothesis.
In fact, the testability is closely related to the identiﬁability of CDMs (e.g., Xu and Zhang,
2016; Xu, 2017; Xu and Shang, 2018). The identiﬁability refers to that if two parameters give
the same distribution, then the two parameters must be the same. Nevertheless, the testability
of hierarchical structure is actually less restrictive compared with the identiﬁability. In testing
latent hierarchies, we only need to distinguish the latent attribute proﬁles under the null hierarchical structure with the others under the alternative, while in terms of the identiﬁability,
we need to identify all the model parameters and all the latent attribute proﬁles. Therefore the
concept of testability is weaker than the deﬁnitions of identiﬁability. In particular, identiﬁability
is a suﬃcient but not necessary condition for testability.
We ﬁrst consider the DINA model. For the DINA model, since the item parameters only
depend on the highest interactions among the required latent attributes, we have equivalent
Q-matrices under hierarchical structures. Here we say two Q-matrices are equivalent under
E

hierarchical structure E, denoted by Q1 ∼ Q2 , if they give the same item parameter matrices,
that is, (Q1 , AE ) = (Q2 , AE ), where AE is the induced latent attribute proﬁle set under
hierarchy
E.For example, consider three latent attributes with a linear hierarchy, that is, E =

1 → 2 → 3 . We have
⎛
⎛
⎛
⎞
⎞
⎞
1 0 0
1 0 0
1 0 0
E
E
Q(1) = ⎝0 1 0⎠ ∼ Q(2) = ⎝1 1 0⎠ ∼ Q(∗) = ⎝∗ 1 0⎠ ,
(2)
0 0 1
1 1 1
∗ ∗ 1
where “∗” can be either 0 or 1. Based on this observation, following Gu and Xu (2021), we
introduce two useful operations on the Q-matrix.
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Deﬁnition 2. Given an attribute hierarchy E and a Q-matrix Q. For any qj,l = 1 and k → l,
set qj,k to 0 and obtain a modiﬁed matrix S E (Q), which is called the “sparsiﬁed” version of Q.
Deﬁnition 3. Given an attribute hierarchy E and a Q-matrix Q. For any qj,l = 1 and k → l,
set qj,k to 1 and obtain a modiﬁed matrix DE (Q), which is called the “densiﬁed” version of Q.
As we discussed previously, the identiﬁability conditions are suﬃcient conditions for the
testability. We present some identiﬁability results in Gu and Xu (2021) for the DINA model.
Proposition 1 (Strict testability for the DINA model). Consider a DINA model with a given Q.
A hierarchy E0 is testable if Q satisﬁes the following conditions:
(1) Q contains a K × K identity submatrix IK . (Without loss of generality, assume the ﬁrst K
rows of Q form IK and denote the remaining submatrix of Q by Q∗ .)
(2) S E0 (Q), the sparsiﬁed version of Q, has at least three entries of “1” in each column.
(3) DE0 (Q∗ ), the densiﬁed version of Q∗ , contains K distinct column vectors.
Among the above conditions, condition (1) is in fact necessary to ensure the testability of
any hierarchy E, which is however not satisﬁed in Example 3. Since the Q-matrix in Example 3
does not contain (0, 1), we can not distinguish the latent attribute proﬁles (0, 1) and (0, 0),
making the hierarchy not testable. Conditions (2) and (3), on the other hand, may be further
weakened. For example, Gu and Xu (2021) provided necessary conditions for the identiﬁability of
DINA-based hierarchical cognitive diagnosis models and discussed diﬀerent necessary conditions
for diﬀerent hierarchical structures. As testability is a less restrictive concept than identiﬁability,
we would expect the identiﬁability conditions (2) and (3) can be further weakened for testability.
We leave such an interesting yet challenging question to future study. We next revisit Example 3
with a diﬀerent Q-matrix and demonstrate its testability.
Example 4 (Example 3 revisited). Consider the same setting as
diﬀerent Q-matrix speciﬁed as below:
⎛
1


 
⎜
1 0
0
I2
and Q∗ = ⎜
Q=
∗ , where I2 =
⎝
0 1
Q
1
1
Then the modiﬁed Q matrices are:
⎛
1
⎜0
⎜
⎜1
E0
S (Q) = ⎜
⎜0
⎜
⎝1
0

