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ABSTRACT

In modern psychological and biomedical research with diagnostic purposes, scien-
tists often formulate the key task as inferring the fine-grained latent information under
structural constraints. These structural constraints usually come from the domain ex-
perts’ prior knowledge or insight. The emerging family of Structured Latent Attribute
Models (SLAMs) accommodate these modeling needs and have received substantial
attention in psychology, education, and epidemiology. SLAMs bring exciting oppor-
tunities and unique challenges. In particular, with high-dimensional discrete latent
attributes and structural constraints encoded by a structural matrix, one needs to
balance the gain in the model’s explanatory power and interpretability, against the
difficulty of understanding and handling the complex model structure.

This dissertation studies such a family of structured latent attribute models from
theoretical, methodological, and computational perspectives. On the theoretical
front, we present identifiability results that advance the theoretical knowledge of
how the structural matrix influences the estimability of SLAMs. The new identifia-
bility conditions guide real-world practices of designing diagnostic tests and also lay
the foundation for drawing valid statistical conclusions. On the methodology side,
we propose a statistically consistent penalized likelihood approach to selecting sig-
nificant latent patterns in the population in high dimensions. Computationally, we
develop scalable algorithms to simultaneously recover both the structural matrix and
the dependence structure of the latent attributes in ultrahigh dimensional scenarios.

These developments explore an exponentially large model space involving many dis-

xiil



crete latent variables, and they address the estimation and computation challenges
of high-dimensional SLAMs arising from large-scale scientific measurements. The
application of the proposed methodology to the data from international educational

assessments reveals meaningful knowledge structures of the student population.
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CHAPTER I

Introduction

In the era of data science, latent variable models have witnessed a tremendous
surge of interest from a wide range of scientific applications and machine learning
problems. On one hand, latent variable models have always played an important role
in social and behavioral sciences to model constructs that are not directly measurable,
such as extrovert personality or public opinion. On the other hand, latent variables
are useful tools for dimension reduction in machine learning, and they hold huge
representational and predictive power in deep neural networks.

The entire family of latent variable models can be categorized into four general
types according to the nature of the observed and the latent variables. With the
observed and latent variables both being continuous, the traditional factor analysis
and probabilistic principal component analysis (Anderson and Rubin, 1956; Tipping
and Bishop, 1999) can be used in modeling. To model continuous observed data using
discrete latent variables, researchers have employed mixture models of continuous
distributions, such as the Gaussian mixture model (Reynolds et al., 2000; Bishop,
2006), for explaining data heterogeneity and clustering subjects. When it comes
to discrete observations, the item response theory models (Weiss and Yoes, 1991;
Embretson and Reise, 2013) has been traditionally used in the field of psychometrics

to draw continuous latent information from categorical data. Finally, when both



the observed variables and the latent constructs of interest are discrete, the latent
class model has been a popular modeling tool since decades ago (Lazarsfeld, 1959;
Goodman, 1974).

In particular, in many areas of modern social and biomedical research, the key
task can be formulated as inferring the fine-grained latent information from noisy
measurements. FEspecially in many applications, formalizing the latent constructs
as being discrete, instead of being continuous, allow for more interpretability and
also naturally enables subsequent clustering of subjects. Further, in many real-world
problems it is critical to incorporate structural information into the latent variable
modeling process. Such discrete latent variable models with structural constraints
have received a lot of attention in various fields, including psychology, epidemiology,
and medicine. We term such models as Structured Latent Attribute Models (SLAMs),
which generally fall into the last category of using discrete latent variables to explain
discrete outcomes as described in the previous paragraph. However, SLAMs have
the following key features distinct from the traditional latent class model: the first is
that in a SLAM the latent variable per subject is characterized by a configuration of
multiple fine-grained attributes; and the second is that the aforementioned structural
constraints play an important role in describing the data generation process. There-
fore, SLAMs can also be viewed as restricted latent class models (Xu, 2017; Gu and
Xu, 2020a). These key features pose many interesting and challenging questions, re-
quiring balancing the additional gain in the model’s explanatory power and scientific
interpretability, against the additional difficulty of understanding and handling the
complex model structure.

This dissertation studies such a modern family of structured latent attribute mod-
els from theoretical, methodological, and computational perspectives. In the remain-
ing part of this chapter, we first introduce the setup of SLAMs in Section 1.1. Then

we review some popular model examples in Section 1.2 and some real-world designs



in Section 1.3. Later in Section 1.4, we point out the unique challenges brought by

SLAMs, summarize our contributions, and outline the structure of this dissertation.

1.1

Setup of Structured Latent Attribute Models

SLAMs offer a framework to achieve fine-grained inference on individuals’ multiple

latent attributes. This further provides the basis for clustering the population into

subgroups based on the inferred attribute patterns. These models are central to a

wide scope of applications, including the following examples.

(1)

(3)

Cognitive diagnosis in educational assessment. Structured latent attribute mod-
els play a key role in cognitive diagnosis modeling in educational and psychologi-
cal assessment. Cognitive diagnosis aims to make a classification-based decision
on an individual’s latent attributes, based on his or her observed responses to
a set of designed diagnostic items (questions). The structural constraints usu-
ally come from the design matrix that specifies what latent attributes each item
measures (e.g., Junker and Sijtsma, 2001; Henson et al., 2009; Rupp et al., 2010;
de la Torre, 2011). See Section 1.3 for several data examples, including the Test
of English as a Foreign Language (TOEFL) (e.g., von Davier, 2008) and Trends

in International Mathematics and Science Study.

Psychiatric evaluation in clinical settings. Structured latent attribute models
have also been used in psychiatric evaluation. Here the responses are manifested
symptoms and the latent patterns represent the profiles of presence/absence
of a set of underlying psychological or psychiatric disorders. The structural
constraints result from the fact that each symptom may be shared by multiple
disorders, which are specified by psychiatric diagnosis guidelines. See examples

in Templin and Henson (2006), Jaeger et al. (2006), and de la Torre et al. (2018).

Disease etiology detection in epidemiology. Another application of structured



latent attribute models is the diagnosis of disease etiology in epidemiology (Wu
et al., 2016, 2017; Deloria Knoll et al., 2017; O’Brien et al., 2019). Here the ob-
served responses are imperfect laboratory measurements of subjects’ biological
samples, and the latent attribute patterns are the configurations of existence
or absence of a set of pathogens underlying some disease. The structural con-
straints naturally arise from the fact that each measurement may only target

certain pathogens.

In these applications, either the study design or the prior knowledge dictates that
the observed variables depend on the latent ones in a highly structured fashion. For
example, each test item in an educational assessment, by design, may only measure
a particular subset of the skills, while in disease etiology research each laboratory
measurement may target a specific set of pathogens. SLAMs incorporate these sci-
entifically interpretable constraints through a key structure: a )-matrix of binary
entries. In a scenario with J observed measurements per subject that target K unob-
served latent attributes, the ()-matrix has size J x K. The concept of the ()-matrix
was first proposed in Tatsuoka (1983) and later gained popularity in many cognitive
diagnostic models, as will be reviewed in Section 1.2. Figure 1.1 illustrates the bi-
partite graph representation of a ()-matrix. The directed edges from the K latent
attributes (in circles) to the J observed responses (in rectangles) represent the struc-
tured statistical dependence; these directed edges can be equivalently expressed as
nonzero entries in a J x K binary matrix Q) = (g;x)sxx. On the latent side, arbitrary
dependencies are allowed among the attributes, as indicated by the dotted edges in
Figure 1.1. When ¢;;, = 1, there exists statistical dependence of outcome j on latent
attribute k, there is a directed edge from latent attribute & to observed item response
j. We say attribute k is a parent attribute of item j if ¢;, = 1. Further, denote the

the set of parent attributes of each item j by K4, = {k € {1,..., K} : ¢j;. = 1},
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Figure 1.1: Visualizing ()-matrix as a bipartite graph

The most important statistical property of the family of SLAMs is characterized
by the Q)-matrix, or equivalently, by the bipartite graph between the latent attributes
and the observed responses. Specifically, the following key property is shared by all

the SLAMs considered in this dissertation.

Property 1. The distribution of the observed response R; to the jth item depends
only on the parent attributes of item j (that is, those in qu],), as specified by the

entries of the -matrix.

In most real-world applications of SLAMs in psychological and educational mea-
surement, the ()-matrix is pre-specified by practitioners and summarizes the informa-
tion of the study design. This process is subjective and misspecification might exist,
therefore in practice, sometimes researchers are interested in the identification and
estimation of the (Q-matrix itself. This dissertation will investigate both scenarios:
both with a known @-matrix and with an unknown ()-matrix.

SLAMs have close connections with many other statistical models. First, each
possible configuration of K attributes forms a pattern defining a latent subpopula-
tion. Therefore the model can be viewed as a structured mizture model (McLachlan
and Peel, 2004) and also provides a framework for model-based clustering (Fraley and

Raftery, 2002) of categorical data. Second, the probability distribution of a SLAM can



be written as a mixture of higher-order tensors, relating the framework to tensor de-
compositions (Anandkumar et al., 2014). Third, SLAMs also connect with the mixed
membership model for multivariate categorical data Erosheva et al. (2007) through
a reformulation. Fourth, SLAMs share a similar spirit to the restricted/deep Boltz-
mann machines and deep belief networks in the deep learning literature (Goodfellow
et al., 2016). This is because all of them assume both latent and observed variables
are multivariate binary and that there are complex dependencies in between.

We now summarize the general model setup of SLAMs. A latent attribute pattern
is denoted by a K-dimensional vector &« = (ay,...,ax) of binary entries, where
ar € {0,1} denotes the presence or absence of the kth attribute. Conditional on a
subject’s latent attribute pattern o € {0, 1}, his/her responses to the J items are
assumed to be independent Bernoulli random variables with parameters 0, o, .. .,0;q.
Specifically, 6, o = P(R; = 1 | &) denotes the positive response probability, and is also
called an item parameter of item j. We collect all the item parameters in the matrix
© = (0;4), which has size J x 2% with rows indexed by the J items and columns
by the 2K attribute patterns. For pattern o € {0, 1}, we denote its corresponding
column vector in ® by ©. ,.

Corresponding to Property 1, the key assumption in a SLAM is that for a latent
attribute pattern o = (ay, ..., ax) and item j, the parameter 6; o, is only determined
by whether o possesses the attributes in the set IC; = {k € {1,..., K} : ¢, = 1}; that
is, those attributes related to item j as specified in the Q)-matrix. We will sometimes
call the attributes in K; the required attributes of item j. Under this assumption, all

latent attribute patterns in the set

Ci={aec{0,1}*: a=q;} (1.1)



share the same value of 0; o; namely,

max ;o = micn 0 for any j € {1,...,J}. (1.2)
acC;

acC;

We will call the set C; a constraint set. Thus, the ()-matrix puts constraints on ©
by forcing certain entries of it to be the same. Different SLAMs model the depen-
dence of 0; o on the parent attributes in kg differently to encode different scientific
assumptions; please see Examples 1.1-1.3.

In addition to (1.2), another key assumption in SLAMs is the monotonicity as-
sumption that

Hj,a > Qj,a’ for any o Cj, a’ ¢ Cj. (13)

Constraint (1.3) is commonly used in our motivating applications of cognitive diagno-
sis in educational assessments, where (1.3) indicates subjects mastering all required
attributes of an item are more “capable” of giving a positive response to it (i.e., with
a larger Bernoulli parameter 6;,), than those who lack some required attributes.
Nonetheless, our theoretical results of model identifiability in the following chapters
also apply if (1.3) is relaxed to ;o # 0, for any o € C;, o ¢ C;. This allows more
flexibility in the model assumptions of SLAMs used in other applications.

Under the introduced notations, the probability mass function of a subject’s re-

sponse vector R = (Ry,..., R;)" can be written as
J
PR=r|0,p) = > pa][0ial—0a)"" (1.4)
ac{0,1}¥ Jj=1



for r € {0,1}7. Alternatively, the responses can be viewed as a J-th order tensor and

the probability mass function of R can be written as a probability tensor as follows.

01 o 0.0 0.0
P(R|©,p) = pa e o[ e | T (1)
=1 1-— 9170‘1 1-— 9270” 1-— 9]7041

(19N

where “o” denotes the tensor outer product and 6;,’s are constrained by (1.2) and

(1.3).

1.2 Model Examples: in Cognitive Diagnostic Modeling and

in Machine Learning

The structured latent attribute models have recently gained great interests in
cognitive diagnosis with applications in educational assessment, psychiatric evaluation
and many other disciplines (e.g., Rupp et al., 2010; de la Torre, 2011; Culpepper, 2015;
Wang et al., 2018; Chen et al., 2018b). Cognitive diagnosis is the process of arriving
at a classification-based decision about an individual’s latent attributes, based on the
observed surrogate responses to a set of items. Such diagnostic information plays an
important role in constructing efficient, focused remedial strategies for improvement
in individual performance.

The structured latent attribute models are important statistical tools in cogni-
tive diagnosis to detect the presence or absence of multiple fine-grained attributes.
Cognitive diagnosis models in the psychometrics literature mostly consist of binary
attributes, while general diagnostic models with categorical attributes were also con-
sidered in von Davier (2008). This dissertation focuses on the case of binary at-
tributes.

In the following, we review some popular cognitive diagnosis models and illustrate

how they fall into the family of structured latent attribute models. We first introduce



some notation. For two vectors @ = (ay,...,ax), b = (by,...,bx) of the same
dimension K, we write @ = bifa; > b;foralli =1,..., K;anda Z bifa = band a #
b. Denote a—b = (a; —by,...,ax —bg) and aVb = (max{ay, b, }, ..., max{ag, bx }).

We also denote the all-zero and all-one vectors by 0 and 1, respectively.

Example 1.1 (Conjunctive DINA and Disjunctive DINO). The Deterministic Input
Noisy output “And” gate (DINA) model proposed in Junker and Sijtsma (2001)
and the Deterministic Input Noisy output “Or” gate (DINO) model proposed in
Templin and Henson (2006) are popular and basic diagnostic models, which adopt
the conjunctive and disjunctive assumptions, respectively. Specifically, under DINA,
a subject needs to master all the required attributes of an item to be “capable” of it,
and mastering the attributes not required by the item will not compensate for the lack
of the required ones. That is, the required attributes of an item act “conjunctively”
to define two knowledge states, with the following positive response probability

1—s;

. ..
QDINA _ 7 if o = ga;
j?a -

9j, otherwise.

where s; is the slipping parameter, which denotes the probability that a capable
subject slips the positive response, and g; is the guessing parameter, which denotes
the probability that a non-capable subject coincidentally gives the positive response
by guessing. Under DINO, a subject only needs to master one of the required at-
tributes to be “capable” of an item. That is, the required attributes of an item act
“disjunctively” and

1-— S, if 3k s.t. ap = (k= 1,

DINO

9, otherwise.

where s; and g; are the slipping and guessing parameters. Both the DINA and DINO



models assume 1 — s; > g; for all j.

Example 1.2 (Main-Effect Cognitive Diagnosis Models). An important family of
cognitive diagnosis models assume that the 6;, depends on the main effects of those
attributes required by item j, but not their interactions. The main-effect models
assume the main effects of the required attributes in g play a role in distinguishing

the item parameters, which can be written as

eﬁgin—eff = f(,Bj,O + Zkevaﬁj,kOék) (16)

= f(ﬁj,o + XK: Qj,kﬁj,koék>:
k=1

where f(+) is a link function. Note that not all S-coefficients in the second equivalent
definition in the above equation are included in the model. For an attribute £ €
{1,...,K}, Bjx # 0 only if g;x = 1. We interpret this as f(5;0) denoting the
probability of a positive response when none of the required attributes are present
in a; when ¢;, = 1, B is included in the model, representing the change in
the positive response probability resulting from the mastery of a single attribute
k. Different link functions f(-) lead to different models. Specifically, the popular
reduced Reparameterized Unified Model (reduced-RUM; DiBello et al., 1995) has
f(-) being the exponential function 67" = GJHszlr?fk’“(l_ak), where 07 = P(R; =
1| a = qj) represents the positive response probability of a capable subject of
J, and 7, € (0,1) is the parameter penalizing not possessing attribute k required
by item j. Equivalently, the item parameter in reduced-RUM can be written as
log 0/ = ;0 + Zle Bjk(qjkar), where B; ) > 0 for ¢; = 1. The Linear Logistic
Model (LLM; Maris, 1999) has f(-) being the sigmoid function with text(6 ") =
Bjo + ZszlﬁM(qj’kak). And the Additive Cognitive Diagnosis Model (ACDM; de la

Torre, 2011) with f(-) the identity function.
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Example 1.3 (All-Effect Cognitive Diagnosis Models). Another type of multi-parameter
SLAMs are the all-effect models. These models assume that the positive response
probability depends on the main effects and the interaction effects of the parent at-

tributes of the item. The item parameter of an all-effect model can be written as

ot — 1 (3 sk BisI 1, o) (1.7)

K
= f(ﬁj,@ + Z Q5x B35 ky ok + Z @k ke B fh ke y OOy 4+ -+
=1

_ 1<k#K <K

K
Bi1,2, K} H(Qj7k0ék)>.
k=1

Still note that not all S-coefficients in the second equivalent definition in the above
equation are modeled. For a subset S of the K attributes {1,..., K}, ;s # 0 only if
[lics @x = 1. When g, = 1, 3; 3y is included in the model, representing the change
in the positive response probability resulting from the mastery of a single attribute k;
when ¢;r = qjr = 1, B (k) is included in the model, representing the change in the
positive response probability resulting from the interaction effect of mastering both
k and k', etc. When the link function f(-) is the identity, (1.7) gives the Generalized
DINA (GDINA) model proposed by de la Torre (2011). Note that the DINA model
is a submodel of the GDINA model by setting all the 3, ¢ coefficients in (1.7), other
than §; o and 3; Kq,» 1O zero. Similar to the GDINA model, the LCDM adopts the
logistic link function and assumes that logit(65PM) = ZSQCq]. Bi, s] [resw- When
the link function f(-) is the sigmoid function, (1.7) gives the Log-linear Cognitive
Diagnosis Models (LCDMs) proposed by Henson et al. (2009); see also the General
Diagnostic Models (GDMs) proposed in von Davier (2008).

All the cognitive diagnosis models reviewed in Examples [.1-1.3 are structured
latent attribute models. Other than these examples in the psychometrics literature,

the following is another example of SLAM in the deep learning literature.
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Example I.4 (Deep Boltzmann Machines). The Restricted Boltzmann Machine
(RBM) (Smolensky, 1986; Goodfellow et al., 2016) is a popular neural network model.
RBM is an undirected probabilistic graphical model, with one layer of latent (hidden)
binary variables, one layer of observed (visible) binary variables, and a bipartite graph
structure between the two layers. We denote variables in the observed layer by R and
variables in the latent layer by a, with lengths J and K, respectively. Under an RBM,
the probability mass function of R and e is P(R, o) o< exp(—R'" W%~ f"R—b" ),
where f, b, and W = (w; k) are the parameters. The binary -matrix then specifies
the sparsity structure in W, by constraining w;r 7 0 only if ¢;r # 0. The Deep
Boltzmann Machine (DBM) is a generalization of RBM by allowing multiple latent
layers. Consider a DBM with two latent layers a® and a® of length K; and Ko,
respectively. The probability mass function of (R, a), a(®) in this DBM can be

written as

P(R, oW, a®) o exp < ~R'W9% Y - (aMTUa® - fTR - b/ oV - b;a(z)),

(1.8)

where f € R7, b; € RX for i = 1,2, and W€ = (w;;) € R/ U € RE1*Kz are
model parameters; Figure 3.1 gives an example of a DBM with a 5 x 4 @)-matrix.
For f = (fi,...,f;)" and o) = (agl), . 704%3)7 the conditional distribution of an

observed variable R; given the latent variables is

exp (Zszll wjkal) + fj)
1+ exp (ZkK:ll wj,ka,(:) + fj)

(1.9)

P(R; =1 | a(l)’a@),...) =P(R;=1] a(l)) -

(13 2

where represents deeper latent layers that potentially exist in a DBM. More-

over, from (1.8) we have P(R | aV) = H;.IzlP(Rj | ), so a DBM satisfies the
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local independence assumption that the R;’s are conditionally independent given the
aM. Therefore, a DBM can be viewed as a multi-parameter main-effect SLAM in
(1.6) with a sigmoid link function. Viewing a DBM in this way, (B.73) gives the

item parameter 6; ,), and the constraint set of each item j also takes the form

C; ={aW e {0,1}*: aW = ¢,}.

Q

I
S OO - =
—_— O = = O
O~ = O
_— -0 O O

Figure 1.2: Deep Boltzmann Machine

1.3 Real Data Examples: in Designing Practice

To further illustrate the structural constraints induced by the (-matrix, we next
present several real-world applications that utilize SLAMs as cognitive diagnosis mod-

eling tools.

Example 1.5 (TOEFL Internet-based Testing Data). TOEFL, short for Test of En-
glish as a Foreign Language, is a standardized test to measure English language ability
of non-native speakers. Restricted latent class models have been used to analyze the
TOEFL data by researchers at Educational Testing Service (ETS; e.g., von Davier,
2005, 2008). For instance, von Davier (2008) proposed a general diagnostic model
(GDM), which was used to analyze the TOEFL reading section of two parallel forms,
A and B, with their ()-matrices analyzed and specified by content experts. In par-
ticular, the forms A and B contain 39 and 40 items with four latent attributes: a;:
word meaning, aws: specific information, as: connect information, and oy synthesize

and organize. Table 1.1 gives the summary of the two ()-matrices by presenting each
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g-vector’s frequencies in them. For instance, the first line in Table 1.1 reads (1, 0, 0,
0) for the row g-vector and (9, 9) for the frequencies. This means that there are nine
items with g-vector (1, 0, 0, 0) in form A and nine in form B, respectively. Under
the restrictions induced by the ()-matrices, the diagnostic models used to analyze the

TOEFL data fall in the family of restricted latent class models.

Table 1.1: -matrix entry frequencies, TOEFL iBT field test, Reading Forms A & B

(Q-matrix row g-vectors g-vector frequency
aq Q2 Qs Qy
word specific connect synthesize Form A Form B

meaning  information information & organize

[a)

[a=)

[a=)

— 00 ©
—
—_

HO OO RO RO
OO R R, OO R
—_= = O === OO
—_ =0 O 0O OO
N oS
ooooc>>—~5‘

Example 1.6 (Trends in International Mathematics and Science Study). Trends in
International Mathematics and Science Study (TIMSS) is a large scale cross-country
assessment, administered by the International Association for the Evaluation of Ed-
ucational Achievement. TIMSS evaluates the mathematics and science abilities of
fourth and eighth graders every four years since 1995 and covers more than 40 coun-
tries. The TIMSS data allows one to analyze trends in student progress that can
provide feedback for future improvement in areas needing further instruction (Lee
et al., 2011). Researchers have used the cognitive diagnosis models to analyze the
TIMSS data (e.g., Lee et al., 2011; Choi et al., 2015; Yamaguchi and Okada, 2018). For
instance, a 43 x 12 ()-matrix constructed by mathematics educators and researchers

was specified for the TIMSS 2003 eighth grade mathematics assessment (Choi et al.,
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2015). A total number of 12 fine-grained attributes are identified, which fall in five
big categories of skill domains measured by the eighth grade exam, Number, Alge-
bra, Geometry, Measurement, and Data. The ()-matrix is presented in Table 1 in
the Supplementary Material. Choi et al. (2015) used DINA model to fit the dataset
containing responses sampled from 8912 U.S. and 5309 Korean students. Main-Effect
and All-Effect diagnostic models have also been applied to analyze the TIMSS data

(e.g., Yamaguchi and Okada, 2018).

Example 1.7 (Fraction Subtraction Data). The fraction subtraction dataset is widely
analyzed in the psychometrics literature (de la Torre and Douglas, 2004a; DeCarlo,
2011; Henson et al., 2009; de la Torre, 2011). The dataset contains 536 middle school
students’ binary responses to 20 fraction subtraction items that were designed for
diagnostic assessment. Table 1.3 presents the (Q-matrix specified in de la Torre and
Douglas (2004a), which corresponds to the K = 8 skill attributes regarding doing
fraction and subtraction. The eight attributes are (a;) Convert a whole number
to a fraction; (ag) Separate a whole number from a fraction; (as) Simplify before
subtracting; (ay) Find a common denominator; (as) Borrow from whole number
part; (ag) Column borrow to subtract the second numerator from the first; (ay)
Subtract numerators; (ag) Reduce answers to simplest form. Many researchers have
used various structured latent attribute models models to fit this dataset (e.g., de la

Torre and Douglas, 2004b; DeCarlo, 2011; Henson et al., 2009; de la Torre, 2011).

1.4 Unique Challenges of SLAMs and Our Contributions

The family of SLAMs bring advantages both in representational power and in sci-
entific interpretability. As mentioned earlier, multiple latent attributes can represent
various meaningful real-world constructs, and also the structural matrix () can encode

the information of study design or scientific prior knowledge. However, despite the
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popularity and advantages of SLAMs, this family of models also bring several unique
challenges and yield important open problems.

The first challenge is the fundamental identifiability issue associated with SLAMs.
Indeed, this has long been recognized as a problem, as pointed out by practitioners
and researchers in the literature. The following are quotes from researchers in the

educational and psychological measurements, just to name a few:

(a) Maris and Bechger (2009): “Identifiability of the parameters from the observa-
tions remains problematic for most diagnostic classification models [SLAMs].

[For these models] the problem is much harder and much less trivial.”