⎞
0
1⎟
⎟
0⎟
⎟,
1⎟
⎟
0⎠
1

⎛

1
⎜
1
DE0 (Q∗ ) = ⎜
⎝1
1

in Example 3, but with a
⎞
0
1⎟
⎟.
0⎠
1

⎞
0
1⎟
⎟.
0⎠
1

Since the Q-matrix contains an identity matrix I2 , the sparsiﬁed version S E0 (Q) has three “1”
entries in each column, and the densiﬁed version DE0 (Q∗ ) contains two distinct columns, all
three conditions in Theorem 1 are satisﬁed. Therefore, for a DINA model with this Q-matrix,
the linear hierarchy E0 is strictly testable.
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Given an attribute hierarchy E0 , if we are interested in testing a subset of prerequisite
relations conditioned on that the other prerequisite relations are assumed, we can further relax
Condition (1) in Proposition 1. For example, assume that there are three latent attributes and
the full hierarchical structure is E0 = {1 → 2 → 3}. If we are interested in testing E = {1 → 2}
given E0 \E = {2 → 3}, that is H0 : E0 vs. H1 : E0 \E, we can relax Condition (1) in Proposition 1
to Condition (1*) in Corollary 1.
Corollary 1. Consider a DINA model with a given Q and a given attribute hierarchy E0 .
Suppose we are interested in testing a subset E ⊂ E0 given that E0 \ E has already been assumed.
It is testable if Condition (2) and (3) in Proposition 1 and the following condition are satisﬁed:
(1∗ ) S E0 (Q), the sparsiﬁed version of Q, contains an identity submatrix IK and for any attribute
αk involved in E, there is an item which is only targeted on this attribute.
The proof of Corollary 1 directly follows Theorem 1 in Gu and Xu (2021). As we mentioned
previously, the testability is a weaker requirement than the identiﬁability, in that we only need
to diﬀerentiate the latent attribute proﬁles between the null and alternative hypothesis for
testability. We next provide examples in which the hierarchical structures are testable but the
models are not identiﬁable.
Example 5 (Testability vs. Identiﬁability). Consider a DINA model with three latent attributes.
Further assume the slipping and guessing parameters are known. We want to test the linear
hierarchy which is speciﬁed as E0 = {1 → 2 → 3}. Then the induced latent attribute proﬁle
set is A0 = {(0, 0, 0), (1, 0, 0), (1, 1, 0), (1, 1, 1)}. We denote the set of latent attribute proﬁles
that do not exist under the hierarchy as Ac0 = {(0, 1, 0), (0, 0, 1), (1, 0, 1), (0, 1, 1)}. Consider the
following Q-matrix and get the corresponding ideal response matrices for A0 and Ac0 :
⎛
⎛
⎛
⎞
⎞
⎞
0 0 1 1
1 0 0 1
0 1 0
⎜
⎜
⎜0 0 1⎟
⎟
⎟
⎟ ;  A0 = ⎜0 0 0 1⎟ ,  Ac0 = ⎜0 1 1 1⎟ .
Q=⎜
⎝0 0 1 1⎠
⎝0 0 0 0⎠
⎝1 1 0⎠
0 0 0 1
0 0 0 0
1 1 1
Then the ideal response vectors for classes in A0 and Ac0 are diﬀerent, making the hierarchical
structure testable. However, the ideal response vectors for (0, 0, 0) and (1, 0, 0) are the same,
and those for (0, 0, 1) and (1, 0, 1) are also the same, making the model not identiﬁable.
Example 6 (Condition on Alternative). Consider the same model and hierarchical structure in
Example 5 but with unknown slipping and guessing parameters. Here we are interested in testing
{1 → 2} given {2 → 3}. Consider the Q-matrix:
⎛
⎞
1 0 0
⎜0 1 0⎟
⎜
⎟
⎜1 0 0⎟
⎜
⎟
⎜0 1 0⎟
⎜
⎟
⎟.
1
0
0
Q=⎜
⎜
⎟
⎜1 1 0⎟
⎜
⎟
⎜1 0 1⎟
⎜
⎟
⎝0 1 1⎠
1 1 1
Since θ(0,0,0) = θ(0,0,1) , we cannot distinguish the latent proﬁles (0, 0, 0) and (0, 0, 1), and thus
not all the latent proﬁles are identiﬁable. However, the conditions in Proposition 1 are satisﬁed,
so the hierarchical structure {1 → 2} given {2 → 3} is testable.
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For more general CDMs, we adapt the identiﬁability results from Gu and Xu (2019) to
establish suﬃcient conditions for the testability of latent attribute hierarchies. Following the
same notations in Gu and Xu (2019), we ﬁrst introduce the so-called constraint matrix . The
constraint matrix for a set of latent attribute proﬁles A is deﬁned as  A = (I(α  qj ) : α ∈
A, j ∈ [J ]) ∈ {0, 1}J ×|A| , which is a binary matrix indicating whether an attribute proﬁle α ∈ A
possesses all the required attributes of item j . Note that for the DINA model, the constraint
matrix is also its ideal response matrix, while they are not the same for the DINO model. The
deﬁned constraint matrix is used as a tool to study the testability conditions for general CDMs.
Based on the constraint matrix, we deﬁne a partial order among the latent attribute proﬁles
A
A
 j,α
“S ” for any subset of items S ⊂ [J ]. For α, α  ∈ A, we say α S α  under  A if j,α
 for

j ∈ S. And for two item sets S1 and S2 , we say “S1 =S2 ” if for any α, α ∈ A, we have α S1 α 
if and only if α S2 α  . Example 7 provides illustrations for the partial orders.
Example 7. Consider two latent attributes with a linear hierarchical structure. The Q-matrix
considered and the corresponding constraint matrix for the latent attribute proﬁle set A = {(0, 0),
(1, 0), (1, 1)} are speciﬁed as:
⎛
1
⎜0
Q=⎜
⎝1
1

⎞
0
1⎟
⎟,
0⎠
1

(0, 0)
⎛ 0
0
 A =⎜
⎝
0
0

(1, 0)
1
0
1
0

(1, 1)
1 ⎞
1 ⎟.
⎠
1
1

For the item set S = {1, 2}, we can see that j,(1,0)  j,(0,0) and j,(1,1)  j,(1,0) for j ∈ S.
Therefore (1, 0) S (0, 0) and (1, 1) S (1, 0). Moreover, if we take S1 = {1, 2} and S2 = {3, 4},
then for any α, α  ∈ A, we have α S1 α  if and only if α S2 α  . Therefore, S1 =S2 .
In the following testability results for general CDMs, we focus on equal size cases or underﬁtted cases when |A|  |A0 |, where A0 is the set of the latent attribute proﬁles under the null
hypothesis and A is the set of the latent attribute proﬁles under the alternative hypothesis. Note
that for overﬁtted cases with |A| > |A0 |, if A and A0 lead to the same distribution, the model
complexity of A is larger than that of A0 , and therefore practically we can still distinguish them
using information-based criteria or penalized likelihood methods.
Proposition 2 (Strict testability for general CDMs). Consider a general CDM with a given
Q and an arbitrary hierarchy E0 . The hierarchy is testable when the alternative is restricted to
the latent proﬁle sets of the same or a smaller size than that under the null hypothesis, if the
following conditions of the constraint matrix  A0 corresponding to the induced latent proﬁle set
A0 under the hierarchy E0 are satisﬁed:
(1) There exist two disjoint item sets S1 and S2 , such that  (Si ,A0 ) has distinct column vectors
for i = 1, 2 and “S1 =S2 ” under  A0 .
c

(2) For any α, α  ∈ A0 where α  Si α under  A0 for i = 1 or 2, there exists some j ∈ S1 ∪ S2
A0
A0
such that j,α
= j,α
.
c
(3) Any column vector of  A0 is diﬀerent from any column vector of  A0 , where Ac0 = {0, 1}K \A0
Based on the conditions in Proposition 2, one can see that having three identity submatrices
in the Q-matrix is suﬃcient for testability. However, having several identity submatrices is in fact
a strong requirement in practice. Under a general CDM, these conditions can be further relaxed
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if we consider E0 to be testable with the true model parameter ranging almost everywhere in
the restricted parameter space except a set of Lebesgue measure zero. Speciﬁcally, we have the
following deﬁnition of generic testability.
Deﬁnition 4 (Generic testability of E0 ). Denote the parameter space under E0 by 0 . The latent
hierarchy E0 is said to be generically testable, if there exists a subset V of 0 that has Lebesgue
measure zero, such that there is no parameter under the alternative hypothesis gives the same
distribution as the parameters in 0 \ V.
For generic testability, following the generic identiﬁability results in Gu and Xu (2019)
and Gu and Xu (2020), a nice corollary can be derived where the requirements are directly
characterized by the structure of the Q-matrix.
Corollary 2. If the Q-matrix satisﬁes the following conditions, then for any hierarchy E0 such
that the induced latent attribute proﬁle set A0 satisﬁes Condition (3) in Proposition 2, the
hierarchy E0 is generically testable:
(1) The Q-matrix contains two K × K sub-matrices Q1 and Q2 , such that for i = 1, 2,
⎛
⎞
1 ∗ ··· ∗
⎛ ⎞
Q1
⎜∗ 1 · · · ∗⎟
⎜
⎟
; Qi = ⎜ . . .
, i = 1, 2,
Q = ⎝Q2 ⎠
.. ⎟
.
.
.
⎝
⎠
.
.
.
.

Q J ×K
∗ ∗ · · · 1 K×K
where each “∗” can be either zero
 or one.
(2) With Q in the form as above, Jj=2K+1 qj,k  1 for each k ∈ [K].
By relaxing strict testability to generic testability, less stringent conditions in Corollary 2
have been established. Moreover, the requirements in Corollary 2 can be checked directly from
the Q-matrix, making it easier to use in practice. Next, we present an illustrative example about
strict testability and generic testability of general CDMs.
Example 8. Consider a general CDM setting with two latent attributes and a linear attribute
hierarchy E0 = {1 → 2}. Consider the Q-matrix:
⎛ ⎞


I2
1
0

.
Q = ⎝ I2 ⎠ ; Q =
1 1

Q
By directly looking at the Q-matrix, we know the conditions in Corollary 2 are satisﬁed and
therefore the hierarchical structure is generically testable. Moreover, the constraint matrix under
attribute hierarchy E0 = {1 → 2} is

 A0

(0, 0)
⎛ 0
⎜ 0
⎜
0
=⎜
⎜
⎜ 0
⎝
0
0

(1, 0)
1
0
1
0
1
0

(1, 1)
1 ⎞
1 ⎟
⎟
1 ⎟;
⎟
1 ⎟
⎠
1
1

 A0
c

(0, 1)
⎛ 0 ⎞
⎜ 1 ⎟
⎜
⎟
0 ⎟.
=⎜
⎜
⎟
⎜ 1 ⎟
⎝
⎠
0
0
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If we set S1 = {1, 2}, S2 = {3, 4}, then  (Si ,A0 ) has distinct columns for i = 1, 2. Moreover,
A0
A0
= 5,(0,0)
. For
“S1 =S2 ” under  A0 . For (1, 0) Si (0, 0) for i = 1 or 2, we have 5,(1,0)
A0
A0
(1, 1) Si (1, 0) for i = 1 or 2, we have 6,(1,1) = 6,(1,0) . For (1, 1) Si (0, 0) for i = 1 or 2,
c
A0
A0
= 6,(0,0)
. Finally, the columns of  A0 are diﬀerent from that of  A0 . Therefore,
we have 6,(1,1)
based on the constraint matrix, we can see that the conditions in Proposition 2 are met, and thus
the linear attribute hierarchy is also strictly testable.
Example 9. Consider a general CDM setting with three latent attributes and a linear hierarchical structure E0 = {1 → 2 → 3}. The induced latent attribute proﬁle set under E0 is
A0 = {(0, 0, 0), (1, 0, 0), (1, 1, 0), (1, 1, 1)}. We denote the complement set of latent attribute proﬁles as Ac0 = {(0, 1, 0), (0, 0, 1), (1, 0, 1), (0, 1, 1)}. Consider the Q-matrix and the corresponding
constraint matrices for A0 and Ac0 :
⎛
1
⎜0
⎜
⎜0
⎜
⎜1
⎜
Q=⎜
⎜0
⎜0
⎜
⎜1
⎜
⎝1
1

1
1
0
1
1
0
1
0
1

⎞
0
0⎟
⎟
1⎟
⎟
0⎟
⎟
0⎟
⎟,
1⎟
⎟
0⎟
⎟
1⎠
1

 A0

⎛
0
⎜0
⎜
⎜0
⎜
⎜0
⎜
=⎜
⎜0
⎜0
⎜
⎜0
⎜
⎝0
0

0
0
0
0
0
0
0
0
0

1
1
0
1
1
0
1
0
0

⎞
1
1⎟
⎟
1⎟
⎟
1⎟
⎟
1⎟
⎟,
1⎟
⎟
1⎟
⎟
1⎠
1

 A0
c

⎛
0
⎜1
⎜
⎜0
⎜
⎜0
⎜
=⎜
⎜1
⎜0
⎜
⎜0
⎜
⎝0
0

0
0
1
0
0
1
0
0
0

0
0
1
0
0
1
0
1
0

⎞
0
1⎟
⎟
1⎟
⎟
0⎟
⎟
1⎟
⎟.
1⎟
⎟
0⎟
⎟
0⎠
0

Based on the speciﬁed Q-matrix and the corresponding constraint matrices, one can easily see that
the conditions in Corollary 2 are satisﬁed and therefore the hierarchical structure is generically
testable. However, Condition (1) in Proposition 2 is not satisﬁed and the model is not strictly
identiﬁable since  (0,0,0) and  (1,0,0) are the same.