(b) Huebner (2010): “Identification of parameters is increasingly difficult with in-

creasing numbers of skills in the model”

(c) von Davier (2014): “The literature on assessing identifiability of diagnostic mod-

els [SLAMs] is sparse at best... There is little [study] to be found.”

Model identifiability is the first and foremost prerequisite for drawing any valid sta-
tistical inference. In statistical terms, a model is identifiable if all the parameters
can be uniquely determined by the distribution of the observed data. For SLAMs,
identifiability issues are challenging to address, due to (1) the discreteness nature of
all the random variables, (2) the existence of many latent attributes, and (3) the
complex constraints imposed by the QQ-matrix.

As previously mentioned, SLAMs can be viewed as restricted latent class models.
The study of identifiability of latent class models dates back to decades ago (McHugh,
1956; Teicher, 1967; Goodman, 1974). For unrestricted latent class models, Gyllen-
berg et al. (1994) showed the model is not identifiable in the sense that, there always
exists some set of parameters, such that one can construct a different set of parame-
ters which lead to the same distribution of the responses. Such nonidentifiablity has

likely impeded statisticians from looking further into this problem (Allman et al.,
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2009). Due to the difficulty of establishing strict identifiability in such scenarios, El-
more et al. (2005) and Allman et al. (2009) studied the generic identifiability of these
models. The idea of generic identifiability is closely related to concepts in algebraic
geometry and implies that the model parameters are identifiable almost everywhere
in the parameter space, excluding only a Lebesgue measure zero set. Allman et al.
(2009) established generic identifiability results for various latent variable models,
including the unrestricted latent class models. The complex constraints of SLAMs
pose additional challenge to the study of model identifiability. The existing results
of generic identifiability in Allman et al. (2009) do not apply to SLAMs, because the
restrictions imposed by the structural matrix ) already constrain the model param-
eters of a SLAM into a measure-zero (and hence potentially unidentifiable) subset of
the parameter space of an unrestricted latent class model.

Another type of challenges accompanying the application of SLAMs is the esti-
mation and computation difficulty in high dimensions. Since the latent attributes
are modeled as multivariate categorical, given a moderate to large number of discrete
attributes K, the size of the latent pattern space grows exponentially with K. This
poses big challenges to both estimation and computation methodology. In real-world
applications of SLAMs, the number of potential latent classes can be much larger
than the sample size. For instance, the Trends in International Mathematics and Sci-
ence Study (TIMSS) is an international educational assessment that provides reliable
and timely data on the mathematics and science achievement of middle school stu-
dents. In a TIMSS dataset with eighth-graders, the number of attributes of interest
is K = 15, leading to 2% = 32768 configurations of binary latent patterns; while the
available sample size is only hundreds. For interpretability, it is often assumed that
only a small subset of attribute patterns exist. In these high-dimensional settings
with such “sparsity” structure, existing estimation methods tend to over-select too

many latent classes, and also incur excessive computational cost. Therefore, valid
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statistical methods and scalable computational algorithms to attack combinatorial
estimation problems in high-dimensional settings are severely called for.

This dissertation addresses these research questions and has several contributions
outlined as follows. On the theory of identifiability, Chapter II' fully answers the
question that under what conditions the popular and basic DINA model (Junker and
Sijtsma, 2001) is identifiable, by providing the necessary and sufficient conditions for
strict identifiability. Chapter I11? develops practical partial and generic identifiability
theory for a general family of SLAMs, motivated by real-world needs of designing
cognitive diagnostic tests with minimal restrictions. The new theory is applied to
give the affirmative answer of identifiability to models with several aforementioned
real world designs, for the first time in the literature. Chapter IV? addresses a further
question, which goes beyond merely identifying the model parameters. Rather, here
the main goal is to identify the key latent structure, that is, the ()-matrix itself. This
chapter includes various results of identifying the @-matrix, which is a technically
much more challenging than establishing identifiability given a known @-matrix.

On the methodological and computational side, Chapter V* deals with the chal-
lenge in modern applications of SLAMs is the high-dimensional latent attribute pat-
terns. The methodological contribution in this chapter is a penalized likelihood
method to select significant latent patterns in the high-dimensional scenario. The
computational contribution includes a scalable screening algorithm as a preprocess-
ing step that drastically reduces the computational cost of the method. Going a step
further from learning general sparse latent patterns, Chapter VI addresses the identifi-
cation and estimation problem of hierarchical latent attribute models. These models
incorporate an additional ingredient on top of SLAMS: hierarchical constraints on

which configurations of the attributes are allowed. This chapter addresses the ques-

mainly corresponding to Gu and Xu (2019b), Psychometrika.

mainly corresponding to Gu and Xu (2020a), accepted by the Annals of Statistics.
mainly corresponding to Gu and Xu (2020b), accepted by Statistica Sinica.
( )

1
2
3
4mainly corresponding to Gu and Xu (2019a), Journal of Machine Learning Research.
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tion of identifiability under arbitrary attribute hierarchies, and further proposes a
scalable algorithm for estimating both the latent structural matrix and the attribute
hierarchy from the noisy data. Each chapter from Chapter II to Chapter VI has a
corresponding appendix containing all the technical proofs and additional numerical

results. All the appendices come after the main chapters.
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Table 1.2: @Q-matrix, TIMSS 2003 8th Grade Data
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Table 1.3: Q-matrix, Fraction Data
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CHAPTER II

Necessary and Sufficient Condition for the

Identifiability of the DINA Model

The DINA model introduced in Example 1.1 is a very popular and basic Cognitive
Diagnostic Model (CDM). It also serves as a submodel for some general structured
latent attribute models, such as the GDINA model introduced in Example 1.3. Re-
cently there have been several studies on the identifiability of the CDMs, including
the DINA model (e.g., Xu and Zhang, 2016). However, the existing works mostly fo-
cus on developing sufficient conditions for identifiability, which might impose stronger
than needed or sometimes even impractical constraints on designing identifiable cog-
nitive diagnostic tests. It remains an open problem in the literature what would be
the minimal requirement, i.e., the necessary and sufficient conditions, for the models
to be identifiable. In particular, for the DINA model, Xu and Zhang (2016) proposed
a set of sufficient conditions and a set of necessary conditions for the identifiability
of the slipping, guessing and population proportion parameters. However, as pointed
out by the authors, there is a gap between the two sets of conditions; see Xu and
Zhang (2016) for examples and discussions.

This chapter addresses this open problem by developing the necessary and suf-

This chapter contains the main part of Gu and Xu (2019b), Psychometrika.
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ficient condition for the identifiability of the DINA model. Furthermore, we show
that the identifiability condition ensures the statistical consistency of the maximum
likelihood estimators of the model parameters. The proposed condition not only guar-
antees identifiability, but also gives the minimal requirement that the DINA model
needs to meet in order to be identifiable. The identifiability result can be directly
applied to the DINO model (Templin and Henson, 2006) through the duality of the
DINA and DINO models (Chen et al., 2015). For general CDMs such as the LCDM
and GDINA models, since the DINA model can be considered as a submodel of
them, the proposed condition also serves as a necessary requirement. From a practi-
cal perspective, the necessary and sufficient condition only depends on the ()-matrix
structure and hence is easily checkable. Such condition would provide a practical
guideline for designing statistically valid and estimable cognitive tests.

The rest of this chapter is organized as follows. Section 2.1 states the main result
and includes several illustrating examples. Section 2.2 gives a brief discussion. The

proofs of the main results are included in Appendix A.

2.1 Main Theorem of Necessity and Sufficiency

We first introduce the important concept of the “completeness” of a (Q-matrix,
which was first introduced in Chiu et al. (2009). A @-matrix is said to be complete if
it can differentiate all latent attribute profiles, in the sense that under the ()-matrix,
different attribute profiles have different response distributions. In this study of the
DINA model, completeness of the -matrix means that {e] : k = 1,..., K} C
{g; :j=1,...,J}, equivalently, for each attribute there is some item which requires
that and solely requires that attribute. Up to some row permutation, a complete
@-matrix under the DINA model contains a K x K identity matrix. Under the DINA
model, completeness of the ()-matrix is necessary for identifiability of the population

proportion parameters p (Xu and Zhang, 2016).
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Besides the completeness, an additional necessary condition for identifiability was
also specified in Xu and Zhang (2016) that each attribute needs to be related with
at least three items. For ease of discussion, the set of necessary conditions in Xu and

Zhang (2016) are summarized as follows.

Condition II.1. The @-matrix is complete under the DINA model and without loss

of generality, we assume the @)-matrix takes the following form:

Q=|-* , 2.)

where Ix denotes the K x K identity matrix and Q* is a (J — K) x K submatrix of
Q.

Condition II.2. Each of the K attributes is required by at least 3 items.

Though necessary, Xu and Zhang (2016) recognized that Condition 1 is not suffi-
cient. To establish identifiability, the authors also proposed a set of sufficient condi-
tions, which however is not necessary. For instance, the @Q-matrix in (2.2), which is
given on page 633 in Xu and Zhang (2016), does not satisfy their sufficient condition

but still gives an identifiable model.

0
1 (2.2)
1
1

In particular, their sufficient condition C4 requires that for each k € {1,..., K}, there
exist two subsets S, and S, of the items (not necessarily nonempty or disjoint) in Q*
such that S;” and S, have attribute requirements that are identical except in the kth
attribute, which is required by an item in S; but not by any item in S, . However,

the first attribute in (2.2) does not satisfy this condition. Examples of this kind of
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(Q-matrices not satisfying their C4 but still identifiable are not rare and can be easily

constructed as shown below in (2.3).

It has been an open problem in the literature what would be the minimal re-
quirement of the ()-matrix for the model to be identifiable. This chapter solves this
problem and shows shat Condition 1 together with the following Condition 2 are

sufficient and necessary for the identifiability of the DINA model parameters.
Condition I1.3. Any two different columns of the sub-matrix @* in (2.1) are distinct.
We have the following identifiability result.

Theorem II.1 (Sufficient and Necessary Condition). Conditions I11.1, I11.2, I1.3 are

sufficient and necessary for the identifiability of all the DINA model parameters.

Remark 11.1. From the model construction, when there are some items that re-
quire none of the attributes, all the DINA model parameters are (s,p) and g~ =
(g; : Vj such that q; # 0)". Theorem II.1 also applies to this special case that
the proposed conditions still remain sufficient and necessary for the identifiability of
(s,9~,p), under a Q-matrix containing some all-zero g-vectors. See Proposition A.2

in the Appendix for more details.

Conditions II.1, 1.2, and II.3 are easy to verify. Equivalently, these conditions
can be written as three topological properties A, B and C of the bipartite graph
corresponding to the ()-matrix, as shown in the example in Figure 2.1. Based on

Theorem II.1, it is recommended in practice to design the (Q-matrix such that it is
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A. a perfect matching:
B. each attribute has > 3 children

C. removing the perfect matching, the

K attributes has distinct children sets:

— red, blue, and edges point to
different sets of r;’s

(A

Figure 2.1: illustrating necessary and sufficient conditions on the ()-matrix in an
example

complete, has each attribute required by at least 3 items, and has K distinct columns
in the sub-matrix @Q*. Otherwise, the model parameters would suffer from the non-

identifiability issue. We use the following examples to illustrate the theoretical result.

Example II.1. From Theorem II.1, the Q-matrices in (2.2) and (2.3) satisfy both
Conditions II.1, I1.2, I1.3 and therefore give identifiable models, while the results in
Xu and Zhang (2016) cannot be applied since their condition C4 does not hold. On
the other hand, the -matrices below in (2.4) satisfy the necessary conditions in Xu
and Zhang (2016), but they do not satisfy our Condition 2, so the corresponding

models are not identifiable.

Example II.2. To illustrate the necessity of Condition I1.3, we consider a simple
case when K = 2. If Conditions II.1 and II.2 are satisfied but Condition II.3 does not

hold, the @)-matrix can only have the following form up to some row permutations,
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Jx2

where the first two items give an identity matrix while the next .Jy items require none
of the attributes and the last J — 2 — Jy items require both attributes. Under the
@-matrix in (2.5), we next show the model parameters (s, g, p) are not identifiable by
constructing a set of parameters (8,g,p) # (s, g, p) which satisfy (5.9). Recall from
the model setup in Section 2 that for any item j € {3,..., Jo+2} that has q; = 0, the
guessing parameter is not needed by the DINA model and for notational convenience,
we set g; = g; = 0. We take s = s, g; = g; for j = Jy+3,...,J, and pu1) = pay).-
Next we show the remaining parameters (g1, g2, Do), P(10); P(01)) are not identifiable.
From Definition 1, the non-identifiability occurs if the following equations hold (see
the Supplementary Material for the computational details): P((Ri, Rz) = (r1,72) |
Q.8,9,p) = P((R1,Ra) = (r1,m2) | Q, s,g,p) for all (r1,72) € {0,1}2, where (Ry, R»)
are the first two entries of the random response vector R. These equations can be

further expressed as the following equations in (2.6):

;

(0,0) : Peooy + Paoy + Prory + Pary = Po) + Paoy + Do) + Pa);
(1,0) : g1[Prooy + Peony] + (1 — s1)[Daoy + pan)]

= g1[pooy + poony) + (1 = s1)[paoy + pan)l;
(ri,m2) =4 (0,1): g (Do) + Paoy] + (1 — s2)[Po1) + P

= g2[Poo) + Pao) + (1 = s2)[pen) + pan);

(1,1) : g192P00y + G1(1 = s2)P(o1) + (1 = $2)G2D(10) + (1 — 51)(1 — 52)p(11)

= g192D00) + 91(1 = s2)p(01) + (1 = $2)92p10) + (1 — 51)(1 — s2)p(11)-
(2.6)

For any (s, g, p), there are 4 constraints in (2.6) but 5 parameters (g1, g2, P(oo), P(10)> D(o1))
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to solve. Therefore there are infinitely many solutions and (s, g, p) are non-identifiable.

Example I1.3. We provide a numerical illustration of Example 2. Without loss of
generality, we take Jy = 0, since whether there exist zero g-vector items makes no
impact on the nonidentifiability phenomenon as illustrated in (2.6). We take J = 10
and set the true parameters to be (pooy, P(10), Po1), Pa11)) = (0.1, 0.3, 0.4, 0.2) and
s; =g¢; =02for j € {1,...,10}. We first generate a random sample of size N = 200.

From the data, we obtain one set of maximum likelihood estimators as follows:

(Do, P(i0), Pronys Pary) = (0.22346, 0.26298, 0.32847, 0.18509);
s =(0.1269, 0.1541, 0.0000, 0.2015, 0.1549, 0.2638, 0.3551, 0.1903, 0.1843, 0.1468);

g = (0.1678, 0.2011, 0.2330, 0.1990, 0.2007, 0.2316, 0.2155, 0.1720, 0.2197, 0.1805).

Based on (2.6), we can construct infinitely many sets of (8, g, p) that are also max-

imum likelihood estimators. For instance, we take s =5, g; = g; for j = 3,..., 10,

P11y = P11), and Pooy = 0.998 - p(og). Then solve (2.6) for the remaining parameters

D10y, Po1), g1 and go to get

Pooy = 0.22301,  fo1) = 0.33306, j1g) = 0.25884, g, = 0.2561, g, — 0.1073.

The two different sets of values (8,g,p) and (8,g,p) both give the identical log-
likelihood value -1132.1264, which confirms the non-identifiablility.
To further illustrate the above argument does not depend on the sample size, we

generate a random sample of size N = 10° and obtain the following estimators:

~ ~

3 = (0.1968, 0.1932, 0.2007, 0.2065, 0.2015, 0.2000, 0.2001, 0.1949, 0.1985, 0.2036);

g = (0.1993, 0.2006, 0.1995, 0.2010, 0.1971, 0.1983, 0.1995, 0.2022, 0.1989, 0.1938).
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Similarly, we set 5 =5, g; = g; for j = 3,...,10, p11) = Da11), and p(oo) = 0.998 - D(oo).-

Solving (2.6) gives

Pooy = 0.10415, oy = 0.40161, g = 0.29638, g, = 0.3212, g, = 0.0458.

where the two different sets of values (s,g,p) and (8, g, p) both lead to the identical
log-likelihood value -571659.1708. This illustrates that the non-identifiability issue
depends on the model setting instead of the sample size. In practice, as long as
Conditions 1 and 2 do not hold, we may suffer from similar non-identifiability issues

no matter how large the sample size is.

Identifiability is the prerequisite and a necessary condition for consistent estima-
tion. Here we say a parameter is consistently estimable if we can construct a con-
sistent estimator for the parameter. That is, for parameter [, there exists BN such
that B N~ — 0 — 0 in probability as the sample size N — oo. When the identifiability
conditions are satisfied, we show that the maximum likelihood estimators (MLEs) of

the DINA model parameters (s, g, p) are statistically consistent as N — oco. For the

observed responses {R; :i =1,..., N}, we can write their likelihood function as
N
Ly(s,g.p; Ri,...,Ry) = [[P(R=R:|Q.5.9.p), (2.7)
i=1

where P(R = R; | Q),s,g,p) is as defined in (1.4), with © there replaced by the
slipping and guessing parameters s and g in the DINA model. Let (s,g,p) be the

corresponding MLEs based on (2.7). We have the following corollary.

Corollary I1.1. When Conditions II.1, I1.2, and II.3 are satisfied, the MLEs (S,g,D)

are consistent as N — oo.

The results in Theorem II.1 and Corollary V.1 can be directly applied to the
DINO model through the duality of the DINA and DINO models (see Proposition 1
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in Chen et al., 2015). Specifically, when Conditions II.1, I1.2, and II.3 are satisfied,
the guessing, slipping, and population proportion parameters in the DINO model are
identifiable and can also be consistently estimated as N — oo.

Moreover, the proof of Corollary V.1 can be directly generalized to the other
CDMs that the MLEs of the model parameters, including the item parameters and
population proportion parameters, are consistent as N — oo if they are identifiable.
Therefore under the sufficient conditions for identifiability of general CDMs devel-
oped in the literature such as Xu (2017), the model parameters are also consistently
estimable. Although the minimal requirement for identifiability and estimability of
general CDMs are still unknown, the proposed Conditions II.1, I1.2, and I1.3 are nec-
essary since the DINA model is a submodel of them. For instance, Xu (2017) requires
two identity matrices in the (Q-matrix to obtain identifiability, which automatically
satisfies Conditions II.1, I1.2, and I1.3 in this chapter.

We next present an example to illustrate that when the proposed conditions are

satisfied, the MLEs of the DINA model parameters are consistent.

Example II.4. We perform a simulation study with the following (Q-matrix that
satisfies the proposed sufficient and necessary conditions. The true parameters are

set to be po = 0.125 for all & € {0,1}?, and s; = g; = 0.2 for j = 1,...,6.

1 00
010
0 01
Q_Oll’
1 01
1 10

For each sample size N = 200 -7 where ¢+ = 1,...,10, we generate 1000 independent
datasets, and use the EM algorithm with random initializations to obtain the MLEs
of model parameters for each dataset. The mean squared errors (MSEs) of the pa-
rameters s, g, p computed from the 1000 runs are shown in Table 2.1 and Figure 2.2.

One can see that the MSEs keep decreasing as the sample size N increases, matching
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the theoretical result in Corollary V.1.

400 800 1200 1600 2000

0.0272 0.0137 0.0087 0.0065 0.0051
0.0613 0.0335 0.0221 0.0174 0.0131
0.0411 0.0224 0.0149 0.0109 0.0082

Q nR3|=

Table 2.1: MSEs of DINA Model Parameters

0.1 0.1y 0.1
0.08 0.08 \\ 0.08
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b= b= =
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(a) MSEs of p (b) MSEs of s (c) MSEs of g

Figure 2.2: MSE of DINA Model Parameters versus Sample Size N

2.2 Discussion

This chapter presents the sufficient and necessary condition for identifiability of the
DINA and DINO model parameters and establishes the consistency of the maximum
likelihood estimators. As discussed in the previous section, the results would also
shed light on the study of the sufficient and necessary conditions for general CDMs.

This chapter treats the attribute profiles as random effects from a population
distribution. Under this setting, the identifiability conditions ensure the consistent
estimation of the model parameters. However, generally in statistics and psychomet-
rics, identifiability conditions are not always sufficient for consistent estimation. An

example of identifiable but not consistently estimable is the fixed effects CDMs, where
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the subjects’ attribute profiles are taken as model parameters. Consider a simple ex-
ample of the DINA model with nonzero but known slipping and guessing parameters.
Under the fixed effects setting, the model parameters include {a;,i = 1,..., N},
which are identifiable if the @-matrix is complete (e.g., Chiu et al., 2009). But with
fixed number of items, even when the sample size N goes to infinity, the parame-
ters {a;,7 = 1,..., N} cannot be consistently estimated. In this case, to have the
consistent estimation of each a, the number of items needs to go to infinity and the
number of identity sub-@Q-matrices also needs to go to infinity (Wang and Douglas,
2015), equivalently, there are infinitely many sub-Q-matrices satisfying Conditions
II.1, I1.2, and IL.3.

When the identifiability conditions are not satisfied, we may expect to obtain
partial identification results that certain parameters are identifiable while others are
only identifiable up to some transformations. For instance, when Condition II.1 is
satisfied, the slipping parameters are all identifiable and guessing parameters of items
(K +1,...,J) are also identifiable. It is also possible in practice that there exist
certain hierarchical structures among the latent attributes. For instance, an attribute
may be a prerequisite for some other attributes. In this case, some entries of p are
restricted to be 0. It would also be interesting to consider the identifiability conditions
under these restricted models. For these cases, weaker conditions are expected for
identifiability of the model parameters. In particular, completeness of the ()-matrix

may not be needed. Indeed, these problems are pursued in the following chapters
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CHAPTER III

Partial Identifiability of Structured Latent

Attribute Models

The necessary and sufficient conditions in the previous Chapter II sometimes can
be hard to satisfy in practice, especially the Condition II.1 about the existence of
an identity submatrix Ix in the -matrix. For many popular designed ()-matrices
including the two from the TOEFL iBT tests in Example 1.5, the @-matrix from
the Trends in International Mathematics and Science Study in Example 1.6, and the
(Q-matrix from the fraction subtraction data in Example 1.7, there does not exist an
identity submatrix in the ) and whether the models are identifiable remain open
problems. To address these questions, this chapter develops practical identifiability
theory for a general family of SLAMs including both DINA and other more compli-
cated models, motivated by real-world needs of designing cognitive diagnostic tests
with minimal restrictions.

As introduced in Chapter I, a SLAM is also a restricted latent class model, where
the @Q-matrix imposes restrictions on the parameter space of a latent class model. So
from now on, we call the DINA and the DINO models the two-parameter Q-restricted

latent class models, since each item has exactly two item parameters, and we call the

This chapter consists of the main part of Gu and Xu (2020a), accpted by Annals of Statistics.
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main-effect and all-effect models as multiparameter Q-restricted latent class models.
In this chapter, we will use the term structured latent attribute model and the term
restricted latent class model interchangeably.

We now restate the definition of the constraint set C; for each item j, as mentioned
earlier in Chapter I. For any item j, there exists an item-specific set of latent classes
C;; and the classes in C; share the same value of positive response probability (i.e.,
item parameter 6; o), which is higher than those of the other latent classes. In other
words, the set C; also has the following equivalent definition,

C; = {a €A b= g}gﬁ@j,w}- (3.1)

The latent classes in C; then correspond to those subjects who are “most capable” of
giving a positive response to item j, and for each j € S,

max ;o = glelél Ojo > b0jry, V' ¢ C;. (3.2)

acC;

Additionally, it is assumed that there exists a universal “least capable” class aq such
that 0o > 0,4, for any o € A and j € S. Note that a latent class o’ satisfying
o' ¢ Cjand 04 > 0; 4, can be viewed as “partially capable”.

An attribute profile a also represents a latent class. Without loss of general-
ity, assume there are m latent classes existing in the population denoted by A =
{ag, ..., 0,1}, where m > 1 is assumed known in this chapter. For any a € A,
Pa = P(A = a) still denotes the proportion of subjects in the population that belong
to class a. Under this specification, we have po € (0,1) and ) . 4 pa = 1. Specifi-
cally in a SLAM with K binary latent attributes, A = {a € {0,1}¥ : p, > 0}. So the
latent pattern space A is a subset of {0, 1}, If A = {0,1}*, we say A is saturated,
which means the population contain subjects with all the possible configurations of

attribute profiles. The universal least capable latent pattern oy corresponds to the
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all-zero attribute profile, that is, ay = (0,...,0).

When the latent pattern space A is saturated with A = {0,1}%, we have m =
|A| = 2%, In practice, however, this may not always hold. For instance, researchers
may assume there exist additional restrictions on the dependence structure among
the latent attributes, such as an attribute hierarchy with some attributes being the
prerequisite for some others (Leighton et al., 2004; Templin and Bradshaw, 2014). A
hierarchical structure among the K attributes would reduce the number of possible
attribute profiles from 2% to m (m < 2%), by excluding those not respecting the
hierarchy. For example, consider a diagnostic test with K = 2 attributes. If it
is scientifically reasonable to assume the first attribute is the prerequisite for the
second one, then the latent pattern space is reduced to A = {(0,0), (1,0), (1,1)} with
m = |A| = 3, since the attribute profile (0,1) does not respect this hierarchy. Note
that as shown in (von Davier and Haberman, 2014), a cognitive diagnosis model with
such a linear hierarchy can equivalently reduce to a located latent class model with
m < 2% classes.