4

Likelihood Ratio Test

With the suﬃcient conditions for the testability of the hierarchical structures speciﬁed in Section 3, the next question becomes how to conduct the hypothesis testing. As we illustrated in
Section 2.2, when some hierarchical structure exists, the number of truly existing latent attribute proﬁles will be less than 2K , and the corresponding model will be a nested model of the
full model with all possible latent attribute proﬁles. Testing the latent hierarchical structure is
then equivalent to testing the sparsity structure of the proportion parameter vector. A popular
choice of testing a nested model is the likelihood ratio test with an asymptotic Chi-squared
distribution under some regularity conditions. One commonly assumed regularity condition is
that the true parameter vector is in the interior of the parameter space. However, in our testing
problem, the true proportion parameter vector p lies on the boundary of the simplex under
the null hypothesis, making the conventional Chi-squared limiting distribution no longer hold.
In this section, we review the nonstandard asymptotic behaviors of the LRT statistic and provide statistical insights on the failures of such limiting distributions under practical conditions.
Then we propose to use resampling-based methods to test hierarchical structures and conduct
a comprehensive simulation study to compare diﬀerent testing procedures.
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Failure of Limiting Distribution of LRT

When the parameter of the null model lies on the boundary of the parameter space, the LRT
statistic has been shown to often follow a mixture of χ 2 distributions asymptotically (Self and
Liang, 1987). We ﬁrst present some general asymptotic theories on the LRT statistic under such
nonstandard conditions and discuss the application to our testing problem for latent hierarchies.
Let f (x; θ ) be the probability density function of a random variable X, where θ = (θ1 , . . . , θp )
takes values in the parameter space , a subset of Rp . When the model is identiﬁable, distinct
values of θ correspond to distinct probability distributions.
 Let x1 , . . . , xN be N independent
observations of X and denote the log-likelihood function, N
i=1 log[f (xi ; θ )], by lN (θ ). Consider
the hypothesis testing
H0 : θ0 ∈ 0 vs H1 : θ0 ∈  \ 0 ,
where θ0 is the true parameter and 0 is a subset of . When 0 is an r-dimensional subset
of , θ0 is a boundary point of both 0 and  \ 0 but an interior point of , under some
regularity conditions, by the Wilk’s theorem, the asymptotic distribution of the LRT statistic,
λN := −2 supθ∈0 lN (θ )−supθ∈ lN (θ ) , will be χ 2 (p −r). However, when θ0 is a boundary point of
, the regularity condition is not satisﬁed and the conventional Chi-squared limiting distribution
does not hold either.
In Self and Liang (1987), the authors studied the nonstandard tests where the parameter
of the null model is on the boundary of the parameter space. It is shown that when some of
the true parameter values are on the boundary of the parameter space, under certain regularity
conditions, the limiting distribution of the LRT statistic is the same as the distribution of the
projection of the Gaussian random variable onto the region of admissible values for the mean.
Speciﬁcally, both the whole parameter space  and the null parameter space 0 are assumed to
be regular enough to be approximated by cones with vertices at the true parameter θ0 , which is
deﬁned as below.
Deﬁnition 5. The set  ⊂ Rp is approximated at θ0 by a cone with vertex at θ0 , C , if
(1) inf ||x − y|| = o(||y − θ0 ||),

∀y ∈ ,

(2) inf ||x − y|| = o(||x − θ0 ||),

∀x ∈ C .

x∈C
y∈

When the model is identiﬁable, with further regularity conditions (see Section 1 in Self
and Liang (1987) for details), the following asymptotic distribution of the LRT statistic is
derived.
Theorem 1 (Self and Liang, 1987). Let Z be a random variable with a multivariate Gaussian
distribution with mean θ0 and covariance matrix I −1 (θ0 ), where I (θ ) = N −1 IN (θ ) and IN (θ ) is
the second derivative of the log-likelihood function lN (θ ). Let C0 and C be non-empty cones
approximating 0 and  at θ0 , respectively. Then the asymptotic distribution of the likelihood
ratio test statistic is the same as the distribution of the likelihood ratio test of θ ∈ C0 versus
the alternative θ ∈ C based on a single realization Z when θ = θ0 .
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Following Self and Liang (1987), the asymptotic representation of the LRT statistic given
by Theorem 1 can be written as
sup {−(Z − θ ) I (θ0 )(Z − θ )} −

θ∈C −θ0

sup {−(Z − θ ) I (θ0 )(Z − θ )},

(3)

θ∈C0 −θ0

where Z has a multivariate Gaussian distribution with mean 0 and covariance matrix I −1 (θ0 ).
We can further rewrite it as
(4)
inf ||Z̃ − θ ||2 − inf ||Z̃ − θ ||2 ,
θ∈C̃0

θ∈C̃

where C̃ = {θ̃ : θ̃ = 1/2 P T θ , ∀ θ ∈ C −θ0 }, C̃0 = {θ̃ : θ̃ = 1/2 P T θ , ∀ θ ∈ C0 −θ0 }, Z̃ follows a
multivariate Gaussian distribution with mean 0 and the identity covariance matrix, and P P T
represents the spectral decomposition of I (θ0 ). Therefore, after the orthogonal transformation,
the distribution in equation (3) can be computed using the standard Gaussian distribution.
This result provides a promising direction for the hypothesis testing in the hierarchical
CDM setting, and we consider a simple example in Example 10.
Example 10. Consider a DINA model with two latent attributes. Suppose that we want to
test whether the ﬁrst attribute is a prerequisite for the second attribute, that is, the hierarchical structure E0 = {1 → 2}. Assume that the identiﬁability conditions in Proposition 1
are satisﬁed. The model parameters include the proportion parameters and item parameters
{p(0,0) , p(0,1) , p(1,0) , p(1,1) , sj , gj , j = 1, . . . , J }, so the total number of parameters is 3 + 2 × J ,
noting that the proportion parameter vector p = (p(0,0) , p(0,1) , p(1,0) , p(1,1) ) lies in the 3-simplex.
To test the hierarchy E0 , it is equivalent to test
H0 : p(0,1) = 0

vs

H1 : p(0,1) = 0.

Therefore we have one parameter of interest that has true value on the boundary and 2 + 2 × J
nuisance parameters with true values not on the boundary. After an orthogonal transformation,
we have C̃ = [0, ∞) × R2+2×J and C̃0 = {0} × R2+2×J and thus the asymptotic distribution of the
LRT statistic is reduced to
Z̃12 · I (Z̃1 > 0),
where Z̃1 follows a standard univariate gaussian distribution. Therefore the limiting distribution
of the LRT statistic is a mixture of Chi-squared distribution 12 χ02 + 12 χ12 .
In Example 10, we derive the closed form of the limiting distribution of the LRT statistic
in the DINA model with two latent attributes and a linear hierarchy. In this example, we take
the advantage of the fact that there is only one boundary parameter and it occurs as the
parameter of interest. However, the asymptotic distribution of the LRT statistic in fact becomes
considerably more complicated if there are more latent attributes and more complex hierarchical
structures. Moreover, even in the simple setting as in Example 10, the convergence may be very
slow if the number of items J is large or the guessing parameter gj and slipping parameter
sj are close to the boundary, as illustrated in Figure 3. Speciﬁcally, in Figure 3, we present
the p-values under various settings for Example 10. The observed p-values are plotted by blue
points, and the p-values for the reference distribution 12 χ02 + 12 χ12 are plotted as the red lines.
The ﬁrst row in Figure 3 contains three plots of p-values with the same sample size and item
parameters but diﬀerent numbers of items. It is noted that when the number of items was small,
the observed p-values were very close to those of the mixture Chi-squared limiting distribution.

Hypothesis Testing for Hierarchical CDMs

293

Figure 3: QQ-plots for Example 10 under various settings. The x-axis is the expected percentile of
the p-values under the null hypothesis, and the y-axis is the percentile of the observed p-values.
The observed p-values are plotted by blue points, and the p-values for the reference limiting
distribution 12 χ02 + 12 χ12 are plotted as red lines. If the blue points are close to the red lines, it
indicates that the empirical distribution of the observed p-values approximates the asymptotic
distribution well.
However, as the number of items increased, the gap between the observed p-values and the
reference limiting distribution became larger. The second row in Figure 3 contains three plots
of p-values with more extreme item parameters. Compared with the plots in the ﬁrst row, it
is shown that when the item parameters were close to the boundary, the convergence of the
LRT statistic became much slower, and such testing tended to fail even with a large sample size
N = 10,000.
As pointed out in Self and Liang (1987), even though based on Theorem 1 we can derive the
asymptotic distribution of the LRT statistic for any ﬁxed θ0 ∈ 0 , this distribution is generally
diﬀerent for diﬀerent θ0 . Moreover, these distributions typically vary over 0 in a discontinuous
way when some of the nuisance parameters may also be on the boundary. This discontinuity can
aﬀect the quality of the asymptotic approximation much. As in our example, when the slipping
parameter sj and the guessing parameter gj in the DINA model are close to the boundary, the
distribution with a given ﬁnite sample may be far away from the weighted Chi-squared mixture
as described in Example 10.
We provide further insights on why the convergence was slow when the number of items was
large or the item parameters were close to the boundaries
  as shown in Figure 3. The average logN
likelihood of CDMs is given by lN /N := i=1 log
α pα P (Ri | α) /N . Consider Example 10
where we are interested
→2} and want
to test whether
 p(0,1) = 0. If we
 in the hierarchy {1 −
N
write p(0,0) = 1 − α=(0,0) pα , then lN /N =
i=1 log((1 −
α =(0,0) pα )P Ri | α = (0, 0) +
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pα P (Ri | α))/N . The derivative of the log-likelihood w.r.t. p(0,1) becomes




N
1  P Ri | α = (0, 1) − P Ri | α = (0, 0)
∂lN /N


=

∂p(0,1)
N i=1
α pα P Ri | α




N
1  P Ri | α = (0, 1) − P Ri | α = (0, 0)
=
N i=1
P (Ri )




N
P r | α = (0, 1) − P r | α = (0, 0)
1  
.
I (Ri = r)
=
N i=1
P (r)
J

(5)

r∈{0,1}

When the null hypothesis that p(0,1) = 0 is true, by the strong law of large number, we have




 
P r | α = (0, 1) − P r | α = (0, 0) 
∂lN /N 
a.s.
−→ E0
I (R = r)

∂p(0,1) p(0,1) =0
P (r)
J
r∈{0,1}
  



=
P r | α = (0, 1) − P r | α = (0, 0)
r∈{0,1}J



=






P r | α = (0, 1) −
P r | α = (0, 0)

r∈{0,1}J

r∈{0,1}J

= 0.
However, since the number of possible response patterns is |{0, 1}J | = 2J which grows exponentially with the number of items J , it requires an exponentially growing sample size to cover all
the possible response patterns, and therefore the convergence can be slow when J is large.
Next, consider the case when the item parameters are close to the boundary. Note that
J
J 
Rj 
1−Rj

 

 
1−

P Rj | α =
.
gj j,α (1 − sj )j,α
(1 − gj )1−j,α sj j,α
P R|α =
j =1

j =1

When the item parameters are very close to the boundaries, that is, sj and gj are very close to
0, the model becomes near deterministic. For simplicity, let sj = gj = δ which is very close to 0
for all j ∈ [J ]. Then
J 
rj 
1−rj

δ (1−j,α ) (1 − δ)j,α
(1 − δ)(1−j,α ) δ j,α
P (R = r | α) =
j =1

=



rj =1


=δ

rj

δ (1−j,α ) (1 − δ)j,α

=1 (1−j,α )+ r

j


rj =0

=0 j,α

(1 − δ)(1−j,α ) δ j,α


· (1 − δ)



rj =1 j,α +

rj =0 (1−j,α )

.