In this chapter, we assume the latent pattern set A is prespecified and known. This
would be the case when practitioners have solid scientific reasons or prior knowledge
from exploratory data analysis to assume certain structure among attributes. This
chapter aims to answer the question that for an arbitrary A C {0,1}¥, what kind
of conditions would guarantee identifiability of ® and p = (pa, @ € A). Later in
Chapter V, the latent pattern space A will not be assumed known and instead will
be learned from the data with its own identifiability guarantees there.

This chapter proposes a general framework of strict and partial identifiability for
restricted latent class models. Practical sufficient conditions for strict and partial
identifiability are proposed and their necessity is discussed. In particular, depending
on the two different types of algebraic structures of restricted latent class models,

we introduce and study two useful notions of partial identifiability, respectively (see
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Sections 3.2 and 3.3). The established identifiability results are widely applicable in
practice, by relaxing most of the constraints imposed on the design matrix. Moreover,
under correct model specification, all the identifiability conditions only depend on the
design matrix and are easily checkable by practitioners. We apply the new theory to
several existing designs and establish identifiability under them for the first time in
the literature.

The rest of this chapter is organized as follows. Section 3.1 summarizes the issues
with existing works on identifiability and discusses the open problems. Sections 3.2
and 3.3 present our main identifiability results. Section 3.4 includes extensions of the
new theory to some more complicated models. Section 3.5 gives a further discussion,

and proofs of the theoretical results are presented in the Appendix B.

3.1 Issues with Existing Works and Open Problems

Though widely used in various applications, the identifiability issue of SLAMs or
restricted latent class models remains largely unaddressed. We next introduce the
concept of identifiability and discuss the limitations of the exiting theory.

For a SLAM introduced in Chapter I, we restate the probability mass function of

the response pattern R:

J
P(R=7]0,p) =Y pa[0ia(l—0a)", re{0,1}’. (3.3)

acA j=1

Following the definition of identifiablity in the literature (e.g., Casella and Berger,
2002), the model parameters (@, p) of a SLAM are identifiable if for any (©,p) in

the parameter space T, there is no (©,p) # (O, p) such that

P(R=7|©,p)=P(R=r]0,p) forall re {01} (3.4)
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In the following, we also say that the model parameters are strictly identifiable if the
above condition holds.

To establish model identifiability, a strong and often impractical assumption made
by previous works is that the )-matrix must contain at least one K x K identity
submatrix Ix up to some row permutation, that is, the ()-matrix must contain all
K distinct single-attribute g-vectors (Chen et al., 2015; Xu and Zhang, 2016; Xu,
2017; Gu and Xu, 2019b). A Q-matrix satisfying this requirement is also said to be
complete under the DINA model (Chiu et al., 2009). For general @Q-restricted latent
class models including the multiparameter models, Xu (2017) requires at least two
disjoint K x K identity submatrices in () to establish identifiability. However, in
practice, in the existence of a large number of fine-grained attributes and complex
cognitive process, a ()-matrix rarely satisfies such requirements. For the TOEFL data
in Example 1.5, in both ()-matrices, there does not exist any item that solely requires
the fourth skill attribute. For the @-matrix of the TIMSS data in Example 1.6, only
three attributes (1, 7 and 8) out of twelve are measured by some single-attribute
items. For the ()-matrix in Example 1.7, there are only two attributes (2 and 7) out
of eight measured by some single-attribute items. Many other examples can be found
in the literature (e.g., Jaeger et al., 2006; Henson et al., 2009; de la Torre, 2011; Lee
et al., 2011). Moreover, another strong assumption made in existing works Xu (2017);
Gu and Xu (2019b) is that A = {0, 1}, that is, po > 0 for any a € {0,1}%, which
fails when some attribute profiles are deemed impossible to exist.

Such identifiability issues of cognitive diagnosis models have long been recognized
(de la Torre and Douglas, 2004b; von Davier, 2008; Tatsuoka, 2009; DeCarlo, 2011,
Maris and Bechger, 2009; Zhang et al., 2013; von Davier, 2014). For instance, von
Davier (2008) pointed out in the study of the TOEFL data that larger numbers of
skills (i.e., K) very likely pose problems with identifiability, unless the number of items

per skill is “sufficiently” large. But given the complicated structure of constraints,
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how the number of items and the form of the design matrix influence identifiability
is still an open problem in the literature.

This chapter addresses this open problem by developing a general theoretical
framework based on a key technical tool, the indicator matriz I'. Under an arbitrary
SLAM, we define I' to be a J X m matrix using the sets C;’s. The I'-matrix has the
same size as the matrix ©, with rows indexed by items in S, and columns by latent

classes in A. The (j, a)th entry of I is
lia=Iael)), j€S§, acA, (3.5)

which is a binary indicator of whether o is “most capable” to give a positive response
to j. For a € A, denote the ath column vector of I' by I'. ,. The I'-matrix defined
this way turns out to be a useful tool for developing the identifiability theory, and
it helps to relax many of the existing strong assumptions, as shown later in Sections
3.2.1 and 3.3.1. Indeed, most of our identifiability conditions can be represented
as requirements on the structure of I', since the information of which latent classes
achieve the highest level of 0; o of item j is what our theoretical derivations essentially
rely on.

The DINA and DINO models are restricted latent class models with appropriately
defined constraint sets C;’s. Specifically, under the conjunctive DINA model, the C;
defined in (3.1) takes the form of

C]DINA:{aEA: argq;}, jES; (3.6)

while under the disjunctive DINO model, the C; defined in (3.1) becomes C]DINO =
{aoe A:if kst oy, =qjp =1} for j € S.
Depending on two different algebraic structures of the constrained parameter

spaces, we next consider two types of restricted latent class models and present their
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identifiability results in Sections 3.2 and 3.3, respectively.

3.2 Identifiability Results for Two-Parameter Models

This section considers two-parameter restricted latent class models where each
item j has two item parameters, that is, |{#;o : @ € A}| = 2. Specifically, a
two-parameter model assumes that for each item j, the latent classes in C; share
a same positive response probability, denoted by 9;7, and the latent classes in the
complement set A \ C; share another same positive response probability, denoted by

;. We assume 6} > ¢;. Note that the unique item parameters in © reduce to

(07,07), where 87 = (0f,...,07)" and 6~ = (0;,...,0;)". The motivation for
studying the two-parameter models comes from the popular DINA and DINO models
in cognitive diagnosis, as introduced in Example I.1. Moreover, the study of the two-
parameter models provides insight into understanding other restricted latent class
models, as they serve as submodels for many multiparameter models.

Under a two-parameter model, the I'-matrix fully captures the model structure,
in the sense that 0, = 0; ifI'jo =1and 04 = Hj_ if I'; o = 0. So in this scenario,
if I' contains two identical columns, then the corresponding latent classes have the
same item parameters across all items. Namely, if I'. o =1I'. o/, then ©, 4 = ©. .
Thus from an identifiability perspective, these two latent classes are equivalent and
cannot be distinguished based on their observed responses. This implies that in order

to distinguish the latent classes, it is necessary that each latent class in A should

correspond to a distinct column vector of I'. We shall call such a I'-matrix separable.

Definition III.1. A T'-matrix is said to be separable, if any two column vectors of

I' are distinct. Otherwise, we say I' is inseparable.

To see how the separability of the I'-matrix influences model identifiability, we

start with an ideal case with all the item parameters (8",07) known. The following
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proposition characterizes the importance of I'’s separability.

Proposition III.1. Consider a two-parameter restricted latent class model with
known (6%,07). Then the proportion parameters p are identifiable if and only if

the I'-matrix is separable.
We use the following example as an illustration.

Example III.1. Consider the Q-matrix in (3.7) with K = 2 attributes. Under the
DINA model with C; in the form of (3.6), if A = {0,1}* = {a = (0,0), a; = (1,0),
oy = (0,1), az = (1,1)}, then I'™ in (3.7) represents the corresponding I'-matrix,
which is inseparable. Specifically, we can see that I'. ,, = I'. o, and the two classes
o and o have the same item parameters, ©. o, = ©. o, = 0~. Thus oy and o
are not distinguishable and equivalently, their proportion parameters pq, and pq, are

not identifiable.

DINA ) 0 1 0 1 ;
A={0,1}2
10 0 0 0 1
Q= (3.7)
L1 o) «; O3
DINA F(g) _ 0 1 1

A={0,1}2\{0,1}

On the other hand, if prior knowledge shows that the first attribute is the prerequisite
for the second, then A reduces to {0,1}2\{(0,1)} and the I'-matrix becomes I'® in
(3.7). The I'® is separable, with each o having a distinct column vector in I' and
©. oy # O. o, # O. o,. Therefore Proposition III.1 gives that p is identifiable in the

ideal case with known ©.

An inseparable I'-matrix violates the necessary condition for identifying p under

the two-parameter models. To study the “partial” identifiability of p when I' is
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13 7

inseparable, we next define an equivalence relation “~” of latent classes induced by
the column vectors of I'. Specifically, we define o« ~ o’ if and only if I'. o =T". o Let
C be the number of distinct column vectors of I' and Ay, ..., Ac be the C equivalence
classes under ~. Let a4, be a representative of A; and we write [a4,] = A;. We

define the grouped population proportion parameters to be

Viay,] = Z Pa, Tori=1,...,C, (3.8)
a:a€A;
and write v = (Va4 ];- - - V[QAC})T. When I is separable, we have C' = m, v = p and

each a represents a unique equivalence class.
The following result shows that under an inseparable I'-matrix, though p are not

identifiable, the parameters v are identifiable.

Proposition III.2. Consider a two-parameter model with known (8%,07). When
the I'-matrix is inseparable, v is identifiable. Moreover, the latent classes in the same
equivalence class cannot be distinguished in the sense that for any model parameters
P # D, if Viay) = Vo), Where Vg, ) = > o aca, Pa for i =1,...,C, then P(R |
©,p)=F(R|©,p).

When I' is inseparable, Proposition III.2 implies that even in the ideal case with
known (6",07), the identification of v is the strongest identifiability result one can
obtain for two-parameter restricted latent class models. This therefore motivates us
to introduce the following definition of the p-partial identifiability when both (8%,67)

and p are unknown.

Definition III.2 (p-partial identifiability). For a two-parameter restricted latent
class model with a given I'-matrix, the model parameters (8,0, p) are said to be

p-partially identifiable if (8%,0~, v) are identifiable.

We point out that when the I'-matrix is separable, the p-partial identifiability

exactly becomes the strict identifiability. When I' is inseparable, the definition of
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p-partial identifiability here refers to partially identifying the proportion parameters
p, and strictly identifying all the item parameters. Such definition suits for the needs
of cognitive diagnosis applications, by ensuring the identification of the equivalent
attribute profiles of interest, and also ensuring the estimability of all item parameters
so that the quality of the items can be accurately evaluated and validated.

In the framework of p-partial identifiability, the following Section 3.2.1 presents
a general identifiability result, allowing A to be arbitrary and I' to be inseparable.
Section 3.2.2 further focuses on the family of Q-restricted latent class models and dis-
cusses the necessity of the proposed conditions. Section 3.2.3 includes the applications

of the new theory.

Remark 1I1.1. For the family of two-parameter Q)-restricted latent class models, the I'-
induced equivalence classes can be obtained as follows. We define two sets of attribute

profiles under the conjunctive DINA and disjunctive DINO assumptions, respectively:

RQconj _ {a=Vpesq, : S C S}, RQdisj _ {l-a:ac 7?,QvCOnj}7 (3.9)

where Viesq, = (maxpes{qn1},...,maxpes{qnr}), and Viezq, is defined to be
the all-zero vector. We claim that when A = {0,1}X, the RO™ or R4 is a
complete set of representatives of the conjunctive or disjunctive equivalence classes,
respectively; the proof of this result is given in Section B of the Supplementary
Material. Moreover, for any latent class space A C {0,1}¥, define a map f(.) :
A — R (or RO457) which sends each attribute pattern a € A to the element in
RO (or RP457) equivalent to a. Then f(A) forms a complete set of conjunctive
or disjunctive representatives. A similar grouping operation in the saturated and
conjunctive case was introduced in Zhang et al. (2013). Consider Example III.1 for an
illustration. If A = {0,1}2, '™ is inseparable. The equivalence class representatives

are RQ’Conj = {(0,0), (1,0), (1, 1)} by (39) and v = (V[O,O]al/[l,O]aV[l,l]) with I/[070] =
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P0,0) T Po,1) V1,00 = P(1,0)> Y[11] = Pa,1)- On the other hand, I'® is separable with
latent class space A = R?" . This also illustrates that a separable I'-matrix does not
necessarily correspond to a (-matrix containing an identity submatrix Ix. Therefore,
compared with existing theory, the I'-matrix provides a more suitable tool than the

@-matrix for studying identifiability of ()-restricted models.

3.2.1 Strict and Partial Identifiability

This subsection presents conditions depending on the I'-matrix that lead to the
p-partial identifiability of a two-parameter restricted latent class model. We first
introduce some notation. Based on the constraint sets C;’s, we categorize the entire
set of items & = {1,..., J} into two subsets, the set of nonbasis items S,,, and that

of basis items Sp,ss as follows,
Snon = {7 : 3R € S\ {j}, st. Ch 2 C;} and Spusis =S \ Snon- (3.10)

By this definition, an item j is a nonbasis item if the capability of item j implies
capability of some other item, and a basis item otherwise. With a slight abuse of
notation, for any subset of items S C S, denote Cg = N;ecsC;. We introduce the next
definition of S-differentiable to describe the relation between an item and a set of

items.

Definition II1.3. For an item j and a set of items S that does not contain 7, item

7 is said to be S-differentiable if there exist two subsets Sj+, Sy of S, which are not

necessarily nonempty or disjoint, such that

When j is S-differentiable, the set S is said to be a separator set of item j. An item

j is S-differentiable indicates that the items in the separator set S can differentiate at
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least one incapable latent class of j (i.e., one latent class in A\ C;) from the universal
least capable class ay.

We need the following two conditions to establish identifiability.

(C1) Repeated measurement condition: For each item j, there exist two disjoint sets

of items S}, S7 C S\{j} such that C; D Csr and C; 2 Cgz.

(C2) Sequentially differentiable condition: Start with the set S, = Spon. Expand
Ssep by including all items in S\ S, that are S,-differentiable, and repeat
the expanding procedure until no items can be added to S,. The sequentially

expanding procedure ends up with Sy, = S.

Before presenting the formal theorem, we first give a simple illustration of how con-

dition (C2) can be checked.

Example II1.2. Consider the following 3 x 4 I'-matrix,

o 0 1 1
I'= o o0 0 1 |
0o 1 0 O

then C; = {aw, a3}, Co = {as} and C3 = {a1}. By (3.10), Spon = {2,3} and Spasis =
{1}. To check condition (C2), we start with the separator set Ss.p = Snon = {2, 3}.
For basis item 1, we define S = @ and S; = {3}. Then Cor = {aw, ay, o, a3}
and Cg- = {ag, a2, a3}, 50 Cgy \ Cg- = {1} C Cf = {a, a1}, which means (3.11)
holds for j = 1. Besides, S; U S C Snon. So by Definition II1.3, item 1 is S,on-
differentiable. Now we can expand the separator set S, to be Syon U {1} = S. So

the sequentially expanding procedure described in condition (C2) ends in one step

with S, = S, and (C2) is satisfied.
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Theorem III.1. Under the two-parameter restricted latent class models, condition

(C1) is sufficient for identifiability of (0%, 0,

non)7

where 6, = (0, j € Spon). More-
over, conditions (C1) and (C2) are sufficient for p-partial identifiability of the model

parameters (07,07 p).

Theorem III.1 presents a general identifiability result with strict identifiability be-
ing a special case. For instance, in the case of A = {0, 1} if the J x 2K T-matrix
is separable, then v = p and the p-partial identifiability in Theorem III.1 exactly
ensures strict identifiability of all the parameters (8", , p). Similarly, in the case of
A C {0,1}%, if the J x |A|] [-matrix is separable, the p-partial identifiability ensures
(07,07) and (pa, a € A) are strictly identifiable. Conditions (C1) and (C2) only
depend on the structure of the I'-matrix and are easily checkable. Condition (C1)
implies that at least one capable class of each item is repeatedly measured by other
items. Condition (C2) requires that for each basis item, at least one of its incapable
classes should be differentiated from the universal least capable class through a se-
quential procedure. From the proof of Theorem III.1, (C1) suffices for identifiability

of (67,0,

on); furthermore, the sequential procedure in condition (C2) ensures that as

Ssep sequentially expands its size, for any item h included in Sjp, the parameter 60,
is identifiable. If (C2) holds, that is, the sequential procedure ends up with S, = S,
we have the entire 8~ identifiable, which further leads to identifiability of v. The
sequential statement of (C2) accurately characterizes the underlying structure of the
[-matrix needed for identifiability. In particular, if there are no basis items, that is,
S = Syon, then (C2) automatically holds with zero expanding step; while if there do
exist basis items and each basis item is S,,,,-differentiable, then (C2) holds with one
expanding step.

The next proposition further extends the result in Theorem III.1 to the case where
the I-matrix may not satisfy (C1) and (C2). For any subset of items S C S, define

the S-adjusted T'-matriz T'(S) as follows, which has the same size as the original T'.
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Its jth row {I'(S)};. equals 1) —T;. if j € S, and equals T;. if j ¢ S. Here 1,

denotes an all-one row vector of length m.

Proposition III1.3. Consider a two-parameter restricted latent class model associ-
ated with a I'-matrix. If there exist a subset of items S C &S such that the S-adjusted
[-matrix I'(S) satisfies conditions (C1) and (C2), then the two-parameter model is

p-partially identifiable.

Proposition I11.3 relaxes the conditions of Theorem III.1, by only requiring that
(C1) and (C2) can be satisfied after switching the zeros and ones for some rows
of in the I'. The identifiability conditions in Theorem III.1 and Proposition III.3
allow for a nonsaturated latent class space A and inseparability of the I'-matrix,
which relaxes the existing identifiability conditions in the literature. Moreover, the
proposed conditions (C1) and (C2) would become necessary and sufficient in certain

scenarios to be discussed in the following subsection.

3.2.2 Results for Q-restricted Latent Class Models

To further illustrate the result in Theorem III.1, we focus on the two-parameter
Q-restricted latent class model with a saturated latent class space A = {0, 1}%.
This includes the conjunctive DINA and disjunctive DINO models in Example 1.1 as
special cases. Without loss of generality, we next only consider the two-parameter
conjunctive model. Nevertheless, all the p-partial identifiability results presented in
this subsection hold for both the conjunctive and the disjunctive models, due to the
duality between them (Chen et al., 2015).

We introduce the following definitions adapted from Section 3.2.1. Under the
conjunctive model assumption with C; taking the form of (3.6), the non-basis and

basis items defined earlier in (3.10) can be equivalently expressed in terms of the
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g-vectors as follows
Snon - {] :JdhesS \ {]} s.t. q;, j q]} and Sbasis =S \ Sn0n~ (312)

Moreover, item j is set S-differentiable if there exist ST, S~ C S such that

0 2 Vies+@, — Vies-qn = ;- (3.13)

In addition, conditions (C1) and (C2) are equivalent to:

(C1*) Repeated measurement condition: For each j € S, there exist two disjoint item

sets S}, 57 C S\ {j} such that q; < Viest @y and q; X Vies2 g,

(C2*) Sequentially differentiable condition: The same as condition (C2), but using

definition (3.13) of S-differentiable regarding the g-vectors.

Following Theorem III.1, the next corollary shows that the derived conditions
on the -matrix suffice for the p-partial identifiability of both the conjunctive and

disjunctive two-parameter models.

Corollary II1.1. Under the two-parameter QQ-restricted latent class models, assuming
Vi) > 0 for any equivalence class (], (C1*) and (C2*) are sufficient for the p-partial
identifiability of (07,07, p).

We use the following example as an illustration of the identifiability result; see

also real data examples in Section 3.2.3.

47



Example II1.3. Under the DINA model, consider the following Q)-matrix.

R=1111 (3.14)

This Q-matrix lacks the single-attribute item (0, 0, 1), and the corresponding I-matrix
under A = {0,1}? is inseparable. In this case, we have the following 7 equivalence
classes {[0,0,0], [1,0,0], [0,1,0], [1,1,0], [0,1,1], [1,0,1], [1,1, 1]}, with the equiva-
lence class [0,0,0] containing attribute profiles (0, 0, 0) and (0, 0, 1), while each of
the other equivalence classes contains one attribute profile. Following the definition
in (3.12), items 1 and 2 are basis items, and items 3, 4 and 5 are non-basis items.
For all the five items, condition (C1*) is satisfied by taking (S}, S%) = ({3}, {5}),
(53, S3) = ({3} {4}), (S5, 9%) = ({14}, {2,5}), (i, S%) = ({3}, {2,5}), and
(Si, S2) = ({3}, {1,4}). In addition, condition (C2*) is also satisfied since the ba-
sis items 1 and 2 are (S] U Sy )- and (S5 U Sy )-differentiable, respectively, where
(S7,S7) = ({3},{4}) and (S, ,S;) = ({3},{5}). By Corollary IIL.1, the DINA

model parameters are p-partially identifiable.

As shown above, conditions (C1*) and (C2*) are sufficient conditions to ensure
p-partial identifiability. In the following, we discuss the necessity of (C1*) and (C2*)
and further provide procedures to establish identifiability in certain cases when these
conditions fail to hold.

For a general @)-matrix, condition (C1*) implies that each attribute is required
by at least three items. In the next theorem, we show that it is necessary for each
attribute to be required by at least two items; in particular, if some attribute is re-

quired by only two items, the identifiability conclusion would depend on the structure
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of the g-vectors of those two items.

Theorem III.2 (Discussion of C1*). Consider a two-parameter Q-restricted latent

class model.

(a) If some attribute is required by only one item, then the model is not p-partially

identifiable.

(b) If some attribute is required by only two items, without loss of generality, suppose
the first attribute is required by the first two items and the QQ-matriz takes the

following form

1 v/
Q=11 v : (3.15)
0 @

JXK
where Q" is a (J — 2) x (K — 1) sub-matriz of Q and vy, ve are (K — 1)-

dimensional vectors.

(b.1) If v1 = 0 or vy = 0, the model is not p-partially identifiable.

(b.2) If vy # 0 and vy # 0, the model is p-partially identifiable if the sub-matriz
Q' satisfies conditions (C1*) and (C2*), and either (a) or (b) below holds
fori =1 and 2: (a) There exists some j > 3 such that q; 5. % vi; (b)
There does not exist any j > 3 such that q; 9. # wv;, and among the
attributes required by v;, there exists at least one attribute k that is not

required by every item j € {3,...,J}.

Theorem I11.2 characterizes the different situations when condition (C1*) fails to
hold for some attribute, and provides sufficient conditions for identifiability when the
(@-matrix falls in the scenario (B). In addition, the result in Theorem III.2 can be
easily extended to the case where there are multiple attributes that are required by

only two items.
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The next theorem discusses the necessity of Condition (C2*) and states that if
there exists some basis item that does not have any separator set, then the model

parameters are not p-partially identifiable.

Theorem II1.3 (Discussion of C2*). Under the two-parameter Q-restricted models,
the condition that each basis item j is (S \ {j})-differentiable, is necessary for the

p-partial identifiability.

Furthermore, under the two-parameter (Q-restricted models with a separable I'-
matrix and a saturated latent class space A, the following theorem shows conditions
(C1*) and (C2*) are exactly the minimal requirement for strict identifiability of the

model.

Theorem III.4 (Result on the Necessary and Sufficient Condition). Under the two-

parameter QQ-restricted models, if A is saturated and I' is separable, then conditions

(C1*) and (C2*) are necessary and sufficient for the strict identifiability of (07,07, p).

Under the assumptions of Theorem III.4, conditions (C1*) and (C2*) are equiv-
alent to the following explicit conditions on the structure of the @Q-matrix: (C1)
Each attribute is required by at least three items; (C2') With @ in the form @ =
(I, (@)")T, any two different columns of the submatrix Q' are distinct. Please see

the proof of Theorem III.4 for details.

3.2.3 Applications

One important implication of the established identifiability theory is the consis-
tent estimability of the model parameters. Consider a sample of size N and denote
the ith subject’s multivariate binary responses by R; = (R;1,...,R;;)". Assume
R, ..., Ry identically and independently follow the categorical distribution with the
probability mass function (3.3). The likelihood based on the sample can be written
as L(®,p | Ry,...,Ry) = HiNzllP’(R = R, | ©,p). We denote the true parameters
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by (@, p°) and the maximum likelihood estimators (MLE) by (@), P), which may not
be unique. We further define the corresponding parameters % and v as in (3.8). We

have the following conclusion on the estimability of a two-parameter model.

Proposition ITI.4. If a two-parameter model is p-partially identifiable, then ((:), v)—
(@°,v°) almost surely as N — oo. In addition, if I-matrix is also separable, then
(@,fo) — (©° p°) almost surely. On the other hand, if I-matrix is inseparable, p

cannot be consistently estimated.

With the consistency result, we can directly establish the asymptotic normality
of (@, v) when the model is p-partially identifiable, following a standard argument
of asymptotic statistics Van der Vaart (2000).

We next apply the newly developed theory to the data examples introduced in
Section 1.3, and establish the p-partial identifiability of the two-parameter restricted
latent class model under the ()-matrices.

For the TOEFL iBT data introduced in Example 1.5, the two-parameter restricted
latent class models associated with the ()-matrices corresponding to reading forms
A and B, denoted by Q4 and ()p, respectively, are both p-partially identifiable.
Specifically, under the conjunctive DINA model, the Q4 and Qg specified in Table
1.1 induce 14 and 12 equivalence classes of attribute profiles respectively, for which the
sets of representatives are R4 = {0,1}%\{(0,0,0, 1), (1,0,0,1)} and R95 = {0, 1}*\
{(0,0,0,1), (1,0,0,1), (0,1,0,1), (1,1,0,1)}. The R®4 and R?? are calculated
following the procedure introduced in Remark III.1. It is straightforward to check
that for both @4 and @p, condition (C1*) holds and there is no basis item, which
further implies the satisfaction of condition (C2*). Therefore Corollary III.1 gives the
p-partial identifiability of the two-parameter models associated with both Q) 4 and Q.
Furthermore, Proposition I1I.4 implies the consistent estimability of (8,07, v). In
particular, the proportion parameters of the equivalence classes v = (o), @ € RO4)

can be consistently estimated, while for those attribute profiles in a same equivalent
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class, their proportions cannot be consistently estimated. For instance, under ()4,
attribute patterns a* = (0,0,0,1) and ™ = (0,0,0,0) share the same equivalent
class; SO par and po++ are not estimable, and it is only possible and meaningful to
estimate Vjg+ = Par + Dar+-

Other than the TOEFL data, our new results in Section 3.2.2 also guarantee the
p-partial identifiability of two-parameter models associated with the Q43412 for the
TIMSS data, and the QQo9xs for the fraction subtraction data. The details of checking
our conditions for Q43x12 and (Qogxg are included in Section A of the Supplementary

Material.

3.3 Identifiability Results for Multiparameter Models

This section considers multiparameter restricted latent class models where each
item j allows for more than two item parameters, i.e., [{#;o : @ € A} > 2. In a
multiparameter model, those latent classes in C; still have the same level of positive
response probability, according to the definition of C; in (3.1); however, the classes in
A\ C; can have multiple levels of positive response probabilities, depending on the
extents of their “partial” capability of item j. Examples of multiparameter models
include the Main-Effect and the All-Effect models introduced in Examples 1.2 and
.3, respectively.

We would like to point out that the I'-matrix defined in (3.5) still provides a useful
technical tool for studying identifiability of multiparameter models, despite the fact
that the entry I'; o only indicates whether a belongs to the most-capable-set C; and
it does not summarize all the structural assumptions in multiparameter models.

On the one hand, similar to the two-parameter case, under a multiparameter
model, the separability of the [-matrix is still necessary for the strict identifiability
of (®,p). This is because a two-parameter model, such as DINA, can be viewed as

a submodel of a multiparameter model, such as GDINA or GDM, by constraining
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certain parameters in the multiparameter model to zero. So in order to ensure identi-
fiability of all possible model parameters in the parameter space of a multiparameter
model, Proposition III.1 implies the I' must be separable.

On the other hand, when the I'-matrix is inseparable and contains identical
columns, the item parameter vectors in the matrix ® may still be distinct. This
is because under the general constraints (1.2), when I'; , = 0 under a multiparame-
ter model, a could be either least capable or partially capable of item j, and hence
the latent classes in the set A\ C; = {a : I'; 4 = 0} can still have different pos-
itive response probabilities, as shown in Examples 1.2 and 1.3. Such a difference
from the two-parameter models makes the p-partial identifiability theory developed
in Section 3.2 not applicable to multiparameter models. To study identifiability of
multiparameter models when I' is inseparable, we therefore need an alternative par-
tial identifiability notion and technique. We use the next example to illustrate this
and show how the separable requirement of the I'-matrix in Proposition III.1 could

be relaxed under multiparameter models.

Example III.4. Consider the Q-matrix in (3.7). Under a two-parameter conjunc-
tive restricted latent class model, we have shown attribute profiles oy = (0,0) and
as = (0,1) are not distinguishable. However, a multiparameter model models the
main effect of each required attribute for an item. Consider the Main-Effect model
with the identity link function as introduced in Example 1.2 (the ACDM), one has
O..ao = (Bro, Boo)' and O. o4, = (B0, Boo + Po2)'; then O, o, # O. 4, as long
as 22 # 0. When this inequality constraint s # 0 holds, ©. o, # ©. 4, de-
spite that I'. o, = I'. ,. In such scenarios, the grouping operation of the propor-
tion parameters introduced in Section 3.2 is not appropriate, and one needs to treat
these two latent classes ay and ay separately. Consider any possible ® for which
the inequality constraint ;5 # 0 does not hold, then all such © indeed fall into a

subset of the parameter space 7 with smaller dimension than 7T, characterized by
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V = {(©,p) : P2 = 0}. This implies that for almost all valid model parameters
(©,p) in T, except a Lebesgue measure zero set V, the © satisfy ©. o, # O. 4.

This observation naturally leads to the following notion of generic identifiability.

Motivated by Example II1.4, when the I'-matrix is inseparable, we shall study
the generic identifiability of the restricted latent class model. Let 7 denote the
restricted parameter space of (@, p) under the general constraints (1.2), and let d
denote the number of free parameters in (©,p), so T is of full dimension in R
Generic identifiability means that identifiability holds for almost all points except a
subset of T that has Lebesgue measure zero. Generic identifiability is closely related
to the concept of algebraic variety in algebraic geometry. Following the definition
in Allman et al. (2009), an algebraic variety V is defined as the simultaneous zero-
set of a finite collection of multivariate polynomials {f;}"; C Rz, xa,...,24], V =
V(fi,...s o) ={x € R?| fi(x) =0, 1 <i<n.} An algebraic variety V is all of R?
only when all the polynomials defining it are zero polynomials; otherwise, ) is called
a proper subvariety and is of dimension less than d, hence necessarily of Lebesgue
measure zero in R%. The same argument holds when R? is replaced by the parameter
space 7 C R? that has full dimension in R?. We next present the definition of generic

identifiability for restricted latent class models.

Definition ITI.4 (Generic Identifiability). A restricted latent class model is said to
be generically identifiable on the parameter space T, if (©, p) are strictly identifiable

on 7 \ 'V where V is a proper algebraic subvariety of T.

Generic identifiability could be viewed as some “partial” identification of model
parameters in the sense that, the nonidentifiable parameters fall in a subset of the
parameter space that can be characterized as solutions to some nonzero polynomial
equations. As can be seen from the form of (1.2), the constraints on the parameter
space introduced by the I'-matrix already force the parameters fall into a proper alge-

braic subvariety of the unrestricted parameter space, so previous results established
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in Allman et al. (2009) for unrestricted latent class models do not apply to the models

considered in this chapter.

Remark 111.2. Under multiparameter models, it is still possible that two latent classes
o and o' always have the same positive response probabilities, i.e., @, o = ©. o and
a, o' are not distinguishable even generically. In this case one could have p-partial
identifiability of the model. However, this happens only when I'. , = I'. v = 1;
moreover, under ()-restricted models, this happens only if the ()-matrix contains an
all-zero column, which is a trivial case with a redundant column in ). Under such
a (Q-matrix, we can simply remove these all-zero columns and study the (generic)
identifiability under the reduced @-matrix. Therefore, without loss of generality, in
the following discussion we assume the ()-matrix does not contain any all-zero column

such that ©. o = ©. o would not happen.

Based on the above discussions, to study identifiability of multiparameter re-
stricted latent class models, we consider two situations in Section 3.3.1: first, when
the I'-matrix is separable, we study the strict identifiability of model parameters; sec-
ond, when the I'-matrix is inseparable, we study the generic identifiability of model
parameters. Furthermore, in Section 3.3.2 we present sufficient conditions for generic
identifiability of the family of ()-restricted latent class models, and discuss the neces-

sity of the proposed conditions.

3.3.1 Strict and Generic Identifiability

First consider the case where the I'-matrix is separable. For a subset of items S,
denote the corresponding |S| x m indicator matrix by I'* = ([';4, j € S, a € A),
which is a submatrix of the previously defined I'-matrix. We say a succeeds o’ with
respect to S and denote it by a« =g o/, if I'; o > I'j o for any j € S; this means
« is at least as capable as o' of items in set S. With this definition, any subset

of items S induces a partial order “>g” on the set of latent classes A. When two

95



sets S; and S5 induce the same partial order on A, that is, for any o’ and a € A,
o' =g, aif and only if &' »g, o, we write “ =g, 7 = “ =g, 7. The following theorem
gives conditions that lead to strict identifiability of multiparameter restricted latent

class models.

Theorem II1.5. For a multiparameter restricted latent class model, if the I'-matriz

satisfies the following conditions, then the parameters (©,p) are strictly identifiable:

(C3) There exist two disjoint item sets Sy and Sy, such that T'%i is separable for

221’2 and 13 >__Sl 77:“ >__SQ ’7'
(C4) F(.‘?;USQ)C ” F(.*?;LIJ&)C for any o, &' such that &' =5, a fori =1 or2.

Condition (C3) implies the entire I'-matrix is separable, and it requires two dis-
joint sets of items S; and Sy to have enough information to distinguish the latent
classes, and it serves as a repeated measurement condition for the identifiability of
multiparameter restricted latent class models. Condition (C4) states that, for those
pairs of latent classes @ and o’ such that a is more capable than o’ uniformly on
either S; or Sy, the remaining items in (S; U S3)¢ should differentiate e and &’ by
their column vectors in T'(51992)°,

Strict identifiability can be achieved with a relaxation of condition (C4) together
with a stronger version of condition (C3). Before presenting this result, we define
a latent class a as a basis latent class under an item set S, if there does not exist

o' € A such that o’ <g a. Denote the set of all basis latent classes under S by Bg.

Then “>»g, 7 = “ >g, 7 implies Bg, = Bg,.

Proposition III.5. Under a multiparameter restricted latent class model, if the I'-

matrix satisfies the following conditions, then (®,p) are identifiable.

(C3*) There exist two disjoint item sets S; and S, such that I' is separable for
t=1,2and “ »=g, 7 = “ =g, 7. Moreover, for any j € S; U S, there exists

a € Bg, such that I'; o, = 1.
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(C4*) [(S1use)* # FE‘?;LDJSQ)C for any a € Bg, and o # a, where ay is the universal

least capable class.
Remark 111.3. Theorem III.5 and Proposition II1.5 show the trade-off between the
conditions on the separable submatrices part of I' and on the remaining part. They
establish identifiability for a wide range of restricted latent class models, with the
[-matrix ranging in the spectrum of different extents of inseparability. Specifically,
for a Q-restricted latent class model that lacks many single-attribute items, (C3) is
easier to satisfy than (C3*) and Theorem III.5 would be more applicable; while for
a -restricted model that lacks few single-attribute items, Proposition II1.5 would

become more applicable as (C4*) imposes a weaker condition on the set (S; U S2)°.

Remark III.4. Theorem IIL.5 and Proposition III.5 extend the existing work Xu
(2017). Compared with the identifiability result in Xu (2017) that requires two
copies of the identity submatrix Ix to be included in the Q-matrix, in the special
case with A = {0, 1}, the proposed conditions (C3*) and (C4*) reduce to the con-
ditions in Xu (2017). Furthermore, in general cases of an unsaturated latent class
space with |A| < 2K the conditions in Theorem III.5 and Proposition IIL.5 impose
much weaker requirements than those in Xu (2017), because a Q-matrix lacking some
single-attribute items may suffice for a separable ['-matrix and further suffice for strict

identifiability under the conditions in this chapter.

Next, we consider the case where the multiparameter restricted latent class model
is associated with an inseparable I'-matrix, which violates condition (C3). We study

the generic identifiability of the model parameters.

Theorem IIL.6. Consider a multiparameter restricted latent class model. If there
exist two disjoint item sets Si and Sy, such that altering some entries of zero to
one in 5195 can yield a T5'Y2 that satisfies condition (C3); and that the T(51952)°
satisfies condition (C4), then the model parameters (©, p) under the original I'-matriz

are generically identifiable.
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Theorem III.6 is established based on the theoretical development of Theorem
II1.5. By relaxing the condition (C3) and allowing I' to be inseparable, we may not
have strict identifiability, as discussed in Example I11.4. We use the following example

to further illustrate the results of Theorems I11.5-111.6.

Example II1.5. For a multiparameter restricted latent class model, if I' = ((I'**®) T,
(Dsub) T (Tsv) )T contains three copies of the following I'***, then (C3) and (C4) are

satisfied and (@, p) under I' are strictly identifiable.

01 1 1 0011 0111
=100 1 1|; T™=loo0o11], T”=|0001
000 1 000 1 000 1

Instead, consider [y = ((I51) T, (T'%2) 7, (I'%*) 1) T with two submatrices in the forms
of I'* and I'*2 above, then neither of I'*! is separable. But by changing the (1,2)th
entry of 't and (2, 3)th entry of I'®2 from zero to one, the resulting 'St and 2 are
separable, so the conditions of Theorem II1.6 are satisfied and (®, p) under ', are

generically identifiable.

3.3.2 Results for Q-restricted Latent Class Models

In this subsection we characterize how the ()-matrix impacts the identifiability of
multiparameter models. Similar to Section 3.2.2, we consider the case A = {0, 1}*.
For strict identifiability, the result of either Theorem II1.5 or Proposition IIL.5 implies
the result of Theorem 1 in Xu (2017), as discussed in Remark II1.4. Our next result

gives a flexible structural condition on @) that leads to generic identifiability.

Theorem II1.7. Under a multiparameter QQ-restricted latent class model, if the Q-
matrix satisfies the following conditions, then the model parameters are generically
identifiable, up to label swapping among those latent classes that have identical column

vectors in .
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(C5) Q contains two K x K submatrices Q1, Q2, such that for i =1,2,

1 = *
o
* 1 ... %
Q=1Q ;o Q= . i=1,2, (3.16)
/ Do L
@ IxK x % 1
KxK

where each *’ can be either zero or one.

1ith the ()-matrix taking the form o . in the submatrix each attribute
(06) With the @) } king the f f(55),' h b iz Q) h 1

15 required by at least one item.

The above identifiability result does not require the ) to contain an identity
submatrix Ix and provides a flexible new condition for generic identifiability that
are satisfied by various ()-matrix structures; see examples in Section 3.3.3. Under a
multiparameter restricted latent class model with all entries of the ()-matrix being
ones, conditions (C5) and (C6) in Theorem III.7 equivalently reduce to J > 2K + 1,
which is consistent with the result in Allman et al. (2009) for unrestricted latent class
models.

Next we discuss the necessity of the proposed sufficient conditions for generic
identifiability. Conditions (C5) and (C6) imply that each attribute is required by at
least three items. The next theorem shows that it is necessary for each attribute to

be required by at least two items.
Theorem II1.8. Consider a multiparameter QQ-restricted latent class model.

(a) If some attribute is required by only one item, then the model is not generically

identifiable.

(b) If some attribute is required by only two items, without loss of generality assume
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Q takes the following form
1 v
Q=11 v | (3.17)
0 @
then as long as vV vs # 1x_1 and the submatriz Q' satisfies conditions (C5)
and (C6), then the model parameters (©,p) are generically identifiable, up to

label swapping among those latent classes that have identical column vectors in

r.

Remark 111.5. As a notion of partial identification of model parameters, generic iden-
tifiability does not imply strict identifiability. For instance, if the (-matrix is in the
form of (3.17) and v; = 0 for i = 1 and 2, then the model is not strictly identifiable,
but generic identifiability can still hold as stated in Theorem III.8. This is also an
analogue to the situations discussed in Theorem III.2 for two-parameter restricted
latent class models. Based on Theorems II1.7 and 1I1.8, we would recommend prac-
titioners in diagnostic test designs to ensure each attribute is measured by at least

three items.

3.3.3 Applications

Similar to the discussion in Section 3.2.3, our results of generic identifiability also

lead to the estimability of the model parameters.

Proposition ITI.6. Suppose a restricted latent class model is generically identifiable
on the parameter space 7 with a measure-zero nonidentifiable set V. If the true

parameters (@°,p°) € T\ V, then (©,p) — (©°, p°) almost surely as N — oc.

We apply the new theory of generic identifiability to the designs introduced in
Section 1.3, and establish generic identifiability of the multiparameter restricted la-

tent class models. Consider the TOEFL iBT data. Both ()-matrices corresponding
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to TOEFL reading forms A and B can be transformed into the form of (5.5) through
some row rearrangements, with the corresponding @)’ requiring each attribute at least
once. Therefore both @-matrices satisfy conditions (C5) and (C6) and any multi-
parameter ()-restricted models associated with them are generically identifiable and
estimable. Our results in this section also guarantee the generic identifiability of mul-
tiparameter models associated with the Q43412 for the TIMSS data, and the QQooxs
for the fraction subtraction data; please see Section A in the Supplementary Material

for details of checking the conditions.

3.4 Extensions to More Complex Models

In this section, we extend our identifiability theory to some more complicated

latent variable models.

3.4.1 Mixed-items Restricted Latent Class Models

Our identifiability theory based on I' directly applies to the case of mixed types of
items, where the J items can conform to different models, including two-parameter
conjunctive, two-parameter disjunctive, or multiparameter.

First consider the two-parameter-mized restricted latent class model, where each
item is either two-parameter conjunctive or disjunctive. Let I(-) denote the binary
indicator function. For any (Q-matrix and latent class space A, denote the I'-matrix
under the two-parameter conjunctive model by T (Q, A) with the (j, @)th entry
being I(a = q;), and denote the I'-matrix under the two-parameter disjunctive model
by 49 (Q, A) with the (j, a)th entry being I(3k s.t. ax = g;x = 1). The following

is a corollary of Theorem III.1.

Corollary IIL.2. Consider a two-parameter-mixed restricted latent class model with

Q= (Q;Sj, (Imj)T, where Qgis; and Qeon; correspond to disjunctive and conjunctive
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items, respectively. If the following condition (E1) holds, then (07,07 ,p) are p-

partially identifiable.
(E1) The Jx|A| matriz T = (D%9(Quis5, A) T, T (Qeonj, A) ") T satisfies conditions
(C1) and (C2) in Theorem III.1.

In particular, if A= {0,1}% and the T defined in (E1) is separable, then (6%,0~ p)

are strictly identifiable.

One implication of Corollary II1.2 is that when a diagnostic test contains both
conjunctive and disjunctive items, the underlying ()-matrix does not need to include
a submatrix Ik for (8%,07 p) to be strictly identifiable. This is in contrary to the
case of a purely conjunctive or purely disjunctive two-parameter model, where this
requirement is indeed necessary Xu and Zhang (2016); Gu and Xu (2019b). The

following application of Corollary II1.2 illustrates this point.

Example I11.6. Consider a diagnostic test with 4 conjunctive items and 2 disjunctive

items with the following Q)-matrix

(0,0) (0,1) (1,0) (1,1)

Lo 0 0 1 1
L 0 0 0 1
conj
Q = 4x2 = 1 1 —_— F = 0 0 O 1
2x2 0 0 0 1
I 0 1 1 1
I 0 1 1 1

Then if A = {0,1}?, the corresponding I-matrix as shown above is separable, and
conditions (C1*) and (C2*) are satisfied. So 8 = (0] ,....00)", 0~ = (0;,...,0;)"
and p = (p,0); P,1)s P(1,0); p(l,l))T are strictly identifiable, despite that ) does not

contain a submatrix Is.
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If there exist both two-parameter items and multiparameter items in the model,
we have the following identifiability result, the part (a) of which directly results from
Theorem II1.5 and Proposition III.5. Please see Section D in the Supplementary

Material for details.

Corollary II1.3. Assume Q = (Q ;s> Qoonj» @uue) | where Quisj, Qeonj and Quuisi

correspond to the two-parameter disjunctive, two-parameter conjunctive, and multi-

parameter items, respectively.

(a) [fF = (FdiSj(Qdisj7A)T> FC(mj(Qconj;A)Tv FC(mj(Qmult?A)T)T satisﬁes condi—
tions (C3) and (C4) in Theorem II11.5; or conditions (C3*) and (C4*) in Propo-

sition I11.5, then (©,p) are strictly identifiable.

(b) If T satisfies condition (E2) in Section D of the Supplementary Material, then

(©,p) are generically identifiable.

3.4.2 Restricted Latent Class Models with Categorical Responses

We next study restricted latent class models with multiple levels of responses
per item, that is, categorical responses, instead of binary responses considered in
previous sections. These models have been considered in von Davier (2008), Ma and
de la Torre (2016) and Chen and de la Torre (2018). We consider the setting in Chen
and de la Torre (2018). Suppose for each item j out of the J items in a diagnostic test,
there are L; categories of responses. For each item j and each category of response
1 €{0,...,L;—1}, there are a set of positive response parameters of the latent classes
0§-l) = {«9]([31 : a € A} with 050) =1->,., Oy). Further, for each item j, the g-vector
q; constrains the vector 05-1) based on (1.2) for each category [ € {1,...,L; — 1}
independently, other than the basic level [ = 0. Namely, for any j € S,

(l

]721 = min Qj(-f) > g\

/
acc; ¢ e

\V/le{l,...,L]‘—l} andVa’géCj.

max 6
acC;
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We collect all the model parameters in (@, p) with @ = {Hg.l) cg=1,...,J;1=

0,...,L; —1}. Then we have the following identifiability result.
Proposition II1.7. For a given ()-matrix, consider the following cases.

(a) If for any j € S and [ € {1,..., L;}, item parameters {¢} ,,a € A} follow the

1a7

two-parameter assumption, and @ satisfies (C1*) and (C2*) in Corollary III.1,

then (@', p) are p-partially identifiable.

(b) If for any j € S and I € {1,...,L;}, item parameters {6}, a € A} follow

7a7

the multiparameter assumption, and @ satisfies conditions (C5) and (C6) in

Theorem II1.7, then (@, p) are generically identifiable.

3.4.3 Deep Restricted Boltzmann Machines

As mentioned in Example I.4 in Chapter I, structured latent attribute models share
great similarities with Restricted Boltzmann Machines (RBM) (Goodfellow et al.,
2016). Here we restate how the RBM architecture can be used as a special restricted
latent class model for cognitive diagnosis. The RBM on the right panel of Figure 3.1
consists of two latent layers a® and a!® and one observed layer R. In a diagnostic
test, the R represents multivariate binary responses to test items, the first latent layer
a'V represents the fine-grained binary skill attributes measured by the items, while
the second binary latent layer a® helps to model the dependence among a") and
may be interpreted as more general skill domains. Denote the lengths of vectors R,
a and a® by J, K; and K,. Under RBM assumptions, the probability distribution
of all the observed and latent variables is

P(R, oV, a®?) = %exp ( ~R"W%% W — (a(l))TUa(Q)), (3.18)

where Z is the normalization constant, and W%, U are parameter matrices, of size

Jx K and K, x Ky, respectively. We drop the bias terms in the above energy function
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without loss of generality (Goodfellow et al., 2016). We can impose a ()-matrix of size
J x K to restrict the parameters W in (3.18). Specifically, @) specifies which entries
of W€ = (w;},) are zero, that is, w;; = 0 if ¢; = 0. The form of @ underlying the

W in Figure 3.1 is on the left panel of the figure.

Q

I
S OO =
—_— O = = O
O~ = O
_— -0 O O

Figure 3.1: (Deep) Restricted Boltzmann machine

We call W€ the item parameters of a RBM, since these parameters relate to the
observed responses to items; and call a RBM with a -matrix structure an item-
parameter-restricted RBM. Then an item-parameter-restricted RBM can be viewed
as a multiparameter main-effect restricted latent class model, with a") belonging to
the latent class space {0, 1}%1. The next proposition establishes identifiability of the

item parameters W¢.
Proposition II1.8. For a given ()-matrix, consider the following cases.

(a) If there is no sparsity structure in W€ (ie., Q@ = 1,.x), then as long as

J > 2K, + 1, the item parameters W€ are generically identifiable.

(b) If the Q-matrix satisfies the sufficient conditions for strict or generic identifiabil-

ity in Section 3.3, then W are strictly or generically identifiable, respectively.

Proposition II1.8 establishes identifiability of the item parameters W, which
provides the theoretical guarantee in the application of item calibration to assess the
quality of the items. It would also be interesting to further investigate identifiability of
other parameters besides the item parameters in a deep restricted Boltzmann machine,

which we leave for future study.
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3.5 Discussion

This chapter proposes a general framework of strict and partial identifiability of
restricted latent class models.

We provide a flowchart in Figure 3.2 to summarize our main theoretical results
in Sections 3.2 and 3.3. The flowchart illustrates how to apply the new theory in
cognitive diagnosis. Specifically, given the specification of the ()-matrix, the latent
class space A C {0,1}%, and the diagnostic model assumptions, one can construct
the corresponding J x |A| [-matrix based on the C;’s defined in (3.1). Then in the
case of a separable [-matrix, if the model is two-parameter, the p-partial identifia-
bility exactly reduces to strict identifiability and one can use results in Section 3.2
to establish strict identifiability; and if the model is multiparameter, one can use
results Theorem II1.5 and Proposition II1.5 in Section 3.3.1 for strict identifiability.
On the other hand, if the I'-matrix is inseparable, depending on whether the model
is two-parameter or multiparameter, one can use the results in Section 3.2.2 or those
in Section 3.3 to check whether the model is p-partially identifiable or generically
identifiable, respectively. Note that in the special case of A = {0, 1}, the I-matrix
with 2% columns is separable if and only if the )-matrix contains an identity subma-
trix Ix, a key condition assumed in previous works (e.g., Xu, 2017; Xu and Shang,
2018). Hence, this chapter not only largely relaxes these existing conditions for strict
identifiability by allowing more flexible attribute structures with an arbitrary A, but
also provides the first study on partial identifiability when the ()-matrix does not
include an I (the I-matrix is inseparable). We give easily-checkable identifiability
conditions to ensure estimability of the model parameters, and these conditions serve
as practical guidelines for designing statistically valid diagnostic tests.