δ)J . And for any r = ·,α , δ J  P (R = r | α)  δ.
For r = ·,α , we have P (R = ·,α | α) = (1 − 
Moreover, when p(0,1) = 0, since P (R = r) = α=(0,1) pα P (R = r | α), we have
P (R = ·,α )  pα (1 − δ)J , for α ∈ A = {(0, 0), (1, 0), (1, 1)},


P R = ·,α , α ∈ A  1 − (1 − δ)J → 0 as δ → 0.
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Therefore from the above discussions, when p(0,1) = 0, the probability mass is concentrated
around three response patterns ·,α for α ∈ A = {(0, 0), (1, 0), (1, 1)}. For the terms in the RHS
of (5), when r = ·,(0,0) , we have
 



−1
P R = r | α = (0, 1) − P R = r | α = (0, 0) P (R = r)

 δ J − (1 − δ)J
δ − (1 − δ)J
−→ −1/p(0,0) as δ → 0.
∈
,
(1 − δ)J p(0,0) (1 − δ)J p(0,0) + δ(1 − p(0,0) )
When r = ·,(1,0) (or ·,(1,1) ), we have
 



−1
P R = r | α = (0, 1) − P R = r | α = (0, 0) P (R = r)


δ − δJ
δJ − δ
−→ 0 as δ → 0.
∈
,
(1 − δ)J p(1,0) (1 − δ)J p(1,0) + δ(1 − p(1,0) )
Therefore the terms in the RHS of (5) also concentrate around two points, −1/p(0,0) and 0,
making the convergence slow since more data points are needed to have it converge to 0.
Based on the above discussions about the asymptotic behaviors of the LRT statistic under
the nonstandard conditions and in the hierarchical CDM setting, it has been shown that even
in the simple setting where we could derive a closed form of the limiting distribution, the
convergence can be very slow. Moreover, the asymptotic distribution of the LRT will be much
more complicated if we have more latent attributes and more complex hierarchical structures.
Therefore, it is not practical to use the theoretical limiting distribution of the LRT statistic to
test latent hierarchical structures in CDMs, especially considering that the number of test items
is usually relatively large (e.g. more than 20).

4.2

Bootstrap and Numerical Studies

From the discussions about the LRT in Section 4.1, we learn that the limiting distribution of
the LRT statistic under latent hierarchical structures can be very complicated and the convergence can be slow when the number of items is large or the item parameters are close to the
boundary even in simple settings. To overcome these diﬃculties, we propose to use the bootstrap
method as an alternative to the asymptotic limiting distribution method. The bootstrap method
(Efron, 1979) has been shown to be successful in many nonstandard situations. The basic idea
of bootstrap is treating inference of the true probability distribution, given the original data, as
being analogous to the inference of the empirical distribution, given the resampled data. If the
empirical distribution is a reasonable approximation to the true distribution, then the bootstrap
method will provide good inferences.
In this section, we consider two diﬀerent bootstrap procedures: nonparametric bootstrap and
parametric bootstrap. The idea of nonparametric bootstrap is to simulate data from the empirical
distribution by directly resampling from the original data. To be speciﬁc, in nonparametric
bootstrap, we draw samples of the same size from the original data with replacement. Then the
statistic of interest is computed based on the resampled data set and we repeat this routine
many times. The steps for nonparametric bootstrap are summarized as below:
Step 1. Initially estimate the model with the speciﬁed hierarchy under the null hypothesis,
and the model under the alternative hypothesis (without the null hypothesis hierarchy
constraints), and calculate the LRT statistic.
Step 2. Draw a sample of the same size with replacement from the original data and calculate
the LRT statistic.
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Step 3. Repeat Step 2 independently many times and estimate the distribution of the LRT
statistic.
Step 4. Estimate the p-value by comparing the distribution obtained in Step 3 with the LRT
statistic obtained in Step 1. Then this p-value is used to determine whether the null
model with the speciﬁed null hierarchy should be rejected in favor of the model without
the hierarchical constraints.
The idea of parametric bootstrap is to simulate data based on good estimates of distribution
parameters, often by maximum likelihood. In parametric bootstrap, a parametric model is ﬁtted
to the original data, and samples are drawn from this ﬁtted model. The steps for parametric
bootstrap are similar to those of nonparametric bootstrap except for Step 2:
Step 2*. Based on the estimates of the model with speciﬁed hierarchy from step 1, generate a
bootstrap sample from the ﬁtted model and calculate the LRT statistic.
Next we conduct comprehensive simulation studies to compare parametric bootstrap and
nonparametric bootstrap for testing latent hierarchical structures under various settings. We
considered four diﬀerent hierarchical structures shown in Figure 2. For the data generating
process, we considered the DINA model and the GDINA model respectively. For both models
we included three diﬀerent sample sizes (N = 200, 500, or 1000) and the number of items was
set to 30 (J = 30). In terms of uncertainty, two levels of guessing and slipping parameters in
the DINA model were included (sj = gj = 0.1 or 0.2 for j ∈ [J ]). For the GDINA model,
we also considered two diﬀerent uncertainty levels, where the highest item parameter was 0.9
or 0.8, and the lowest item parameter was 0.1 or 0.2. The other item parameters in between
were equally spaced. To satisfy testability conditions, the Q-matrix contained two identity submatrices and the remaining items were randomly generated. For each scenario, we performed 500
independent repetitions and in each repetition we generated bootstrap samples for 500 times.
To ﬁt the models under the null and alternative hypotheses, we used R package “CDM”.
The type I errors with signiﬁcance level α = 0.05 under diﬀerent settings are plotted in the
supplementary material. There we also provide corresponding error bars for uncertainty quantiﬁcation of the Monte Carlo errors. The naïve Chi-squared test is included for comprehensive
comparison. From the plots, we can see that the type I errors for parametric bootstrap were
around 0.05 in most cases and therefore parametric bootstrap controlled the type I errors generally well. By contrast, nonparametric bootstrap was too conservative and the type I errors for
nonparametric bootstrap were very close to 0. In terms of the naïve Chi-squared test, it was also
very conservative in most cases even though the type I errors for the GDINA model with larger
noises under the “unstructured” hierarchy were closer to the signiﬁcance level 0.05.
To further examine the behaviors of the testing procedures, the QQ plots for p-values
under the null hypothesis are provided in Figure 4 and Figure 6. For presentation brevity,
we only present results of four hierarchies with the same noise level and sample size. More
comprehensive simulation results are presented in the supplementary material. It is known that
under the null hypothesis, the p-values should follow a uniform distribution on [0, 1]. In the
QQ-plots, if the points are lying closer to the identity line, it indicates that it approximates the
uniform distribution better. From Figure 4 and 6, one can see that under the null hypothesis,
the p-values of parametric bootstrap approximated the uniform distribution on [0, 1] very well
in almost all the settings. By contrast, the p-values of nonparametric bootstrap and the naïve
Chi-squared test were far away from the uniform distribution, indicating that these testing
procedures are not reliable. We also conducted power analysis where all the latent attribute
proﬁles existed in the data generation process. The true proportion parameters were equally
assigned. The QQ plots for p-values under the alternative hypothesis are shown in Figure 5 and
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Figure 4: QQ-plots for the p-values of the DINA model under the null hypothesis where θj+ =
0.8, θj− = 0.2 that corresponds to the case with high noises.