We point out that the strict identifiability results in Section 3.3.1 (Theorem III.5
and Proposition II1.5) apply to the general family of restricted latent class models sat-

isfying constraints (1.2), including not only multiparameter but also two-parameter
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(b) Latent class space A;
(¢) Model specification.

{(a) Q-matrix Qrxr;

v
‘ Construct I of ‘

size J x |A]
I" separable I" inseparable
4 \ 4
[ Strict identifiability } [ Partial identifiability }
two-param. | multi-param. two-param. | multi-param.
h 4 h 4 A 4 h 4
Strict identifiability Strict identifiability p-partial identifiability Generic identifiability
Theorems I11.1-111.4 Theorem II1.5 Theorems IT1.1-111.3 Theorems III.6-1I1.8
Proposition T11.3 Proposition II1.5 Proposition I11.3
Corollary III.1 Corollary III.1

Figure 3.2: Flowchart of the results in Sections 3.2 and 3.3

models; on the other hand, since these results are established under the general
constraints (1.2), their conditions are stronger than those in Section 3.2 under two-
parameter models. In contrast, the generic identifiability results in Sections 3.3.1 and
3.3.2 (Theorems II1.6-1I1.8) only apply to multiparameter models. This is because
under generic identifiability, the nonidentifiable measure-zero subset of a multipa-
rameter model’s parameter space (such as GDINA), could still contain the parameter
space corresponding to a two-parameter submodel (such as DINA), making these
generic identifiability results not applicable to two-parameter models. Nevertheless,
generic identifiability is a general concept not just restricted to the multiparame-
ter models. An interesting future direction to study is the generic identifiability of
two-parameter models under the introduced p-partial identifiability framework; that
is, one can study what conditions lead to the generic identifiability of (1,07, v).
We also point that a multiparameter model can also be p-partially identifiable, as
discussed in Remark III.2.

For the p-partial identifiability and generic identifiability results in Sections 3.2—

3.4, we assume that the model specification for each item, the design matrix and
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latent class space A are available as prior knowledge. In practice, there can be sce-
narios where not all of such information is available. As pointed out by one reviewer,
in applications of cognitive diagnostic modeling, both the advances in modeling ca-
pacity and computing flexibility, and the recent real-data examples provide ground
for adopting a model with mixed type of items, which are determined in a data-driven
way. To this end, our strict identifiability results in Section 3.3.1 and those in Section
3.4.1 for mixed-items models can be applied to assess identifiability a posteriori. In
practice, when deciding which model to adopt, one can use the response data to de-
termine the number of latent classes and determine which diagnostic model an item
conforms to. For instance, one may employ the popular information criteria such as
AIC and BIC to perform model selection; or one may first fit a general cognitive di-
agnostic model, such as GDINA or GDM, then use the Wald test to determine which
submodel an item follows de la Torre (2011). Alternatively, one may use a penalized
likelihood method Xu and Shang (2018) or Bayesian method Chen et al. (2018a) to
directly estimate the structure of the item parameters for each item; such structure
informs the model specification of the item. For the selected candidate models, we
would recommend further applying our identifiability theory to assess their identi-
fiability and validity. The general theoretical framework developed in this chapter
would be a useful tool to develop the identifiability and estimability conditions for
learning the item-level model structure and the population-level latent class space A.

This is an interesting and important direction that we plan to pursue in the future.
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CHAPTER IV

Necessary and Sufficient Conditions for the

Identifiability of the ()-matrix

The previous two chapters study the identifiability of model parameters of SLAMs
given a fixed and known )-matrix. This chapter addresses a further question, which
goes beyond merely identifying the model parameters. Rather, the main goal here
is to identify the key latent structure, that is, the @-matrix itself. In practice, the
(Q-matrix, specified by scientific experts when constructing the diagnostic items, can
be misspecified. Moreover, in an exploratory analysis of newly designed items, much
or all of the @-matrix may not be available. Here, a misspecification of the ()-matrix
could lead to a serious lack of fit for the model, and thus inaccurate inferences on
the latent attribute profiles of the individuals. Therefore, it is desirable to estimate
the @-matrix and the model parameters jointly from the response data (e.g., de la
Torre, 2008; DeCarlo, 2012; Liu et al., 2012; de la Torre and Chiu, 2016; Chen et al.,
2018a). A reliable and valid estimation and inference on the (Q-matrix requires that we
ensure the joint identifiability of the ()-matrix and the associated model parameters.
Such joint identifiability has been studied recently by Liu et al. (2013) and Chen

et al. (2015) under the DINA model, and by Xu and Shang (2018) under general

This chapter contains the main part of Gu and Xu (2020b), accepted by Statistica Sinica.
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RLCMs. Nevertheless, most of these works focus on developing sufficient conditions
for joint identifiability, and thus often impose stronger than needed constraints on
the experimental design of a cognitive diagnosis.

Therefore, the necessary and sufficient conditions (or minimal requirements) for
the joint identifiability of the ()-matrix and the model parameters remains an open
problem. This study addresses this problem, making the following contributions to
the literature.

First, under the DINA model, we derive the necessary and sufficient conditions for
the joint identifiability of the ()-matrix and the associated DINA model parameters.
Our necessary and sufficient conditions are succinctly and neatly written as three
algebraic properties of the Q-matrix, which we summarize as completeness (Condition
A), distinctness (Condition B), and repetition (Condition C'); please see Theorem
IV.1 for details. These three conditions require that the binary -matrix is complete
by containing an identity submatrix, has all columns distinct other than the part
of the identity submatrix, and repeatedly contains at least three entries of one in
each column. In addition to guaranteeing identifiability, these conditions give the
minimal requirements for the ()-matrix and DINA model parameters to be estimable
from the observed responses. The identifiability result can be applied directly to the
deterministic input noisy output “Or” gate (DINO) model (Templin and Henson,
2006), owing to the duality of the DINA and DINO models (Chen et al., 2015).
The derived identifiability conditions also serve as necessary requirements for joint
identifiability under general RLCMs, which include the DINA model as a submodel.

Second, we propose sufficient and necessary conditions for a weaker notation of
identifiability, the so-called generic identifiability, under both the DINA model and
general RLCMs. Generic identifiability implies that those parameters for which iden-
tifiability does not hold live in a set of Lebesgue measure zero (Allman et al., 2009).

The motivation for studying generic identifiability is that the strict identifiability
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conditions are sometimes too restrictive in practice. For instance, it is known that
unrestricted latent class models are not strictly identifiable (Gyllenberg et al., 1994),
but are generically identifiable under certain conditions (Allman et al., 2009). In
RLCMs, the model parameters are forced by the -matrix-induced constraints to
fall in a measure-zero subset of the parameter space, and, thus, existing results for
unrestricted models cannot be applied directly. Moreover, the generic identifiabil-
ity conditions needed to jointly identify the ()-matrix and the model parameters are
unknown. Therefore, in this chapter, we propose sufficient and necessary conditions
for generic identifiability, and explicitly characterize the nonidentifiable measure-zero
subset. Our mild sufficient conditions for generic identifiability under general RLCMs
can be summarized as the following properties of the Q-matrix: double generic com-
pleteness (Condition D), and generic repetition (Condition FE); see Theorem IV.4
for details. These two conditions require that the binary )-matrix contains two
generically complete square submatrices with all diagonal elements equal to one, and
(repeatedly) contains at least one entry of “1” other than the part comprising these
two submatrices.

The rest of this chapter is organized as follows. Section 4.1 defines strict and
generic identifiability for RLCMs, and presents an illustrative example. Sections 4.2
and 4.3 contain our main theoretical results for strict and generic identifiability for
the DINA model and multiparameter RLCMs, respectively. Section 4.4 concludes
the chapter. The proofs of the theoretical results and additional simulation studies
that verify the developed theory are included in Appendix C. The Matlab code used to

check the proposed conditions is available at https://github. com/yuqigu/Identify_Q.
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4.1 Definitions and Examples of Strict and Generic Identifi-

ability

This section introduces the definitions of joint strict identifiability and joint generic
identifiability of (Q, ®, p) for SLAMs, and gives an illustrative example.

Note that the monotonicity assumption stated in (1.2), is necessary for the iden-
tifiability of the @Q-matrix, because, without it, Q # 1;.x with parameters (©,p)
is distinguished from @Q = 1;,x with the same parameters (©,p) under the multi-
parameter SLAM. The monotonicity constraints ensure that the constraints induced
by Q # 1;.x and Q = 1,k cannot be the same and, therefore, Q can be identified
under additional conditions; see Sections 4.2 and 4.3. In the following we assume the
monotonicity assumption introduced in Section 2 is satisfied.

Another common issue with the identifiability of the @-matrix is label swapping.
In an RLCM setting, arbitrarily reordering the columns of a @-matrix does not change
the distribution of the responses. As a result, it is only possible to identify @) up to
column permutation; thus, we write Q ~ @ if Q and @ have an identical set of column
vectors, and write (Q,©,p) ~ (Q,0,p) if Q ~ Q and (©,p) = (O, p).

We first define the identifiability of the ()-matrix and the model parameters (©, p).

We refer to this as joint strict identifiability.

Definition IV.1 (Joint Strict Identifiability). Under an RLCM, the design matrix
@ joint with the model parameters (@, p) are said to be strictly identifiable if for any
(Q, O, p), there is no (Q, O, p) ~ (Q, O, p) such that

PR=7|Q,0,p)=P(R=7|Q,0,p) forall rec {01} (4.1)

In the following discussion, we write (5.9) simply as P(R | Q,0,p) = P(R | Q,©,p).

Despite being the most stringent criterion for identifiability, strict identifiability
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can be too restrictive, ruling out many cases where (Q,®,p) are “almost surely”
identifiable. In the literature on unrestricted latent class models, Allman et al. (2009)
proposed and studied the so-called generic identifiability of such models. Here, we

introduce the concept of generic identifiability for RLCMs as follows.

Definition IV.2 (Joint Generic Identifiability). Consider an RLCM with parameter
space ¥, which is of full dimension in R™, with m corresponding to the number of
free parameters in the model. The matrix ) joint with the model parameters (©, p)

are said to be generically identifiable if the following set has Lebesgue measure zero

in R™: 9,0, = {(©,p) : I(Q,0,p) » (Q,0,p), such that P(R | Q,0,p) = P(R |

Q.9,p)}.

4.1.1 Example of the Generic Identifiability Phenomenon with (.2

Here, we use an example to explain the difference between generic identifiability
and strict identifiability. Consider the @-matrix Q4x2 in (5.2). Under the DINA
model, we prove that this (Q-matrix, joint with the associated model parameters
(s,g,p), is generically identifiable (by part (b.2) of Theorem IV.2), but not strictly
identifiable (by Theorem IV.1).

Qaxz = : (4.2)

In particular, as long as the true proportions p = (p(o0), P(01), P(10), P11)) satisfy the
following inequality constraint, (Q4x2, S, g, p) is identifiable (see the proof of Theorem

V.2 (b.2)):

P(01)P(10) 7 P(00)P(11)- (4.3)
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On the other hand, when p1)p10) = P(00)P(11), the model parameters are not identifi-
able, and there exist infinitely many sets of parameters that provide the same distri-
bution of the observed response vector. Here, the parameter space 9g = {(s,g,p) :
1-s>g, p>0, > pa=1}is of full dimension in R'"', where the nonidentifiable
subset 9non = {(8,9,P) : PoO1)PA0) = PooyP(11)} has Lebesgue measure zero in R,
We use a simulation study to illustrate the generic identifiability phenomenon. Under

the Q4x2 in (5.2), consider the following two simulation scenarios:

(a) the true model parameters are set as g; = s; = 0.2 for j = 1,2,3,4, and

p(oo) = p((]l) = p(lO) = p(ll) = 025, which violates (43),

(b) the true model parameters are generated randomly, which almost always satis-
fies (4.3). Specifically, we randomly generate 100 true parameter sets (s, g, p)
using the following generating mechanism: s; ~ ¢(0.1,0.3), g; ~ U(0.1,0.3)
for j = 1,2,3,4, and p ~ Dirichlet(3,3,3,3). Here #(0.1,0.3) denotes the
uniform distribution on [0.1,0.3], and Dirichlet(3, 3, 3,3) denotes the Dirichlet

distribution with parameter vector (3, 3,3, 3).

We show numerically that in scenario (a), there exist multiple sets of valid DINA pa-
rameters that give the same distribution of R; in scenario (b), the model (@, s, g, p) is
almost surely identifiable and estimable. In particular, corresponding to scenario (a),
Figure 4.1 (a) plots the true model parameters and the other two sets of valid DINA
model parameters (constructed based on the derivations in the proof of Theorem IV.2
(b.2)), and Figure 4.1 (b) plots the marginal probabilities of all 2! = 16 response pat-
terns under the three sets of model parameters. We can see that despite these three
sets of parameters being quite different, they give the identical distribution of the
four-dimensional binary response vector.

Corresponding to scenario (b), we randomly generate B = 100 sets of true pa-

rameters (s, g,p'), for i = 1,...,100. Then, for each (s',g*,p'), we generate 200
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Figure 4.1: Illustration of nonidentifiability under 4« in scenario (a).

independent data sets of size N, with N = 102, 103, 10*, and 10°, and then compute
the mean square errors (MSEs) of the maximum likelihood estimators (MLEs) of the
slipping, guessing and proportion parameters. To compute the MLEs of the model
parameters for each simulated data set, we run the EM algorithm with 10 random
initializations, and choose the estimators that achieve the largest log-likelihood value
of the 10 runs. Figure 4.2 shows the box plots of MSEs associated with the B = 100
true parameter sets for each sample size N. As N increases, we observe that the MSEs

decrease to zero, indicating the (generic) identifiability of these randomly generated

parameters.
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Figure 4.2: Illustration of generic identifiability under (Q4x2, which corresponds to
simulation scenario (b).
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On the other hand, Figure 4.2 also shows that several parameter sets have MSEs
that are “outliers” that converge to zero more slowly than others do as N increases.
This happens because these sets of parameters fall near the nonidentifiability set
Voo = {(8,9,P) :© Po1)Pao) — Pooypy = 0}, making it more difficult to identify
them. To illustrate this point, consider the scenario corresponding to the rightmost
box plot in Figure 4.2(a), with sample size N = 10°. For each of the 100 sets of
true parameters (s, g*, p'), we plot péoo) -pfn) and pl@) 'péol) as the z-axis and y-axis
coordinates, respectively (see Figure 4.3). Then, each point represents one set of true
parameters used to generate the data. Specifically, we plot these parameter sets using
a red “x” if their corresponding MSEs are the 20% largest outliers in the rightmost
box plot in Figure 4.2(a); we plot the remaining 80% of the parameter sets using
a blue “+”7. One can clearly see that as the true parameters become closer to the
nonidentifiability set V,on = {(8,9,P) : Do1)P(10) — PooyP(11) = 0} (represented by the
straight reference line drawn from (0,0) to (0.17,0.17)), the MSEs increase, and the
MSEs converge more slowly. Thus, under generic identifiability, when the true model
is close to the nonidentifiable set, the convergence of their MLEs becomes slow.

Interestingly, the generic identifiability constraint (4.3) is equivalent to the state-
ment that the two latent attributes are not independent of each other. To see this,
view each subject’s two-dimensional attribute profile as a random vector taking val-
ues in a 2 x 2 contingency table. Then, (4.3) states that the 2 x 2 matrix of joint

probabilities of attributes mastery,

Po) DP(o1)

Paoy P@au

has full rank, with nonzero determinant p(o)p(11) —P(01)P(10)- Therefore, one row (resp.
column) of the matrix cannot be a multiple of the other row (resp. column), and hence

the two binary attributes can not be independent. Intuitively, this implies that the
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Figure 4.3: The effect of the generic identifiability constraint (4.3). Red “x”s represent
parameter sets with the 20% largest MSEs in Figure 4.2(a), with N = 10°; blue “+”s
represent the remaining parameter sets.

DINA model essentially requires that each attribute is measured at least three times
for identifiability (as shown in Condition B in Theorem IV.1). In particular, consider
those attributes that are measured by only two items in the @-matrix. If these
attributes are independent, then, intuitively, they provide an independent source of
information in which case the model is not identifiable. However, if these attributes

are dependent, then the dependency instead helps to identify the model structure.

(a) measure-zero nonidentifiable (b) parameter space for the
subset, independent attributes proportion parameters p

Figure 4.4: geometry of generic identifiability with Q4.2 = (I2; I5).
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Before stating the strict and generic identifiability results on (Q, ©,p), we show
in the next proposition that any all-zero row vector in the ()-matrix can be dropped

without affecting the identifiability conclusion.

Proposition I'V.1. Suppose the Q-matrix of size J x K takes the form Q = ((Q’)7,07)T,
where )" is a J' x K submatrix containing J’ nonzero g-vectors, and 0 denotes a
(J — J') x K submatrix containing these zero g-vectors. Let @' be the submatrix
of ® containing its first J’ rows. Then, for any SLAM, (@, ©, p) are jointly strictly
(generically) identifiable if and only if (Q’, ®’, p) are jointly strictly (generically) iden-
tifiable.

Therefore, without loss of generality, from now on, we only consider ()-matrices
without any zero g-vectors when discussing joint identifiability. We examine various
SLAMs that are popular in cognitive diagnosis assessment. In particular, in Section
4.2, we present the sufficient and necessary conditions for the strict and generic iden-
tifiability of (Q, ®,p) under the basic DINA model. These identifiability results can
also be applied to the DINO model (Templin and Henson, 2006), owing to the duality
between the two models (Chen et al., 2015). Section 4.3 presents the sufficient and
necessary conditions for the generic identifiability of (@, ©, p) under multiparameter

SLAMs, which include the popular GDINA and LCDM models.

4.2 Identifiability of (@), ®,p) under the DINA Model

Under the DINA model, Liu et al. (2013) first studied the identifiability of the
@-matrix under the assumption that the guessing parameters g are known. Chen
et al. (2015) and Xu and Shang (2018) proposed a further set of sufficient conditions
without needing to assume known item parameters. An important requirement in
these identifiability studies is the completeness of the Q-matrix (Chiu et al., 2009).

Under the DINA model, the Q-matrix is said to be complete if it contains a K X
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K identity submatrix I up to column permutation. Chen et al. (2015) and Xu
and Shang (2018) require () to contain at least two complete submatrices [y for
identifiability.

However, determining the minimal requirements on the ()-matrix for identifiability
remains an open problem. In the next theorem, we solve this problem by providing
the necessary and sufficient condition for the identifiability of (Q, s, g, p) under the
earlier assumption that p, > 0, for all & € {0,1}* (Xu and Zhang, 2016; Gu and
Xu, 2019b).

Theorem IV.1. Under the DINA model, the combination of Conditions A, B, and

C' is necessary and sufficient for the strict identifiability of (Q,s,g,p):

A. The true Q-matriz is complete. Without loss of generality, assume the Q-matriz

takes the following form:

o= ™| (4.4)
Q*

B. The column vectors of the submatriz Q* in (4.4) are distinct.

C. FEach column in ) contains at least three entries equal to one.

In the Supplementary Material, we provide simulations that verify Theorem IV.1.
In particular, see simulation study I for the sufficiency of Conditions A, B, and C
for joint identifiability; also see simulation studies III and IV for the necessity of the
proposed conditions. Next, we compare our Theorem 1 with several existing results.
First, although the same set of conditions is proposed in Gu and Xu (2019b), they
assumed a known () when examining the identifiability of the parameters (s, g, p).
In contrast, Theorem 1 studies the joint identifiability of (@, s, g,p), which is the-
oretically much more challenging, owing to the unknown (-matrix, and therefore
provides a much stronger result than that in Chapter II (Gu and Xu, 2019b). In

terms of estimation, Theorem IV.1 implies that we can consistently estimate both @)
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and (s, g, p), without worrying that an incorrect (Q-matrix is indistinguishable from
the true ). Second, Theorem IV.1 has much weaker requirements than those of the
well-known identifiability conditions resulting from a three-way tensor decomposition
(Kruskal, 1977; Allman et al., 2009). Specifically, these classical results require that
the number of items J > 2K + 1 for (generic) identifiability. In contrast, the con-
ditions in Theorem IV.1 imply that we need the number of items J to be at least
K + [logy(K)] 4+ 1 under the DINA model. This is because, other than the identity
submatrix Ix, in order to satisfy Condition B of distinctness, the (Q-matrix needs
only contain a further log,(K) items whose K-dimensional g-vectors form a matrix
with K distinct columns. For example, for K = 8, the conditions in Allman et al.
(2009) require at least 2K 4+ 1 = 17 items, whereas our Theorem IV.1 guarantees that
the following @ with K + log,(K) + 1 = 12 items suffices for the strict identifiability
of (@, s,g,p) under DINA:

Conditions A, B, and C' are the minimal requirements for joint strict identifia-
bility. When the true @ fails to satisfy one or more of these, Theorem 1 implies
that there must exist (Q, s,g,p) = (Q, 3, g, p) such that (5.9) holds. In this scenario,
there are still cases where the model is “almost surely” identifiable, though not strictly
identifiable, as illustrated by the example under Q4«2 in (5.2). On the other hand,
there are also cases where the entire model is never identifiable, as shown in simula-
tion studies III and IV in the Supplementary Material. Therefore, it is desirable to

determine which conditions guarantee the generic identifiability of (Q, s, g, p).
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In the following, we discuss the necessity of Conditions A, B, and C' under the
weaker notion of generic identifiability. First, Condition A is necessary for the joint
generic identifiability of (@, ®, p). If the true Q-matrix does not satisfy Condition A,
then under the DINA model, certain latent classes would be equivalent given @), and
their separate proportion parameters can never be identified, not even generically (Gu
and Xu, 2020a). In certain scenarios where Condition A fails, one can find a different
@ that is not distinguishable from Q. Simulation study IV in the Supplementary
Material illustrates the necessity of Condition A.

Second, Condition B is also difficult to relax, and serves as a necessary condition
for generic identifiability when K = 2. Specifically, as shown in Gu and Xu (2019b),
when K = 2, the only possible structure of the ()-matrix that violates Condition B

while satisfying Conditions A and C' is

10
0 1
Q=111
11

In addition, in Chapter II we prove that for any valid DINA parameters associated
with this @), there exist infinitely many different sets of DINA parameters that lead
to the same distribution of the responses. Therefore, the model is not generically
identifiable.

Third, in contrast to Conditions A and B, for generic identifiability, Condition C'
can be relaxed to a certain extent. The next theorem characterizes how the ()-matrix
structure in this case affects generic identifiability. For an empirical verification of

Theorem IV.2, see simulation study II in the Supplementary Material.

Theorem IV.2. Under the DINA model, (Q, s,g,p) is not generically identifiable if
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some attribute is required by only one item.
If some attribute is required by only two items, suppose the Q-matrix takes the fol-

lowing form, after some column and row permutations:

1 o
Q=11 o"|, (4.5)
0 Q*

where v is a vector of length K — 1, and Q* is a (J — 2) x (K — 1) submatriz.
(a) Ifv=1, (Q,s,g,p) is not locally generically identifiable.
(b) Ifv=0, (Q,s,g,p) is globally generically identifiable if either

(b.1) the submatriz Q* satisfies Conditions A, B, and C' in Theorem IV.1; or

(b.2) the submatriz Q* has two submatrices Ir_.

(c) If v # 0,1, (Q,s,g,p) is locally generically identifiable if Q* satisfies Condi-
tions A, B, and C' in Theorem IV.1.

Remark TV.1. We say (Q, s,g,p) is locally identifiable if, in a neighborhood of the
true parameters, there does not exist a different set of parameters that gives the
same distribution of the responses. Local generic identifiability is a weaker notion
than (global) generic identifiability. Therefore, the statement in part (a) of Theorem

IV.2 also implies that (@, s, g, p) is not globally generically identifiable.

Remark IV.2. In scenario (b.1) of Theorem IV.2, the identifiable subset of the parame-
ter space is {(s,g,p) : Ja' = (0,04,...,ak),a? = (0,03,...,a%) € {0} x {0, 1} 571,
such that pa1pazie, # pa2pa1+e1}, where e; is a J-dimensional unit vector, with
the jth element equal to one and all the others zero. In scenario (b.2) of Theorem
IV.2, we can write Q = (Ig, Ix,(Q™)")7, in which case, the identifiable subset is

{(s,g9.p) : Vk € {1,...,K}, 3ok a™? € {0,1}F1 x {0} x {0,1}7*71, such that
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PakiDak2ie, 7 pak,Qpak,l+ek}. The complements of these identifiable subsets in the
parameter space give the nonidentifiable subsets, which are both of measure zero in

the DINA model parameter space.

Next we discuss the generic identifiability of the DINA model in the special case

of K = 2. We have the following proposition.

Proposition IV.2. Under the DINA model with K = 2 attributes, (@, s,g,p) is

generically identifiable if and only if the conditions in Theorem IV.1 or IV.2(b) hold.

Proposition IV.2 gives a full characterization of joint generic identifiability when
K = 2, showing that the proposed generic identifiability conditions are necessary and
sufficient in this case. The following example discusses all possible ()-matrices with
K =2, such that (Q, s, g, p) is not strictly identifiable, which proves Proposition IV.2

automatically.