Figure 5: QQ-plots for the p-values of the DINA model under the alternative hypothesis where
θj+ = 0.8, θj− = 0.2 corresponding to high noises. The expected quantiles on the x-axis are the
expected quantiles of the p-values under the null hypothesis, i.e., uniform distribution on [0,1].

Figure 7 respectively. To have more power, we expect the p-values to be small so that we would
reject the null hypothesis. Therefore in the QQ-plots, the closer to 0 the points are, the more
powerful the test is. From Figure 5 and 7, one can see that the p-values of parametric bootstrap
and the naïve Chi-squared test were almost 0 and therefore the power was close to 1. However,
the p-values of nonparametric bootstrap were close or above 0.5, which means we would not
reject the null hypothesis, making the power almost 0. Taking both the type I error and power
into consideration, the parametric bootstrap outperformed the other two testing procedures.
In order for nonparametric bootstrap to work, the empirical distribution of the sample data
should be close to the true distribution, which may not hold for the cases here especially when
the number of items is relatively large. As we discussed in Section 4.1, the total number of
possible response patterns 2J grows exponentially with the number of items J . Therefore, in
nonparametric bootstrap, we need a very large sample size to cover all the possible response
patterns, which may explain the failures of nonparametric bootstrap. On the contrary, in parametric bootstrap, we ﬁrst ﬁt a model from the original data and resample data from the ﬁtted
model, which incorporates the variance in data generation better and thus makes parametric
bootstrap perform better. Note that in Templin and Bradshaw (2014), using the naïve Chisquared test, the authors concluded that “the DINA model cannot detect attribute hierarchies”.
However, through our comprehensive simulation, by using parametric bootstrap, the attribute
hierarchies can also be well detected in the DINA model.
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Figure 6: QQ-plots for the p-values of the GDINA model under the null hypothesis where
θj+ = 0.8, θj− = 0.2 corresponding to the case with high noises.

Figure 7: QQ-plots for the p-values of the GDINA model under the alternative hypothesis where
θj+ = 0.8, θj− = 0.2 corresponding to high noises. The expected quantiles on the x-axis are the
expected quantiles of the p-values under the null hypothesis, i.e., uniform distribution on [0,1].

In summary, based on our discussions about the failure of the limiting distribution of LRT in
Section 4.1 and the simulation results in Section 4.2, we recommend using parametric bootstrap
to perform hypothesis testing for latent hierarchical structures in CDMs.

5

Real Data Analysis

In this section, we perform hypothesis testing procedures on the Examination for the Certiﬁcate
of Proﬁciency in English (ECPE) data. The ECPE data is collected by the English Language
Institute of the University of Michigan, in which there are 2,922 test takers and 28 ECPE test
items. Three target attributes are considered, including morphosyntactic rules (α1 ), cohesive
rules (α2 ) and lexical rules (α3 ). The Q-matrix of the ECPE data is given in the supplementary
material. Since the Q-matrix contains four identity submatrices, the testability conditions are
satisﬁed. A linear hierarchical structure E0 = {α3 → α2 → α1 } is often considered in literature
such as Templin and Bradshaw (2014).
Under the linear hierarchy E0 , the latent attribute proﬁle set is A0 = {(0, 0, 0), (0, 0, 1),
(0, 1, 1), (1, 1, 1)}. Under the null hypothesis, we ﬁt a GDINA model with the proﬁle set A0 , and
under the alternative, we ﬁt a saturated GDINA model with all the possible attribute proﬁles. We
generated bootstrap samples 1000 times in parametric bootstrap and nonparametric bootstrap
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Table 1: p-values for diﬀerent testing settings.
Setting