Example IV.1. When K = 2, the discussions on Conditions A and B before Theo-
rem IV.2 show that (Q, s, g, p) is not generically identifiable when A or B is violated.
Therefore, we need only focus on cases where Condition C'is violated and Conditions
A and B are satisfied. Specifically, when J < 5, the @-matrix can only take the

following forms up to column and row permutations:

10
10 1 0
0 1
0 1 0 1
Q1= ) Q2 = ) Qs=11 0
11 1 0
0 1
0 1 0 1
0 1

By Theorem IV.2; 9 falls in scenario (a); therefore, (@1, s, g, p) is not locally gener-
ically identifiable; that is, even in a small neighborhood of the true parameters, there

exist infinitely many different sets of parameters that give the same distribution of
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the responses. On the other hand, @), falls in scenario (b.2) and @3 falls in scenario
(b.1). Therefore, (Q2,s,g,p) and (Q3,s,g,p) are both generically identifiable. In
the case of J > 5, any @ satisfying A and B while violating C' must contain one of
the above @); as a submatrix and include additional row vectors of (0,1). By Theorem
IV.2, any such @ extended from ()i is still not locally generically identifiable, and

any such @) extended from ()5 or (U3 is globally generically identifiable.

4.3 Identifiability of (@), ®,p) under General SLAMs

Because the DINA model is a submodel of multiparameter SLAMs, Conditions A, B,
and C' in Theorem IV.1 are also necessary for the strict identifiability of multiparam-
eter SLAMs. For instance, our proposed Conditions A, B, and C are weaker than the
sufficient conditions proposed by Xu and Shang (2018) for the strict identifiability
of (@, ®,p) under multiparameter SLAMs; and if their conditions are satisfied, the
current conditions A, B, and C' are also satisfied. However, these necessary require-
ments may be strong in practice, and cannot be applied to identify any @) that lacks
some single-attribute items (i.e., lacks some unit vector as a row vector). A natural
question is whether Conditions A, B, and C' can be relaxed under the weaker notation
of of generic identifiability. This section addresses this question.

Under multiparameter SLAMs, the next theorem shows that Condition C' (each
attribute is required by at least three items) is necessary for the generic identifiability
of (Q,0,p), contrary to the results for the DINA model, where Conditions A and
B cannot be relaxed, but Condition C' can. Simulation studies VI and VII in the

Supplementary Material verify Theorem IV.3.

Theorem IV.3. Under a multiparameter SLAM, Condition C' in Theorem 1 is nec-
essary for the generic identifiability of (Q, ©,p). Specifically, when the true Q-matriz

violates C, for any model parameters (©,p) associated with @), there exist infinitely
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many sets of (Q, 0, D) = (Q, O, p) such that equation (5.9) holds. Thus, (Q,®,p) is

not generically identifiable.

Whereas Condition C'is necessary, we next show that the other two conditions, A
and B, can be relaxed further for the generic identifiability of multiparameter SLAMs.
Before stating the result, we first introduce a new concept about the ()-matrix, called

generic completeness.

Definition IV.3 (Generic Completeness). A @Q-matrix with K attributes is said to
be generically complete if, after some column and row permutations, it has a K x K

submatrix with all diagonal entries equal to one.

Generic completeness is a relaxation of the concept of completeness. In particular,
a (Q-matrix is generically complete if, up to column and row permutations, it contains

a submatrix as follows:

1 % *
* 1 *
* % 1

(1%

where the off-diagonal entries “x” are left unspecified. Note that any complete Q-
matrix is also generically complete, whereas a generically complete (-matrix may not
have any single-attribute items.

Using the concept of generic completeness, the next theorem gives sufficient con-
ditions for joint generic identifiability, and shows that under multiparameter SLAMs,
the necessary conditions A and B for strict identifiability are no longer necessary in

the current setting.

Theorem IV.4. Under a general SLAM, if the true Q-matriz satisfies the following

Conditions D and E, then (Q,©,p) is generically identifiable.
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D. The Q-matriz has two nonoverlapping generically complete K X K submatrices
Q1 and Qy. Without loss of generality, assume the Q-matrix is in the following

form:

Q1
Q=1 @ : (4.6)
Q*

JXK

E. Each column of the submatriz Q* in (5.5) contains at least one entry of one.

Remark IV.3. Under Theorem IV.4, the identifiable subset of the parameter space
is {(©,p) : det(T(Q1,©q,)) # 0, det(T(Q5,Oq,)) # 0, and T(Q*, Og:) - Diag(p)
has distinct column vectors}. Its complement is the nonidentifiable subset, and it has
measure zero in the parameter space ¥ when () satisfies Conditions D and E. Please
see the supplementary materials for the definition of the T-matrices (7'(Q1,®¢;,),
etc.).
Remark 1V.4. The proof of Theorem IV.4 is based on the proof of Theorem 7 in Gu
and Xu (2020a), who proposed the same Conditions D and E as sufficient conditions
for the generic identifiability of model parameters, given a known (). We point out
that though D and F serve as sufficient conditions for generic identifiability, both
when (@) is known and when @ is unknown, the generic identifiability results in these
two scenarios are different. In particular, Theorem 8 in Gu and Xu (2020a) shows
that when @) is known, some attribute can be required by only two items for generic
identifiability to hold (i.e., Condition C' can be relaxed); in contrast, our current
Theorem IV.3 shows that when () is unknown, Condition C' indeed becomes necessary.
The proposed sufficient Conditions D and E weaken the strong requirement of
Conditions A and B, especially the identity submatrix requirement that may be
difficult to satisfy in practice. Simulation study V in the Supplementary Material
verifies Theorem IV .4. Note that Conditions D and E imply the necessary Condition

C that each attribute is required by at least three items.
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We next discuss the necessity of Conditions D and E. As shown in Section 3.2,
under DINA, the completeness of () is necessary for the joint strict identifiability of
(@, s,g,p). For multiparameter SLAMs, we have an analogous conclusion that the
generic completeness of (), which is part of Condition D, is necessary for the joint

generic identifiability of (Q, ®,p). This is stated in the next theorem.

Theorem IV.5. Under a general SLAM, generic completeness of the Q-matriz is

necessary for the joint generic identifiability of (Q, 0, p).

Furthermore, we show that Conditions D and E themselves are in fact necessary

when K = 2, indicating the difficulty of relaxing these further.

Proposition IV.3. For a general SLAM with K = 2, Conditions D and E are

necessary and sufficient for the generic identifiability of (@, ©, p).

We use the following example to illustrate the result of Proposition IV.3, which

also gives a natural proof of the proposition.

Example IV.2. When K = 2, a ()-matrix that satisfies the necessary Condition C,

but not Conditions D or E, can only take the following form ); or ()2, up to row

permutations:

1 11
11

x 1 _ 11

Q=11 11, Q2 = ; Q2 =

11 11
11

11 11

The “x”s in Q9 are unspecified values, and can be either zero or one. For )1 with
J =3, K =2, and any parameters (©,p), there are 2/ = 8 constraints in (5.9) for
solving (©,p) under Q) itself, whereas the number of free parameters of (©,p) is

{pa : @ € {0,1}?} U{b;0 : j € {1,2}, € {0,1}?}| = 28 + 25 x J = 16 > 8. For
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Q, with J = 4, K = 2, and any associated (©,p), there are 2/ = 16 constraints in
(5.9) for solving (©, p), whereas the number of free parameters of (@, p) under the
alternative Qs is 2% + J x 25X = 20 > 27 = 16. In both cases, there are infinitely
many sets of solutions of (5.9) as alternative model parameters. Therefore, neither

(Q1,0,p) nor (Qs, O, p) are generically identifiable.

4.4 Discussion

In this chapter, we study the identifiability issue of SLAMs with unknown Q-
matrices. For the basic DINA model, we derive the necessary and sufficient conditions
for the strict joint identifiability of the ()-matrix and the associated model parameters.
We also study a slightly weaker identifiability notion, called generic identifiability,
and propose sufficient and necessary conditions for it under the DINA model and

multiparameter SLAMs.

Statistical consequences of identifiability. In the setting of SLAMs, identifi-
ability naturally leads to estimability, in different senses, under strict and generic
identifiability. If the Q-matrix and the associated model parameters are strictly iden-
tifiable, then () and the model parameters can consistently be jointly estimated from
the data. If the @)-matrix and the model parameters are generically identifiable, then
for true parameters ranging almost everywhere in the parameter space with respect
to the Lebesgue measure, the ()-matrix and the model parameters can consistently
be jointly estimated from the data.

As pointed out by one reviewer, the analysis of identifiability is under an ideal
situation with an infinite sample size. Indeed, general identification problems assume
the hypothetical exact knowledge of the distribution of the observed variables, and
ask under what conditions one can recover the underlying parameters (Allman et al.,

2009). Next, we discuss the finite-sample estimation issue under the proposed iden-
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tifiability conditions for strict identifiability, following a similar argument to that in
Proposition 1 in Xu and Shang (2018). Denote the true @-matrix and model param-
eters by Q° and n° = (@", p°), respectively. Consider a sample with N independent
and identically distributed (i.i.d.) response vectors Ry, Ry, ..., Ry, and denote the
log-likelihood of the sample by ¢(®,p) = Zfil logP(R; | Q,0,p). Under a spec-
ified SLAM, a @-matrix determines the structure of the item parameter matrix @
by specifying which entries are equal. For a given ©®, we can define an equivalent
formulation of it, a sparse matrix B, with the same size as ©, as follows. Under a
general SLAM, such as the GDINA model in Example 1.3, the item parameters can
be parameterized as 6;, = ZSQ{L...,K} Bjs [ Ires @ Based on this, we define the
jth row of B as a 2¥-dimensional vector collecting all of these S-coefficients; that
is, B; = (80,851, BiK,---:Bj12k). Then, as long as the g-vector q; # 1k,
the vector B; and the matrix B are both “sparse”. For the true Q°, we denote the
corresponding B-matrix by B°. Under a specified SLAM (e.g., DINA or GDINA),
the identification of Q° is then implied by the identification of the indices of nonzero
elements of B?. Denote the support of the true B° and any candidate B by Sy
and S, respectively. Define Croin(n°) = infyszs,, is1<ison (190 \ S))~tR*(1°, m), where
h*(n° n) denotes the Hellinger distance between the two distributions of R, indexed
by parameters n° under the true B, and by n under the candidate B. Denote the
@-matrix and the model parameters that maximize the log-likelihood ¢(®, p) subject
to the Ly constraint |S| < |Sy| by n = (©,P), and denote the “oracle” MLEs of
the model parameters obtained, assuming @Q° is known, by ﬁo = (ég,ﬁo). Then, we
have the following finite-sample error bound for the estimated ()-matrix and model

parameters.

Proposition IV.4. Suppose Q° satisfies the proposed sufficient conditions for joint

strict identifiability; then, Ciui, (©°, p°) > ¢, for some positive constant c. Further-
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more,

P(Q # Q") <P(H #7°) < caexp{—c; NCuin(©°, ")}, (4.7)

where ¢1,co > 0 are some constants. That is, when the joint strict identifiability

conditions hold, the finite-sample estimation error has an exponential bound.

Proposition IV.4 shows that the estimation error decreases exponentially in N
if the model is identifiable. On the other hand, when the identifiability conditions
fail to hold, there exist alternative models that are close to the true model in terms
of the Hellinger distance. This would make the Cp,(©°,p°) in (4.7) equal to zero,
instead of being bounded away from zero, as shown in Proposition IV.4. Therefore,
the finite-sample error bound in (4.7) becomes O(1) in this nonidentifiable scenario.
In particular, when the generic identifiability conditions are satisfied, Ciyin(©°, p°)
depends on the distance between the true parameters and the nonidentifiable measure-
zero subset of the parameter space; as the true parameters become closer to this
measure-zero set, Cyin(©°, p°) decreases to zero, and a larger sample size may be

needed to achieve a prespecified level of estimation accuracy.

Potential extensions to other latent variable models. We briefly discuss po-
tential extensions of the proposed theory to other latent variable models, such as
SLAMs with ordinal polytomous attributes (von Davier, 2008; Ma and de la Torre,
2016; Chen and de la Torre, 2018), and multidimensional latent trait models (Em-
bretson, 1991). First, an SLAM with ordinal polytomous attributes can be viewed
as an SLAM with binary attributes and a constrained relationship among the binary
attributes. For instance, consider an ordinal attribute « that can take C' different
values {0,1,...,C —1}; then, v can be equivalently viewed as a collection of C'—1 bi-
nary random variables a” := (ay, ..., ac—1) with the following constraints. If o; =0
for some i« < C'—1, then o; = 0, for all j =¢+1,...,C — 1. In other words, any

pattern o” with o; = 0 and a; = 1, for some ¢ < j is “forbidden” and constrained
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to have proportion zero. The vector of polytomous attributes can be augmented to
a longer vector of binary attributes using constraints in this fashion. Then, we can
consider the SLAM with the augmented proportion parameters by constraining the
proportions of the “forbidden” binary attribute patterns to zero. In this scenario, it
might be possible to extend the current theory and develop identifiability conditions
for the case of polytomous attributes.

Second, if a multidimensional latent trait model includes both continuous and
discrete latent traits, then the techniques used to establish the identifiability of the
latent class models in this study would also be useful when treating discrete latent
variables. For continuous latent variables, the techniques developed in Bai and Li
(2012) for the identifiability of the factor analysis model and those developed for

traditional multivariate analyses (Anderson, 2009) would be helpful.

In practice, the proposed identifiability theory can serve as a foundation for de-
signing statistically guaranteed estimation procedures. Specifically, consider the set
of all @-matrices that satisfy our identifiability conditions (A, B, and C' under the
DINA model, or D and E under multiparameter SLAMs), and call it the “identifiable
-set.” Then, we can use likelihood-based approaches, such as that in Xu and Shang
(2018), to jointly estimate () and the model parameters by constraining @ to the
identifiable @)-set; alternatively we can use Bayesian approaches to estimate @), as
in Chen et al. (2018a). Additionally, if under the DINA model, the @-matrix does
not contain a submatrix I, then according to Chapter I1I, certain attribute profiles
would be equivalent and the strongest possible identifiability argument therein is the
so-called p-partial identifiability. In this scenario, it would be interesting to study the
identifiability of the incomplete ()-matrix under the notion of p-partial identifiability.

We leave this to future research.
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CHAPTER V

Learning Attribute Patterns in High-Dimensional

Structured Latent Attribute Models

The previous Chapters II-IV on the identifiability theory provide easily checkable
conditions that guarantee the identifiability and estimability of model parameters and
latent structures. These lay the solid foundation for performing subsequent estimation
tasks of SLAMs. In the modern data science era, data exhibits an increasingly large
volume and complex structure. To rise to these challenges, the remaining part of this
dissertation is devoted to developing novel statistical methods and efficient algorithms
to tackle combinatorial estimation problems of SLAMs in high-dimensional settings.

One challenge in modern applications of SLAMs is that the number of discrete
latent attributes could be large, leading to a high-dimensional space for all the possible
configurations of the attributes, i.e., a high-dimensional space for latent attribute
patterns. In many applications, the number of potential patterns is much larger
than the sample size. For scientific interpretability and practical use, it is often
assumed that not all the possible attribute patterns exist in the population. Examples
with a large number of potential latent patterns and a moderate sample size can be

found in educational assessments (Lee et al., 2011; Choi et al., 2015; Yamaguchi and

This chapter contains the main part of Gu and Xu (2019a), accepted by Journal of Machine
Learning Research.
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Okada, 2018) and the epidemiological diagnosis of disease etiology (Wu et al., 2016,
2017; O’Brien et al., 2019). For instance, a dataset from Trends in International
Mathematics and Science Study (TIMSS), which has 13 binary latent attributes (i.e.,
213 = 8192 possible latent attribute patterns) while only 757 students’ responses are
observed; see Example V.1 in Section 5.1 for details. In cognitive diagnosis, it is of
interest to select the significant attribute patterns among these 2!3 = 8192 ones. In
such high-dimensional scenarios, existing estimation methods often tend to over select
the number of latent patterns, and may not scale to datasets with a huge number
of patterns. Moreover, theoretical questions remain open on whether and when the
“sparse” latent attribute patterns are identifiable and can be consistently learned
from data.

In terms of estimation, learning sparse attribute patterns from a high-dimensional
space is related to learning the significant mixture components in a highly overfitted
mixture model. Researchers have shown that the estimation of the mixing distri-
butions in overfitted mixture models is technically challenging and it usually leads
to nonstandard convergence rate (e.g., Chen, 1995; Ho and Nguyen, 2016; Heinrich
and Kahn, 2018). Estimating the number of components in the mixture model goes
beyond only estimating the parameters of a mixture, by learning at least the order of
the mixing distribution (Heinrich and Kahn, 2018). This problem was also studied in
Rousseau and Mengersen (2011) from a Bayesian perspective; however, the Bayesian
estimator in Rousseau and Mengersen (2011) may not guarantee the frequentist se-
lection consistency, as to be shown in Section 3. In the setting of SLAMs with the
structural constraints and a large number (larger than sample size) of potential latent
attribute patterns, it is not clear how to consistently select the significant patterns.

Our contributions in this chapter contain the following aspects. First, we char-
acterize the identifiability requirement needed for a SLAM with an arbitrary subset

of attribute patterns to be learnable, and establish mild identifiability conditions.
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Our new identifiability conditions significantly extends the results of previous works
(Xu, 2017; Xu and Shang, 2018) to more general and practical settings. Second, we
propose a statistically consistent method to perform attribute pattern selection. In
particular, we establish theoretical guarantee for selection consistency in the setting
of high dimensional latent patterns, where both the sample size and the number of
latent patterns can go to infinity. Our analysis also shows that imposing the popu-
lar Dirichlet prior on the population proportions would fail to select the true model
consistently, when the convergence rate of the SLAM is slower than the usual root-N
rate. As for computation, we develop two approximation algorithms to maximize
the penalized likelihood for pattern selection. In addition, we propose a fast screen-
ing strategy for SLAMs as a preprocessing step that can scale to a huge number of
potential patterns, and establish its sure screening property.

The rest of the chapter is organized as follows. Section 5.1 investigates the learn-
ability requirement and proposes mild sufficient conditions for learnability. Section
5.3 proposes the estimation methodology and establishes theoretical guarantee for the
proposed methods. Section 5.4 and Section 5.5 include simulations and real data anal-
ysis, respectively. The proofs of all the theoretical results and additional experimental

results are included in Appendix D.

5.1 Motivation for Latent Pattern Selection

One challenge in modern applications of SLAMs is that the number of potential
latent attribute patterns 2 increases exponentially with K and could be much larger
than the sample size N. It is often assumed that a relatively small portion of attribute

patterns exist in the population. We give a specific example as follows.

Example V.1. Trends in International Mathematics and Science Study (TIMSS)

is a large scale cross-country educational assessment. TIMSS evaluates the mathe-
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matics and science abilities of fourth and eighth graders every four years since 1995.
Researchers have used SLAMs to analyze the TIMSS data (e.g., Lee et al., 2011;
Choi et al., 2015; Yamaguchi and Okada, 2018). For example, a 23 x 13 @-matrix
constructed by mathematics educators was specified for the TIMSS 2003 eighth grade

mathematics assessment (Su et al., 2013). Table 5.1 presents the Q-matrix.

Table 5.1: -matrix in Su et al. (2013) for TIMSS 2003 8th Grade Data

Item ID a; Qg (3 04 O Qg Q7 g O (19 G117 19 Q13

1 1 0o o0 o0 o o0 o0 0o 0 0 1 0 1
2 o o o o0 o 1 0 0 0 0 0 0 0
3 o 1 0 o0 o o 1 0 0 O 0 0 0
4 o 0 o 1 o0 o0 O o0 1 O 0 0 0
5 o o0 o o0 o 1 0 0 0 1 0 1 0
6 o o0 o o0 o 1 1 0 0 0 0 0 0
7 1 o o0 0o o o0 o0 0o 0 0 0 0 0
8 o o o o0 1 o0 o0 0 1 0 0 0 0
9 o 0 0o o0 o o o o 0 0 1 0 0
10 o o o o0 o 1 o0 0 0 0 0 0 0
11 o 1 0 O O O O 1 0 0 0 0 0
12 o o 1 o0 0 O 0 0 0 0 0 0 1
13 o o o o0 1 o0 0 0 0 0 0 0 0
14 o 0 0o o0 o 1 o0 0 0 O 0 0 0
15 o 1 0 O O O O 0 0 0 0 1 0
16 o o0 o o0 1 o o0 0 0 0 0 0 0
17 o o0 o 1 0 o0 0 0 0 0 0 0 0
18 o o 1 o0 0 o0 0 0 1 0 1 0 1
19 o 1 0 o0 o o o 0o 0 O 0 0 0
20 1 0o o0 o0 o o0 o0 0 0 0 0 0 0
21 o o o o0 1 0o 0 0 0 0 0 0 0
22 o 1 0 O O O O 0 0 0 0 0 0
23 o o o 1 o0 o0 0 0 1 0 0 0 0

Example V.1 has 2% = 213 = 8192 different configurations of attribute patterns;
for the limited sample size 757 there, it is desirable to learn the potentially small set
of significant attribute patterns from data.

Another motivation for assuming a small number of attribute patterns exist in

the population results from the possible hierarchical structure among the targeted
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attributes. For instance, in an educational assessment of a set of underlying latent skill
attributes, some attributes often serve as prerequisites for some others (Leighton et al.,
2004; Templin and Bradshaw, 2014). Specifically, the prerequisite relationship depicts
the different level of difficulty of the skill attributes, and also reveals the order in which
these skills are learned in the population of students. For instance, if attribute «; is
a prerequisite for attribute aw, then the attribute pattern (a; = 0,3 = 1) does not
exist in the population, naturally resulting in a sparsity structure of the existence
of attribute patterns. When the number of attributes is large and the underlying
hierarchy structure is complex and unknown, it is desirable to learn the hierarchy of
attributes directly from data. In such cases with attribute hierarchy, the number of
patterns respecting the hierarchy could be far fewer than 2.

The problem of interest is that, given a moderate sample size, how to consistently
estimate the small set of latent attribute patterns among all the possible 2% ones. As
discussed in the introduction, in the high-dimensional case when the total number of
attribute patterns is large or even larger than the sample size, the questions of when
the true model with the significant latent patterns are learnable from data, and how
to perform consistent pattern selection, remain open in the literature.

This problem is equivalent to selecting the nonzero elements of the population
proportion parameters p = (po : a € {0,1}), where p, denotes the proportion of
the subjects with latent pattern a in the population. The p satisfies p, € [0, 1] for
all @ € {0,1}¥ and > ac{o1}x Pa = 1. In this work, we will treat the latent attribute
patterns a as random variables (random effects). For any subject, his/her attribute
pattern is a random vector A € {0,1}¥ that (marginally) follows a categorical dis-
tribution with population proportion parameters p = (py, : « € {0,1}%). One main
reason for this random effect assumption is that, when the number of observed vari-
ables per subject (i.e., J) does not increase with the sample size N asymptotically,

the counterpart fixed effect model can not consistently estimate the model parame-
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ters. As a consequence, the fixed effect approach can not give consistent selection of
significant attribute patterns. This scenario with relatively small J but larger N and
2K is commonly seen in the motivating applications in educational and psychological
assessments.

We would like to point out that we give the joint distribution of the attributes
full flexibility by modeling it as a categorical distribution with 2% — 1 free proportion
parameters po’s. Modeling in this way allows those “sparse” significant attribute
patterns to have arbitrary structures among the 2% possibilities. On the contrary,
any simpler parametric model of the distribution of a with fewer parameters would
fail to capture all the possibilities of the attributes’ dependency.

In the following sections, we first investigate the learnability requirement of learn-
ing a SLAM with an arbitrary set of true latent patterns, and provide identifiability
conditions in Section 5.2. Then in Section 5.3, we propose a penalized likelihood
method to select the latent attribute patterns, and establish theoretical guarantee for

the proposed method.

5.2 Learnability Requirement and Conditions

To facilitate the discussion on identifiability of SLAMs, we need to introduce a
new notation, the I'-matrix. We first introduce the J x 2% constraint matrix I'*!! that
is entirely determined by the @Q-matrix. The rows of I'*! are indexed by the .J items,
and columns by the 25 latent attribute patterns in {0,1}*. The (j, a)th entry of

Fj“}x is defined as
M =Ia=q)=IacC), je{l,....J}, ac{0,1}*, (5.1)

which is a binary indicator of whether attribute pattern a possess all the required

attributes of item j. We will also call I'*! the constraint matriz, since its entries
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indicate what latent patterns are constrained to have the highest level of Bernoulli
parameters for each item. For example, consider the 2 x 2 ()-matrix in the following
(5.2). Then its corresponding I-matrix I'*! with a saturated set of attribute patterns

takes the following form.

a (87%)) (8 %3 ay

01 (0,0) (0,1) (1,0) (1,1)

— Tl = : (5.2)
0 1 0 1

Q
11

0 0 0 1

More generally, we generalize the definition of the constraint matrix I'*! in (5.1) to an
arbitrary subset of latent patterns A C {0, 1}, and an arbitrary set of items S C [J].
For S C [J] and A C {0, 1}¥, we simply denote by T4 the |S| x |.A| submatrix
of I with row indices from S and column indices from A. When S = {1,...,J},
we will sometimes just denote I'®A) by T'4 for simplicity. Then I'* itself can be
viewed as the constraint matrix for a SLAM with attribute pattern space A, and I'A
directly characterizes how the items constrain the positive response probabilities of
latent attribute patterns in A.

Given the Q-matrix, we denote by Ay C {0,1}* the set of true attribute pat-
terns existing in the population, i.e., Ay = {a € {0,1}X : po > 0}. In knowledge
space theory (Diintsch and Gediga, 1995), the set Ag of patterns corresponds to the
knowledge structure of the population. We further denote by @40 the item parameter
matrix respecting the constraints imposed by I'40: specifically, @40 = (0.) has the
same size as ['A°, with rows and columns indexed by the J items and the attribute
patterns in A, respectively. For any positive integer k& < 2%, we let 7%~! be the
k-dimensional simplex, i.e., T*t = {(z1, 20, ..., 21) : 2; > 0, Zle z, = 1}. We de-
note the true proportion parameters by p° = (pa, a € Ag) € TH0I=1 then p™o = 0

by the definition of Aj.
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The following toy example illustrates why we need to establish identifiability guar-

antee for pattern selection.

Example V.2. Consider the 2 x 2 ()-matrix together with its corresponding 2 x 4
[-matrix in Equation (5.2). Consider two attribute pattern sets, the true set Ay =
{a; = (0,0),a5 = (0,1)} and an alternative set A; = {as = (0,1),a3 = (1,0)}.
Under the two-parameter SLAM, for any valid item parameters © restricted by I"
and any proportion parameters P = (Pay, Pogs Poss Pas) SUCh that p, = Py, we have
P(R=7|0% (pa,,Pa,)) =P(R=17| O, (Day, Pa,)). This is because [0 = [
from (5.2) and hence @4 = ©; and also (pa,; Pay) = (Pas» Par) Dy OUr construction
that pa, = Da,. This implies even if one knows exactly there are two latent attribute
patterns in the population, one can never tell which two patterns those are based
on the likelihood function. In this sense, Ay is not identifiable, due to the fact that
I'“0 and T4 do not lead to distinguishable distributions of responses under the two-

parameter SLAM.

From the above example, to make sure the set of true attribute patterns Ag is
learnable from the observed multivariate responses, we need the I'°-matrix to have

certain structures. We state the formal definition of (strict) learnability of Ay.

Definition V.1 (strict learnability of Ap). Given @, the set A is said to be (strictly)
learnable, if for any constraint matrix I'* of size J x |.A| with | A| < |Ay|, any valid item
parameters e+ respecting constraints given by I'A, and any proportion parameters

pt e THI=1 pA 0, the following equality

P(R | ©%, p) =P(R| ©%, p*) (5.3)

implies A = Ay. Moreover, if (5.3) implies (04, pA) = (@4, p°), then we say the

model parameters (©4°, pA) are (strictly) identifiable.

99



Next we further introduce some notations and definitions about the constraint
matrix ' and then present the needed identifiability result. Consider an arbitrary
subset of items S C {1,...,J}. For a, &’ € A, we denote a =g o' under I'*, if for
each 5 € S there is F;}a > I‘;‘}a,. If viewing I'; o = 1 as o being “capable” of item 7,
then a =g o would mean « is at least as capable as o’ of items in set S. Then under
I', any subset of items S defines a partial order “>g” on the set of latent attribute
patterns A. For two item sets S; and So, we say “ =g, 7 = ¢ =g, 7 under I'A, if
for any o/, a € A, there is a =g, o under I'* if and only if o =g, o’ under I'A.
The next theorem gives conditions that ensure the constraint matrix I' as well as the

[-constrained model parameters are jointly identifiable.

Theorem V.1 (conditions for strict learnability). Consider a SLAM with an ar-
bitrary set of true attribute patterns Ay C {0,1}, and a corresponding constraint

matriz T4, If this true T4 satisfies the following conditions, then Ay is identifiable.

A. There exist two disjoint item sets Sy and Sy, such that (540 has distinet

column vectors for i = 1,2 and “=g,=>g,” under I,

B. For any a, & € Ay where o =g, o under T4 fori =1 or 2, there exists some

j € (S1USy)¢ such that T3, # I'7Y

J.a

C. Any column vector of T4 is different from any column vector of T4, where

A(C) = {07 1}K \ AO'

Recall that each column in the I'-matrix corresponds to a latent attribute pattern,
then Conditions A and B help ensure the I'-matrix of the true patterns I'° contains
enough information to distinguish between these true patterns. Specifically, Condition
A requires I'0 to contain two vertically stacked submatrices corresponding to item
sets S1 and S,, each having distinct columns, i.e., each being able to distinguish

between the true patterns; and Condition B requires the remaining submatrix of A0
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to distinguish those pairs of true patterns that have some order (a’ =g, ) based on
the first two item sets S; or S;. Condition C' is necessary for identifiability of Ay by
ensuring that any true pattern would have a different column vector in I'*! from that
of any false pattern. Condition C is satisfied for any Ay C {0, 1} if the Q-matrix
contains an identity submatrix Ix, because such a @Q-matrix will give a I'*!' that has
all the 2% columns distinct.

We would like to point out that our identifiability conditions in Theorem V.1 do
not depend on the unknown parameters (e.g., ® and p), but only rely on the structure
of the constraint matrix I". The I'-matrix with respect to the true set of patterns Ay
is the key quantity that defines the latent structure of a SLAM. Generally, it is hard
to establish identifiability conditions that only depend on the cardinality of Ay but
not on I'o. For instance, in Example V.2, the two sets Ay and A; have the same
cardinality but can not be distinguished under the conditions there; indeed further
conditions on ) (and the resulting I') are needed to guarantee identifiability.

The developed identifiability conditions generally apply to any SLAM satisfying
the constraints (1.2) and (1.3) introduced in Chapter I. If one makes further assump-
tions on @, such as assuming each item j € [J] has exactly two item parameters to
make it a two-parameter model, then the conditions in Theorem V.1 may be further
relaxed. For example, in the saturated case with Ay = {0, 1}, the sufficient identi-
fiability conditions developed in Xu (2017) for a general SLAM require @) to contain
two copies of Ik as submatrices, while the necessary and sufficient conditions estab-
lished in Gu and Xu (2019b) for the two-parameter SLAM require @ to have just one
submatrix Irz. We expect that in the current case with an arbitrary A4, C {0, 1}%,
the conditions in Theorem V.1 can also be relaxed under the two-parameter model in
a technically nontrivial way. For the reason of generality, we focus on SLAMs under
the general constraints (1.2) and (1.3) in this work.

When the conditions in Theorem V.1 are satisfied, A, is identifiable; and from
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Theorem 4.1 in Gu and Xu (2020a), the model parameters (@4, p) associated with

Ay are also identifiable.

Corollary V.1. Under the conditions in Theorem V.1, the model parameters (@AO,pAO)

associated with Ay are identifiable.

Note that the result of Theorem V.1 differs from the existing works Xu (2017), Xu
and Shang (2018) and Gu and Xu (2020a) in that those works assume A is known
a priori and study the identifiability of (@, p4), while in the current work Ay is
unknown and we focus on the identifiability of Ay itself. This is crucially needed in

order to guarantee that we can learn the set of true attribute patterns.

Remark V.1. The identifiability results in Theorem V.1 and Corollary V.1 are related
to the uniqueness of tensor decomposition. As shown in (1.5), the probability mass
function of the multivariate responses of each subject can be viewed as a higher
order tensor with constraints on entries of the tensor, and unique decomposition of
the tensor correspond to identification of the constraint matrix as well as the model
parameters. The identifiability conditions in Theorem V.1 are weaker than the general
conditions for uniqueness of three-way tensor decomposition in Kruskal (1977), which
is a celebrated result in the literature. Kruskal’s conditions require the tensor can
be decomposed as a Khatri-Rao product of three matrices, two having full-rank and
the other having Kruskal rank at least two (Kruskal rank of a matrix is the largest
number 7" such that every set of T' columns of it are linearly independent). Consider an
example with J =5, K =2, Ay = {as = (0,1), a3 = (1,0)}, and the corresponding
[0 in the form of (5.4). Then we can set S; = {1,2}, S, = {3,4} and Condition A in
Theorem V.1 is satisfied. Further, Condition B is also satisfied since o, %#g, a and
Qs s, o under [0, Therefore, Theorem 1 guarantees the set A, is identifiable,
and further guarantees the parameters (@AO, p™) are identifiable. On the contrary,
results based on Kruskal’s conditions for unique three-way tensor decomposition can

not guarantee identifiability, because other than two full rank structures given by the
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items in S and S5, the remaining item 5 in (57U Ss)¢ corresponds to a structure with

Kruskal rank only one.

(83} (8 %1
10 0,1) (1,0)
0 1 1 0
0 1
o=t 0| = - (5.4)
0 1 1 0
0 0

We next discuss two extensions of the developed identifiability theory. First, The-
orem V.1 guarantees the strict learnability of Ay. Under a multi-parameter SLAM,
these conditions can be relaxed if the aim is to obtain the so-called generic joint
identifiability of Ay, which means that A is learnable with the true model parame-
ters ranging almost everywhere in the constrained parameter space except a set with

Lebesgue measure zero. Specifically, we have the following definition.

Definition V.2 (generic learnability of the true model). Denote the parameter space
of (@4 p™) constrained by T by Q. We say Ay is generically identifiable, if
there exists a subset V of () that has Lebesgue measure zero, such that for any
(@4, p) € Q\V, Equation (5.3) implies A = Ay. Moreover, if for any (@, p) e
Q\ V, Equation (5.3) implies (@4, pA) = (0, p), we say the model parameters

(@4, p) are generically identifiable.
The generic learnability result is presented in the next theorem.

Theorem V.2 (conditions for generic learnability). Consider a multi-parameter SLAM

with the set of true attribute patterns Ay and the J x |Ag| constraint matriz T4, If
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4o satisfies Condition C' and also the following conditions, then Ay is generically

identifiable.

A*. There exist two disjoint item sets Sy and S, such that altering some entries
from 0 to 1 in TS1YS240) can yield q T(1952:40) sqtisfying Condition A. That

is, T(S40) has distinct columns fori = 1,2 and “ =g, 7 = “ =g, 7 under

f(SIUS%-AO).

B*. For any o, &' € Ay where o' =5, a under [(51U82.40) for i = 1 or 2, there

exists some j € (S U Sy)¢ such that ng £ o

J.a

We also have the following corollary, where the identifiability requirements are

directly characterized by the structure of the ()-matrix, instead of I'.

Corollary V.2. If the Q-matrix satisfies the following conditions, then for any true
set of attribute patterns Ay C {0, 1}X such that T satisfies Condition C, the set Ay

1s generically identifiable.

(A ) The Q contains two K X K sub-matrices QQ1, Qa, such that fori=1,2,

1 =% *
o
* 1 ... % .
Q - QQ ) QZ = L . y 1= 1727 (55)
/ T Lo
@ IxK x % 1

KxK
where each %’ can be either zero or one.
(B**) With Q in the form of (5.5), there is Z}]=2K+1 gjkx > 1 foreach k € {1,...  K}.
Remark V.2. When the conditions in Theorem V.2 are satisfied, 4y is generically

identifiable and from Theorem 4.3 in Gu and Xu (2020a), the model parameters
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(@AO, p™0) are also generically identifiable. Corollary V.2 differs from Theorem 4.3
in Gu and Xu (2020a) in that, here we allow the true set of attribute patterns A
to be unknown and arbitrary, and study its identifiability, while Gu and Xu (2020a)
assumes A is pre-specified and studies the identifiability of the model parameters
(@7, p).

Remark V.3. Under the conditions for generic identifiability in Theorem V.2 or Corol-
lary V.2, we can obtain the explicit forms of the measure zero set V (V C Q) where
the non-identifiability may occur. Under either Theorem V.2 or Corollary V.2, the
set V is characterized by the zero set of certain polynomials about the parameters
(©,p) (see the proofs for details). The zero set of these polynomials indeed defines
a lower-dimensional manifold in the parameter space. Therefore, Theorem V.2 and
Corollary V.2 supplement Theorem V.1 by relaxing the original conditions and es-
tablishing identifiability when (@, p) satisfy certain shape constraints, i.e., (®,p) do

not fall on that manifold V in the parameter space.

The above generic identifiability results of Ay ensure that nonidentifiability hap-
pens only in a measure zero set in the parameter space. Next, we develop a second
extension of Theorem V.1 for scenarios where nonidentifiability cases occupy a posi-
tive measure set in the parameter space. This situation happens when certain latent
attribute patterns always have the same item parameters across all the items, i.e.,
O. o = 0. o for some a # o'. We define a and &’ to be in the same equivalence
class if ©. o = ©. o . For instance, still consider the following 2 x 2 (-matrix under

the two-parameter SLAM introduced in Example 1.1,

Q= , (5.6)

then attribute patterns a; = (0,0) and a3 = (1,0) are equivalent under the two-

parameter SLAM, as can be seen from the I'*! in (5.2). Therefore the two latent
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patterns a; and ag are not identifiable, no matter which values the true model
parameters take.

In this case where both strict and generic identifiability do not hold, we study
the p-partial identifiability, a concept introduced in Gu and Xu (2020a). Specifi-
cally, when some attribute patterns have the same item parameters across all items,
we define the set of these attribute patterns as an equivalence class, and aim to
identify the proportion of this equivalence class, instead of the separate proportions
of these equivalent patterns, in the population. For instance, in the above exam-
ple in (5.6), because a; and a3 are equivalent, there are three equivalence classes:
{a; = (0,0),a3 = (1,0)}, {2 = (0,1)}, and {ey = (1,1)}. We denote these three
equivalence classes by [ag] (or [as], since (@] = [ag)), [ae] and [ay], since a, as
and ay form a complete set of representatives of the equivalence classes. For any @,
we denote the induced set of equivalence classes by A" = {[a], ..., [ac]}, where
aq,...,a¢ form a complete set of representatives of the equivalence classes. In this
case, the pattern selection problem of interest is to learn which equivalence classes in
A are significant.

For the two-parameter SLAM introduced in Example 1.1, two attribute patterns
a1, o are in the same equivalence class if and only if Ff‘}al = Ff‘w. This is because
under the two-parameter SLAM, the I'-matrix determined by the @-matrix with
o = I(a = g;) fully captures the model structure in the sense that 6;4 = 6T o+
0 (1 —T'j o). Therefore under a two-parameter SLAM, we can obtain a complete set

J

of representatives of the equivalence classes directly from the g-vectors, which are

Ag = {Viesq,: SC{1,...,J}} (5.7)

where Vjesq; = (maxjes gj1,...,MaXjes qj ). For S = @, we define the vector

Vjes q; to be Ok, the all-zero attribute pattern. The reasons for A being a complete
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set of representatives are that, first, I'*¢ has distinct columns and contains all the
unique column vectors in I'; and second, for any other pattern not in Ag, there
is some pattern in Ay such that the two patterns have identical column vectors in
I'* Tt is not hard to see that Ag = {0,1}* if and only if the Q-matrix contains a
submatrix I.

For multi-parameter SLAMs introduced in Example 1.3, two attribute patterns
o, oy are in the same equivalence class if I'. o, = I'. o, = 1. This can be seen by
considering I'. o, =I'. o, # 1, ie., ['j o, = I'j o, = 0 for some item j. Then different
from the two-parameter SLAMSs, for such item j, the 0, and 0,4, are not always
the same by the modeling assumptions of multi-parameter SLAMs. Indeed, under
a multi-parameter SLAM, for item j, patterns in the set Ay \ C; can have multiple
levels of item parameters.

We have the following corollary of Theorem V.1 on identifiability, when certain
attribute patterns are not distinguishable. Denote the set of significant equiva-
lence classes by A = {[ay,],...,[ae,]}, which is a subset of the saturated set
A = flay ], ... [ac]}. Denote the set of representative patterns of the significant

equivalence classes by {ay,, ..., oy, } = A™P.

Corollary V.3. If the matriz T satisfies Conditions A, B and C, AS™ is iden-

tifiable.

Remark V.4. Under the two-parameter SLAM with A*™Y = {[a],...,[ac]}, the
I-matrix T{eect by definition would have distinct column vectors. Therefore any
column vector of I'A™" in Corollary V.3 must be different form any column vector of
[ ec A" Ty thig case, Condition C' is automatically satisfied. And in order to

identify AS™", one only needs to check if T4 satisfies Conditions A and B.
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5.3 Penalized Likelihood Approach to Pattern Selection

In this section, we first present the method of shrinkage estimation, and then

describe a screening approach as a preprocessing step.

5.3.1 Shrinkage Estimation

The developed identifiability conditions guarantee that the true set of patterns
can be distinguished from any alternative set that has not more than |Ay| patterns,
since they would lead to different probability mass functions of the responses. As
Ay = {a € {0,1}F : po > 0}, we know that learning the significant attribute
patterns is equivalent to selecting the nonzero elements of the population proportion
vector p. In practice, if we directly overfit the data with all the 2X possible attribute
patterns, the corresponding maximum likelihood estimator (MLE) can not correctly
recover the sparsity structure of the vector p. In this case, we propose to impose
some regularization on the proportion parameters p, and perform pattern selection
through maximizing a penalized likelihood function.

In general, we denote by Ain,ue the set of candidate attribute patterns given to
the shrinkage estimation method as input. If the saturated space of all the possible
attribute patterns are considered, then Ajpu = {0,1}* and it contains all the 2%
possible configurations of attributes. When 2% >> N, we propose to use a preprocess-
ing step that returns a proper subset Aj,pue of the saturated set {0, 1}K as candidate
attribute patterns, and then perform the shrinkage estimation (please see Section
5.3.2 for the preprocessing procedure).

We first introduce the general data likelihood of a structured latent attribute
model. Given a sample of size N, we denote the ith subject’s response by R; =

(Rit,...,Rig)",i=1,...,N. We further use R to denote the N x J data matrix
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(R/,...,Ry)". The marginal likelihood can be written as

N

L©,p|R) = H[ 3 paHQJ”I—@ YR | (5.8)
i=1

aeAmput

where the constraints on ® imposed by () are made implicit. We denote the corre-
sponding log likelihood by ¢(©,p) =log L(©,p | R).

As the proportion parameters p belongs to a simplex, in order to encourage spar-
sity of p, we propose to use a log-type penalty with a tuning parameter A < 0.

Specifically, we use the following penalized likelihood as the objective function,

A(©,p) =O.p)+ A Y log, (pa), AE(-00,0), (5.9)

aEAinput
where log, (pa) = 108(pa) - I(pa > pn) + log(pn) - I(pa < pn) and py is a small
threshold parameter that is introduced to circumvent the singularity issue of the log

function at zero. Specifically, we take
pn = N7@ (5.10)

for some constant d > 1, where for two sequences {ax} and {by}, we denote ay < by
if ay = O(by) and ay =< by if ay < by and by < ayn. Any attribute pattern a
whose estimated p, < py will be considered as 0, and hence not selected. The tuning
parameter A € (—oo,0) controls the sparsity level of the estimated proportion vector
p, and a smaller X\ leads to a sparser solution (with more estimated proportion p,
falling below py). Given a A € (—00,0), we denote the estimated set of patterns by
AN = {@ € Auput : Do > puv, (©,D) = arg maxe , (O, p)}.

Remark V.5. In the literature, Chen et al. (2001) and Chen et al. (2004) used a similar
form of penalty as the summation term in our (5.9), but instead imposed A > 0 to

avoid sparse solutions of the proportion parameters. These works used that penalty
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in order to avoid singularity when performing restricted likelihood ratio test. While
our goal here is to encourage sparsity of p so that significant attribute patterns can
be selected.

The formulation of (5.9) can also be interpreted in a Bayesian way, where the
penalty term regarding the proportions p is the logarithm of the Dirichlet prior density
with hyperparameter 8 = A+ 1 over the proportions. But note that when g < 0, the
penalty term is not a proper prior density. Our later Proposition V.1 reveals that,
under nonstandard convergence rate of the mixture model, the traditional Bayesian
way of imposing a proper Dirichlet prior over proportions is not sufficient for selecting
significant attribute patterns consistently. Instead, this classical procedure will yield
too many false patterns being selected. Therefore, our novelty of allowing A in (5.9)
to be negative with arbitrarily large magnitude is crucial to selection consistency.

Other than the nice connection to the Dirichlet prior density in the Bayesian
literature, the log-type penalty in (5.9) also facilitates the computation based on
modified EM and variational EM algorithms, as shown in our Algorithms 1 and 2.
For such reasons, this work uses the log-type penalty. There are also alternative ways
of imposing penalty on the proportion parameters p that would lead to selection
consistency, such as the truncated L; penalty used in Shen et al. (2012a) for high-

dimensional feature selection.

We denote the MLE obtained from directly maximizing L(©®,p | R) in (5.8) by ©

and p, and denote the “oracle” MLE of the parameters obtained by maximizing the
~ Ay

likelihood constrained to the true set of attribute patterns by (@ O,pAO). We denote
the rate of convergence of /(©®,p) to (O O,pAO) by ¢ € (0, 1], that is,

[0(©,p) — (@, p™)] /N = Op(N ). (5.11)

When § = 1, (5.11) implies E((:),f)) converges with the usual root-N rate, and § < 1
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would imply a slower convergence rate. In the literature, Ho and Nguyen (2016) and
Heinrich and Kahn (2018) have studied the technically involved problem of conver-
gence rate of the mixing distribution of certain mixture models, and showed these
models may not have the standard root-/N rate. As implied by these works, for com-
plicated models like SLAMs, the convergence rate of the mixing distribution is likely
to be slower than root-N, so as the convergence rate of f((:),ﬁ)

For a set A, denote its cardinality by |.A|. We have the following theorem.

Theorem V.3 (selection consistency). Suppose the true constraint matriz I asso-

ciated with Ay satisfies conditions A, B and C' in Theorem V.1. The true parameters

satisfy
min po > ¢g;  Gjor — max b0 >c, Vi=1,...,J and o € C;, (5.12)
acAg a:'j =0

where cy,c; > 0 are some constants. Assume log | Ainput| = 0o(N) and |Aipput] -

pn = O(N7?). Then there erist a sequence of tuning parameters {\y} satisfying

N'=/|log px| < =Ax < N/|log py| such that P(A = Ag) — 1 as N — oo.

Remark V.6. Together with our identifiability result in Theorem V.1, the assumption
(5.12) helps distinguish the true patterns from any alternative set of patterns with
no larger cardinality, and further helps establish selection consistency. It is possible
to further extend the current result and relax the constant lower bound assumption,
though identifiability conditions would need to be adapted carefully to the case with a
growing number of significant patterns and a shrinking magnitude of the proportions;

we leave this for future work.

The proof of Theorem V.3 also reveals that if the convergence rate of Uy are slower
than VN with 0 < 1 in (5.11), then the tuning parameter A in (5.9) has to satisfy
A < —1 in order to have pattern selection consistency; otherwise the issue of over

selecting exists. Under the Bayesian interpretation as discussed in Remark V.5, this
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result implies that imposing the popular Dirichlet prior with a proper hyperparameter
B =XA+1¢€(0,1) is not sufficient for consistent selection of the significant mixture
components (i.e., latent attribute patterns). Therefore, the approach proposed by
Rousseau and Mengersen (2011) would not yield frequentist selection consistency in

this considered scenario. We state this in the following proposition.

Proposition V.1 (selection inconsistency of Dirichlet prior). Suppose § < 1in (5.11),
i.e., the rate of convergence of Z(C:),ﬁ) is slower than the usual v/N-rate. Then there
does not exist a sequence of {Ay, N =1,2,...} C [~1,0) such that P(A* = Ag) — 1

as N — oo.

Example V.3. To visualize how the numbers of selected patterns differ for our
proposed method based on maximizing (5.9) with 5 = A+ 1 € (—o0,1), and the
variational EM algorithm resulting from imposing a proper Dirichlet prior over the
proportions, we conduct a simulation study. In a simulation setting of K = 10 and
J = 30, for each sample size N = 500 and 1000, we carry out 200 independent runs
and in each run record the number of selected attribute patterns given by the pro-
posed method, and that by the variational EM algorithm. We plot the histogram
corresponding to the proposed method (FP-VEM, see Section 4 for details), together
with that corresponding to Variational EM (VEM) with a small Dirichlet parameter
f = 0.01. For both algorithms, we use the same threshold py = 1/(2N) for selecting
attribute patterns in the end of the algorithm, by only keeping patterns whose poste-
rior means exceeds py. Here we did not plot the results corresponding to VEM with
£ smaller than 0.01, because we found the VEM algorithm with smaller S values can
have convergence issues and in many cases it fails to converge but just jumps between
several solutions. One can see from Figure 5.1 that the proposed method selects 10
patterns for most of datasets, which are indeed the 10 true patterns; while VEM over

selects the patterns.

We next propose two algorithms to perform pattern selection, one being a modifi-
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Figure 5.1: Histograms of estimated number of latent attribute patterns. VEM rep-
resents Variational EM with 8 = A+ 1 = 0.01, and FP-VEM represents the proposed
Algorithm 2 in Section 4. The true number of latent attribute patterns is |Ag| = 10.

cation of an EM algorithm, and the other being a variational EM algorithm resulting

from an alternative formulation of the problem.

5.3.1.1 Modified EM algorithm.

We first consider using an EM algorithm with a slight modification in the E step
to maximize (5.9). For each subject i = 1,..., N, denote his/her latent attribute
pattern by A; = (A4;1,..., A k), then A; € {0,1}*. The complete log likelihood

corresponding to (5.9) is

L@ P RA) = 3 (ZI . +)\) log, . (Pay) (5.13)
OtlE.Ainput
+ > D HAi=a)) [Rz;jlog('%,az)+(1—Ri,j)log(l—%az) :
o €Ainput @ J

where I(-) denotes the binary indicator function. Following the standard formulation
of the EM algorithm (Dempster et al., 1977), in the E step of the (¢ + 1)-th iteration,

conditional expectations of £ (©,p | R,.A) is evaluated with respect to the poste-

comp

rior distribution of latent variables A;’s given the current iterates of parameters o
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and p). Specifically, in the E step we replace the indicator I(A; = ay) in (5.13) by

the probability ¢;; = P(A; = ay | O p®): and this is equivalent to updating

comp

Q(©.p| 0", p") :=E|£,,,(0.p | R.A) | 01, p].