Para-boot

Nonpara-boot

Chi-squared

{α3 → α2 → α1 } vs. ∅
{α3 → α2 } vs. ∅
{α2 → α1 } vs. ∅
{α3 → α1 } vs. ∅
{α3 → α2 → α1 } vs. {α3 → α2 }
{α3 → α2 → α1 } vs. {α2 → α1 }
{α3 → α2 → α1 } vs. {α3 → α1 }

0.041
0.052
0.057
0.169
0.098
0.073
0.026

0.952
0.511
0.722
0.954
0.962
0.906
0.625

0.020
0.072
0.064
0.066
0.047
0.052
0.051

respectively. The p-value obtained from parametric bootstrap is 0.041, while the p-value obtained
from nonparametric bootstrap is 0.952. Moreover, we also calculate the p-value corresponding
to the naïve test using the conventional Chi-squared limiting distribution and get the p-value
0.02. If we set the signiﬁcance level to be 0.05, then by parametric bootstrap, we do reject the
null hypothesis and conclude the linear hierarchy does not present in this data set; while if
the signiﬁcance level is set to be 0.01, we would not reject the null hypothesis and conclude
there is such a linear attribute hierarchy. This conclusion is consistent with that in Templin and
Bradshaw (2014). For both signiﬁcance levels, the nonparametric bootstrap does not reject the
null hypothesis.
To conduct a more comprehensive study of the linear hierarchies among the three target
attributes, we further test each linear hierarchy relationship separately and examine which one
is the strongest. In particular, we consider the following various test settings:
• H0 : E0 = {α3 → α2 } vs. H1 : no hierarchical structure E1 = ∅;
• H0 : E0 = {α2 → α1 } vs. H1 : no hierarchical structure E1 = ∅;
• H0 : E0 = {α3 → α1 } vs. H1 : no hierarchical structure E1 = ∅;
• H0 : E0 = {α3 → α2 → α1 } vs. H1 : E1 = {α3 → α2 };
• H0 : E0 = {α3 → α2 → α1 } vs. H1 : E1 = {α2 → α1 };
• H0 : E0 = {α3 → α2 → α1 } vs. H1 : E1 = {α3 → α1 };
The resulting p-values for parametric bootstrap, nonparametric bootstrap and the naïve Chisquared test under diﬀerent settings are presented in Table 1. From the table, we can see that
among all the settings, the p-values of nonparametric bootstrap are very large and therefore we
do not reject the null hypotheses. This is also consistent with our simulation study where we
ﬁnd nonparametric bootstrap is more conservative. The p-values of parametric bootstrap are
much smaller than those of nonparametric bootstrap. If we set the signiﬁcance level to be 0.05,
parametric bootstrap does not reject the null except for the settings “{α3 → α2 → α1 } vs. ∅” and
“{α3 → α2 → α1 } vs. {α3 → α1 }”. The p-values of the naïve Chi-squared test are of the similar
scales of those in parametric bootstrap, and if the signiﬁcance level is set to 0.05, the naïve
Chi-squared test does not reject the null except for the settings “{α3 → α2 → α1 } vs. {α3 → α2 }”
and “{α3 → α2 → α1 } vs. ∅”. However, as we have shown in our simulation results, since the true
limiting distribution of the LRT statistic is no longer the conventional Chi-squared distribution,
the naïve test is not reliable.
For testing a single linear hierarchy relationship versus none hierarchical structure (i.e., the
second to the fourth tests in Table 1), since the alternative hypothesis is the same while the
null hypothesis varies, a larger p-value suggests a stronger pre-requisite relationship. Therefore
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based on the results in Table 1 that the p-value for “{α3 → α1 } vs. ∅” is the largest among
these three tests, we can see that the prerequisite relationship between the third attribute and
the ﬁrst attribute is the strongest. Similarly, for testing the whole linear hierarchical E0 versus a
single linear hierarchy (i.e., the last three tests in Table 1), since now the null hypothesis is the
same and the alternative hypothesis varies, a smaller p-value indicates a stronger pre-requisite
relationship. In this case, the prerequisite relationship between the third attribute and the ﬁrst
attribute seems still the strongest.

6

Discussions

In this paper, we consider the hypothesis testing problem for latent hierarchical structures in
CDMs. We ﬁrst discuss the testability issues and present suﬃcient conditions for testability.
Under the testability conditions, we study asymptotic properties of the likelihood ratio test and
show the practical diﬃculties of directly using the limiting distribution of the LRT statistic to test
latent hierarchies. We then compare two resampling-based testing procedures including parametric bootstrap and nonparametric bootstrap through comprehensive simulations under diﬀerent
settings and recommend using parametric bootstrap for testing latent hierarchical structures.
In this paper, we mainly focus on the hypothesis testing where the hierarchical structure
is fully speciﬁed and all the latent attribute proﬁles that respect the hierarchy exist in the population. In many applications, the number of latent attributes K could be large, leading to a
high-dimensional space for all the possible conﬁgurations of the attributes, where the number of
potential attribute proﬁles can be even larger than the sample size. For scientiﬁc interpretability
and practical use, it is often assumed that not all the possible attribute proﬁles exist in the population. In such cases, to test hierarchical structures, we may perform the selection of signiﬁcant
latent attribute proﬁles ﬁrst and then conduct testing procedures.
This paper proposes to use parametric bootstrap, which is a resampling-based procedure
and can be computationally expensive, especially for large-scale data sets. Therefore it would
be useful to develop more eﬃcient testing procedures. Moreover, further theoretical results are
needed to better characterize the asymptotic distribution of the likelihood ratio test with the
presence of latent variables and complex constraint structures as in CDMs.

Supplementary Material
More comprehensive simulation results are presented in the supplementary material. Speciﬁcally,
bootstrap results for DINA and GDINA models under both null hypothesis and alternative
hypothesis with diﬀerent sample sizes and noise levels are plotted there. We also include the
codes for simulations and real data analysis.
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