In the M step, we update (@Y pt+1)) = argmaxQ(®,p | @Y, p®). Note that
directly using a negative A in the EM algorithm may yield an invalid E step, due
to potentially negative updates for some proportion parameters (e.g., pa’s). When
this happens, we do a thresholding in the E step as an approximation by replacing
the probably negative class potential (A; in Algorithm 1) with a pre-specified small
constant ¢ > 0. In practice, Algorithm 1’s performance appears not sensitive to small
values of ¢, and we take ¢ = 0.01 in our numerical experiments; see Appendix B for

a sensitivity study of the parameter c.

Algorithm 1: PEM: Penalized EM for log-penalty with A € (—o0, 0)
Data: (@, responses R, and candidate attribute patterns Ajypu.-

Inltlahze A - (Ag())? Tt A|(-'04)input|).

while not converged do
In the (¢ + 1)th iteration,

for (i,1) € [N] X [|Ainput|]] do

vy A exp { X, [Rislog(0,) + (1= Rig)log(1 — 02, §
s A e {5, [Rislog(6h, ) + (1 - Rij)og(1 =6 )] |

Y

for | € [|Ainput|] do

t Al(tH) =max{c, \+ ZZJ\LI gogf;rll)}; (¢ > 0 is pre-specified);
P+ e A5 AfY),
for j € [J] do

(_)(t-‘rl) —
L arg maxeg { Dy D @EZI) > |:Rz',j log(0;,a,) + (1 — R; ;) log(1 — Qj,al>i| };

After the total T iterations,
T
Output: {a; € Ajpput : p(al) > pn}-
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Remark V.7. Under the two-parameter SLAM, the DINA model in Example 1.1, or
the identity-link multi-parameter all-effect SLAM, the GDINA model in Example
1.3, the M-step of updating the item parameters {6;}’s in Algorithm 1 has closed

forms. Specifically, under DINA, for any item j the update for the unique parameters

(07,0 ) takes the form

(t+1) (t+1)

+\(t+1) Zz Za Ri»jrj,agpi,a —\(t+1) _ Zz Za Rivj(l - Fj,a)gpi,a

(Gj ) = (t+1) (Hj ) - (t+1)
Zi Zcx ijagoi,a Zz Za(l - F]',Oé)(pi,a

Under GDINA, for item j, the update for the unique parameters 0; g,

.....

{ki,...,ki} C K; takes the following form,

)y _ 2idel(RELran =1 =1k, k)R ol
PR S S Ik € Ky o =1} = {ky, k)bl

In addition, when certain latent patterns are not distinguishable as discussed earlier
in Corollary V.3, we can easily modify Algorithm 1 from selecting attribute patterns
to selecting equivalence classes of attribute patterns. For instance, under a two-
parameter SLAM, given the row vectors {q;,j € [J]} of @, we first obtain the rep-
resentatives of the Q-induced equivalence classes: Ag = {Vjesq; : S C{1,...,J}},
then get the ideal response matrix of Ag, namely I'(-, Aq) = (7j1)sx|4ao| Where
Y. = I(ay = q;) for ay € Ag and j € [J]. After initializing A = (Ay, ..., A4,)), we
just follow the same iterative procedure as that of Algorithm 1 for the two-parameter
SLAM. In the end of the algorithm, after calculating v, = Ai/(3>,, Am), we select
those [oy] with proportion v, above a pre-specified threshold. From the selected
equivalence classes of attribute profiles, we can go back to obtain their representatives

which are combinations of the g-vectors from Ag defined in Equation (5.7).

In practice when applying the PEM algorithm, we recommend using a sequential
procedure with a range of A values \; > Ay > --- > Ag, where A\; > —1 is close to 0

and Ap should be less than —1. Specifically, we start with the relatively large A\; and
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use the estimated parameters from PEM with \; as initial values for the next round
of PEM with A\y. We do this sequentially with estimates from PEM with \, serving
as initializations for PEM with A\,.;. When this sequential procedure ends, we choose
the final model from the total number of B estimated ones using certain information
criterion.

Given the large model space, we propose to use the Extended Bayesian Infor-
mation Criterion (EBIC) introduced in Chen and Chen (2008) to select the tuning
parameter. Recall that we denote by A" the selected set of attribute patterns ob-
tained by maximizing the penalized likelihood function (5.9) with the specific tuning
parameter \. And we denote the item parameters and proportion parameters de-
fined on this A* by 04" and p*", respectively. The EBIC family have the following

information criterion

BIC, (A") = —20(@*", p™") + | A|log N + 2y1og (VIlZiT') ,

with the EBIC parameter v € [0, 1]. A smaller EBIC value implies a more favorable
model. Selection consistency of the EBIC for high-dimensional model is established in
Theorem 1 of Chen and Chen (2008) for « greater than a certain threshold. When v =
0, EBIC becomes the the classical BIC. Generally, larger v yields a more parsimonious
model. Here we choose v = 1, for which the condition in Theorem 1 for selection

consistency in Chen and Chen (2008) is satisfied.

Example V.4. Figure 5.2 presents an illustration of the solution paths of the esti-

mated proportions versus A based on a simulated dataset with N = 150, K = 10,
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and J = 30. The Q-matrix Q = (Q{,Qq,Q; )" with Q; in the following form,

1 0 11 0 11 0
Q1= , Q2= , Q3= . (5.14)
R ST |
0 1 0 1 0 11

When generating the data, 10 attribute patterns are randomly selected from the
210 — 1024 possible ones as true patterns, and the proportion of each of them is set
to be 0.1. The item parameters are set to 1 — Qj+ =0; = 0.2 for each j under a two-
parameter SLAM. In the current setting with K = 10, we take the set of patterns as
input to the PEM algorithm to be Ajypu, = {0, 1}*. Figure 5.2(a) plots the solution
paths of the estimated proportions of all the 2! = 1024 attribute patterns as A
varies in {—0.2,—0.4,--- ,—4.8,—5.0}. The 10 true attribute patterns are plotted
with colored lines with circles while the remaining 2'© — 10 attribute patterns are
plotted with black solid lines. Figure 5.2(b) plots the estimated support size of p
versus A, and the EBIC value versus A. We observe that when \ € [—4.4, —1.4],
Algorithm 1 selects the correct model with 10 true attribute patterns. This interval
of A\ corresponds to a “stable window” of the estimation algorithm that gives the
correct selection and also has the smallest EBIC value. For this specific dataset,
the proposed method along with EBIC succeeds in selecting the true model. Please
see Section 5.4 for more simulation results which show that the proposed methods

combined with EBIC indeed have good performance in general.

5.3.1.2 Variational EM algorithm from an alternative formulation.

In the following, we discuss an alternative formulation of the objective function
(5.9) and propose a variational EM algorithm for estimation, by treating the propor-

tion parameters p as latent random variables. As discussed in Remark V.5, for the
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Figure 5.2: PEM solution paths and EBIC values in one trial, N = 150.

. . . . 2K A
objective function (5.9) with A € (—oo, —1], the penalty term [],_, p5, does not cor-
respond to a proper Dirichlet distribution density. However, for any arbitrarily small
A value, the objective function (5.9) can be replaced by the following alternative

formulation:

(@ p) =T 0O, p)+(B-1) Y  log, (pa) forBe(0,1), T € (0,1].

ae-’“input

(5.15)

where we introduce a new parameter T € (0, 1] and replace A with § — 1 to respect
the convectional notation of a Dirichlet distribution with hyperparameter g € (0, 1)
to encourage sparsity. With 5 € (0,1) and T € (0, 1], the ratio (1 — 8)/Y can be
arbitrarily large when T is arbitrarily close to zero, therefore making (5.15) equivalent
to (5.9).

In the new objective function (5.15), the penalty term Hf:l pﬁ;l, g€ (0,1), can
be viewed as a well-defined Dirichlet density function for the latent variables p. In
(5.15), the first term is the logarithm of the likelihood function raised to a fractional

power T € (0, 1]. One intuition behind (5.15) is that given a moderate sample size and

a large number of potential latent patterns, one needs to downweight the influence of
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the data likelihood and magnify the prior information encoded by the Dirichlet prior,
in order to have the sufficient extent of shrinkage. The fractional-powered likelihood
multiplied by the Dirichlet density can then be treated as a loss function to minimize.
The idea of assigning a fractional power to the likelihood was also used in the Bayesian
literature, such as Bissiri et al. (2016) and Holmes and Walker (2017) for Bayesian
learning under model misspecification, and Yang et al. (2018) and Chérief-Abdellatif
and Alquier (2018) for variational Bayesian inference. Different from these works,
here we use the alternative formulation (5.15) of the original objective function (5.9)
in order to consistently select the significant latent attribute patterns.

The formulation (5.15) allows for a variational EM algorithm for obtaining the
item parameters ® and the posterior means of the latent variables p. Here we treat
O still as model parameters, then we follow the general derivation of variational algo-
rithms in Blei et al. (2017) to derive Algorithm 2. We denote the digamma function

by ¥(z) = L1ogT'(z) for x € (0,00). In particular, the complete log likelihood is

T

L@ RAp) = > {1 [ I(A=a)] + -1} log, () (5.16)

aeAinput

1L > S HA = )Y [Rijlog(ta) + (1 - Rig)log(1 - 00)| }.

aeAinput T J

In the variational E step, we first obtain the conditional probability of I(A; = «) for
each individual ¢ and each input attribute pattern oy, which we denote by ¢; o,. In
updating this ¢; ,, the variational posterior distribution of the po’s are used, which
is still a Dirichlet distribution with mean parameters (A, ..., A4, .|) updated in
the previous E step (or from initializations if in the first iteration). Then we update
the mean parameters for the variational posterior distribution of p,,’s based on the
obtained ¢; q,, following the conventional derivation in variational inference. After
finishing this E step, in the M step we maximize the complete likelihood with respect

to ©, by substituting the I(A; = a;)’s with ¢; o,’s. Note that taking the derivatives
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of (5.16) with respect to #;4,’s does not involve either terms of p,, or terms of T
and (3, so only ¢; o, are used in the M step for updating ©. Indeed, the M step of

updating © in the current Algorithm 2 takes the same form as that of Algorithm 1.

Algorithm 2: FP-VEM: Fractional Power Variational EM for T € (0, 1]
Data: (), R, and candidate attribute patterns Aj;,put-

Initialize A = (A, ..., Afﬁl{npml) = (8,...,B).

while not converged do
In the (¢ + 1)th iteration,

for (i,1) € [N] X [|Ainput|]] do

(t+1)
Loy

exp { W(AL) + 1 X, [ Riglog(62,) + (1 = Riy)log(1 — 012,)] |
5 exp { WAL + 1 5, [ Rislog(0h, ) + (1= Rig)log(1 — 62, )] }

for [ € [|Ainput|] do
| A T N O,
for j € [J] do

@(H—l) _
L argmaxe { Yo, il 3, [ Riglog(Bia) + (1= Riy)log(1l — b10,)] }

After the total T iterations,
for oy € Aippue do

T T
| per = A/, AR).
output: {a; € Aiput © Pay > PN}

Similar to Algorithm 1, in the practical use of Algorithm 2 for pattern selection,
we recommend using a sequential fitting procedure. For a small fixed § > 0, we choose
a sequence of T values 1 > Y71 > Ty > --- > T > 0 where Y; should be close to 1
and T g should be relatively small. In our simulation studies, we found a T = 0.3
is sufficient in most of cases. Then we sequentially run Algorithm 2 for B times
with fractional powers Ti,..., Tp respectively and use estimated parameters from
FP-VEM with T, as initial values for FP-VEM with Y;.;. In the end, we also use
EBIC to select the best T. Since § and T can be viewed as acting together through

the term (1 — 3)/Y, in terms of practical parameter tuning, we recommend fixing /3
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to a relatively small value, say § = 0.01, and let the fractional power T € (0, 1] vary

to control the sparsity level of the proportion parameters.

5.3.2 Screening as a Preprocessing Step When 25 > N

In many applications of SLAMSs, the number of attribute patterns 2% could be
much larger than N. This is especially the case in the application of SLAMs in
epidemiological and medical diagnosis (Wu et al., 2017, 2018). In such scenarios,
given a sample with size of several thousands or hundreds, it is desirable to develop
an efficient screening procedure to bring down the number of candidate attribute
patterns, and then perform the shrinkage estimation.

We next describe our screening approach. Recall that for each subject ¢ =
1,...,N, we denote his/her latent attribute pattern by A; = (A;1,...,Aix) €
{0,1}%. In the screening stage we jointly estimate the item parameters © and the
{A;,7 € [N]} to get a rough estimation of each subject i’s attribute pattern, and
gather all the N estimated attribute profiles as candidate patterns. The estimation
of p is postponed to the estimation stage. Under the basic two-parameter SLAM, the

complete log likelihood involving the latent variables {A4;,7 € [N]} takes the form

<

Coomplete(©, A) :iz [ <HAq““ log 07 + (1 — HAZ,Jkk)log 0;)]
2

i=1 j=1

4 (¢ w7+ 0~ T ).

We next derive an algorithm with a stochastic EM flavor to estimate the posterior
mean of each latent variable A;, denoted by a matrix (@;;) of size N x K, where
aix = E[A;x | -]. In the end of the algorithm, we obtain the binary matrix W
containing the candidate attribute patterns by defining W' = (w; k) nxx With w;, =
I(a; ), > 1/2). In such a screening procedure, we first use the dependency among the

K attributes in iterative updates, then partly ignore the dependency in the last step
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through applying Bayes’ rule to each subject ¢’s each single attribute k. This results
in fast and valid screening of attribute patterns. Viewing the ith row vector of W
as the estimated attribute pattern of subject i, the unique row vectors in W are the
roughly selected attribute patterns output by the screening stage. We denote this set
of candidate patterns by .,Zscreen. As long as the screening has the nice property of
“no false exclusion”, meaning the rows in W contain all the true attribute patterns,
then the screening stage is considered successful. The selected candidate patterns are
passed along to the shrinkage estimation stage as input patterns.

We say the screening procedure has the sure screening property if as N goes to
infinity, the probability of all the true attribute patterns included in .,Zl\screen goes
to one. The next theorem establishes the sure screening property of the proposed

screening procedure.

Theorem V.4 (sure screening property). Suppose the identifiability conditions in
Theorem V.1 and the constraints (5.12) are satisfied. The screening procedure applied
to a SLAM that covers the two-parameter SLAM as a submodel has the sure screening

property. Specifically, there exists a constant Buyin > 0 such that P(Asereen 2 Ag) >

1 — | Aol exp(—=NPmin) — 1 as N — oo.

Theorem V.4 shows that the probability of the screening procedure failing to
include all true patterns has an exponential decay with the sample size N. We point
out that despite having the nice property of sure screening, the screening procedure
does not guarantee consistency in selecting exactly the set Ag of true patterns, if the
number of observed variables per subject J is not large enough. Generally speaking, as
N goes large but J does not, the set .Zscreen will include many false attribute patterns,
although it will contain the true set Ag with probability tending to one. Therefore the
shrinkage estimation approach in Section 5.3.1 is still essential to performing pattern
selection.

In Algorithm 3, we present the proposed screening algorithm with stochastic ap-
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proximations based on a number of Mg Gibbs samples of A in the E step. Alter-
natively, we can also use an even faster screening procedure by just updating the
conditional probability of each subject possessing each attribute (i.e., the conditional
posterior mean of each A; ;) in each E step, conditioning on everything else; we term
this alternative procedure the variational screening procedure. As stated before, the
screening algorithm is derived based on the log-likelihood of the two-parameter SLAM,
but can be applied to a multi-parameter SLAM that covers the two-parameter SLAM
as a submodel. After the screening stage, the set of attribute patterns as input to
the shrinkage Algorithms 1 or 2 is taken as Ainput = -Zscreen- Screening drastically
lowers down the computational cost of the subsequent shrinkage estimation, and the
number of candidate patterns fed to the shrinkage stage is kept at the order of N,

even if the original number of possible configurations 2% > N.

Algorithm 3: Stochastic Approximation Gibbs Screening
Data: @, R R
Result: Candidate attribute patterns Agcreen-
Initialize latent attribute patterns A = (A4;x)nxx € {0, 1}V*5 and 8" and 0.
Set t =1, A% =0, I =0,
while not converged do
A« 0, TP« 0, Mg+« 0.
for r € [Myay] do
for (i,k) € [N] x [K] do
6+

Draw A;; ~ Bernoulli (logit_1 ( Zj Tk HWHC A;“n;" [Ri’j log 9;_ +(1-
1-67F !
RZ’J‘) lOg 1—o- :| ) ) .
if r > My.x — Mg then
ST (o)

N><J'

A LA M+ (1= 3) A, T e 31 Mg+ (1= 1) T, ¢ =41,
for j € [J] do

|07 < 0 RigIiye) /(0 1), 05« (0 Riy (L= ) (32, (1=I35°)).
for (i,k) € [N] x [K] do

L wi g, < T(ABE > 3).

Output: include all the unique row vectors of W in the set ./Zl\screen.
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Remark V.8. The screening algorithm can be modified to be more conservative in
order to reduce the risk of excluding true patterns. In particular, after each stochastic
E step in the screening algorithm, based on the current iterate of A*® we can obtain
a N x K binary matrix with the (i, k)th entry being I(Af}’) > 1/2. The unique row
vectors of this intermidiate binary matrix can be viewed as the current candidate
latent patterns. To make the screening procedure more conservative, we recommend
saving this set of candidate patterns after every M stochastic EM iterations (M is a
positive integer), and take the union of these saved sets in the end of the algorithm
to form -/zt\screen as the output. We call this strategy “screening enhanced by Gibbs
exploration”, since it takes advantage of the latent patterns that the Gibbs sampling

explores along the stochastic EM iterations.

In Figure 5.3, we present an estimation pipeline summarizing the proposed screen-
ing and shrinkage procedures. In practice, when the number of potential latent pat-
terns 2X is of too high dimensions, we recommend to first perform screening by using
Algorithm 4 or “screening enhanced by Gibbs exploration” to bring down the number
of candidate patterns. The cardinality of the set of candidate patterns is usually at
the order of the sample size N. Then over a set of O(/N) number of candidate latent
patterns, one can proceed to apply the shrinkage estimation methods Algorithm 1 or

2 to select the final set of latent attribute patterns.

5.4 Simulation Studies

We next present simulation results with the two-parameter SLAM and the multi-

parameter all-effect SLAM, respectively.

Two-parameter SLAM (DINA Model). Consider the two-parameter SLAM
with a 3K x K Q-matrix Q = (Q, Q4 ,Q5 )", where the three submatrices Q;, Q2 and

Q)3 are specified in (5.14). We consider three dimensions of possible attribute patterns
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Figure 5.3: Estimation pipeline combining the proposed screening and shrinkage pro-
cedures.

with 25 = 210 215 and 2%°, three sample sizes with N = 150,500 and 1000, and two
different signal levels with true item parameters: {6 = 0.8, 6; = 0.2; j € [J]},
the relatively weak signals; and {6 = 0.9, 67 = 0.1; j € [J]}, the relatively strong
signals. We randomly generate the set of true attribute patterns Ay C {0, 1}* with
cardinality |Ag| = 10 and set p,, = 0.1 for all & € Ag. In the simulations, for K = 10
the Ajpput is taken to be {0, 1}; while for K = 15 and 20, the Aj,p, is taken to be
.»Zl\screen, i.e., the set of candidate patterns output by the screening method.

In each scenario we perform 200 independent replications. For shrinkage estima-
tion, we apply the proposed Algorithm 1 “Penalized EM (PEM)” and Algorithm 2
“Fractional Power Variational EM (FP-VEM)”  and also apply the plain EM algo-
rithm with thresholding for comparison. When running PEM we compute a solution
path by varying A in the range of A € {—0.2, —0.4, ..., —3.8, —4.0}, and select the
A that gives the smallest EBIC. When running FP-VEM we fix § = A+ 1 = 0.01
and compute a solution path by varying T in {1.0,0.9,...,0.4,0.3} and also select T
using EBIC. We use the threshold value py = 1/(2N) for the estimated proportions

in the last step for all three shrinkage algorithms to select patterns (other smaller py
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values give similar results).

1-FDR TPR
EM Algo.1 Algo.2 EM Algo.1 Algo.2

150 0.139 0.883  0.896 0.930 0.885  0.895
219500 0.115 0.995  0.992 1.000 1.000  0.999
1000 0.100 1.000  0.996 1.000 1.000  1.000

(9;-“:0.8, 150 0.049 0.523  0.544 0.539 0.530  0.543

0 =0.2. 25500  0.089 0924 0.928 0934 0.930 0.932
1000 0.078 0.984 0988 0.991 0991  0.991

150 0.019 0.213  0.264 0.270 0.255  0.271
220 500 0.019 0.609 0.633 0.636 0.641  0.642
1000 0.038 0.816  0.848 0.864 0.864  0.863

150 0.323 0.909  1.000 1.000 1.000  1.000
219500 0.208 1.000  1.000 1.000 1.000  1.000
1000 0.167 1.000  1.000 1.000 1.000  1.000

0F =0.9, 150 0.317 0989 0974 0.993 0991  0.992
0 =0.1. 215500 0.220 1.000  0.995 1.000 1.000  1.000
1000 0.205 1.000  0.994 1.000 1.000  1.000

150 0.232 0968  0.941 0972 0971  0.970
220 500 0.159 1.000  0.999 1.000 1.000  1.000
1000 0.146 1.000  0.997 1.000 1.000  1.000

signal strength 2% N

Table 5.2: Pattern selection accuracies for two-parameter SLAM. Tuning pa-
rameter A € {-0.2, —04, ..., —-3.8, =4.0} in PEM (Algorithm 1) and T €
{1.0, 0.9, ..., 0.4, 0.3} in FP-VEM (Algorithm 2) are selected based on EBIC.

The simulation results on selection accuracies are presented in Table 5.2. The
“TPR” stands for True Positive Rate, which denotes the proportion of true patterns
that are selected. The “1-FDR” stands for “1—False Discovery Rate (FDR)”, which
denotes the proportion of selected patterns that are true patterns. Table 5.2 shows
the proposed PEM and FP-VEM yield good selection results in various scenarios,
while the EM algorithm with direct thresholding at py suffers from high FDR, i.e.,
selecting too many non-existing attribute patterns. We would like to point out that
the plain VEM as presented in Example V.3 is a special case of the proposed FP-

VEM, by just taking the fractional power T to be T = 1. So in each simulation run,
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the result given by VEM is included in the solution path given by FP-VEM with
T € {1.0,0.9,...,0.4,0.3}, and in the final step EBIC selects the best T from the
entire solution path. Indeed, in all our simulations about FP-VEM, the result given
by T =1 is never selected by EBIC, which means the selection result given by plain
VEM is never favored over the proposed FP-VEM. We also remark here that the
proposed methods are computationally efficient. All the algorithms are implemented
in Matlab. In particular, in the case of relatively strong signal with 1—0;r =0; =0.10,
screening and computing an entire solution path for (25, N) = (22°,1000) takes < 2
minutes on average on a laptop with a 2.8 GHz processor, and yields almost perfect
pattern selection results, as shown in the last row of Table 5.2.

We give some discussions on the comparison of the PEM and the FP-VEM al-
gorithms. The estimation accuracies presented in Table 5.2 generally show the two
algorithms have comparable performance on pattern selection. In terms of select-
ing the tuning parameter, the FP-VEM can be easier to tune because the fractional
power T is always between 0 and 1, while the PEM algorithm has a negative tuning
parameter A € (—o00,0) that can have an arbitrarily large magnitude. Specifically,
the scenario of an increasing sparsity corresponds to T — 0 and A — —o0, and when
extremal sparsity exists, the FP-VEM needs to choose YT close to zero with a small
magnitude and the PEM needs to choose A\ with a large magnitude. Therefore, in
such cases the tuning of PEM may take more time, since A < 0 needs to be searched
over a relatively large interval; an exponential grid search might be of help in this
case, while further investigation into how to best specify the grid for searching tuning
parameters would be needed. Meanwhile, we find in simulation studies that choosing
a small T in FP-VEM too close to zero may result in the algorithm to be less stable
in some cases. In practice, if the computation time is not a primary concern, we
recommend first considering the PEM algorithm for the better stability.

We further conduct a simulation study to investigate how the threshold value
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pn for the estimated proportions impact the pattern selection results of different
methods. In the setting with 1 — 9; = 0; =02 and N = 150 (the same setting
as the first line in Table 5.2), we simulate 200 independent datasets, and apply the
proposed PEM (Algorithm 1), FP-VEM (Algorithm 2) and the usual EM algorithm
with various thresholds py € {1/(50N)} U {i/(2N), i = 1,3,5,...,15}. Figure 5.4
plots the average “TPR” and average “1—FDR” versus the threshold values. It can
be seen that directly thresholding the MLE of the proportions (corresponding to the
thresholding after EM) does not yield good selection results. For a small threshold
pn = 1/(2N), the FDR of thresholded EM is quite high. When further decreasing the
threshold py from 1/(2N) to 1/(50N), the FDR of thresholded EM becomes worse
while the proposed methods have stable performance. On the other hand, as the
threshold py increases from 1/(2N) to larger values, the TPR of EM quickly decreases.
In contrast, the proposed methods PEM and FP-VEM give reasonably good selection
results across all the threshold values, and have slightly better performance for smaller
thresholds. Even the best selection result given by thresholding EM corresponding
to the threshold py = 7/(2N) is not comparable to those given by the proposed
methods.

We next evaluate the performance of the screening procedure. We find that the
screening procedure drastically reduces the computational cost in the subsequent
shrinkage estimation stage. For instance, in the setting (N, K') = (150, 15) when noise
rate is 1 — 9;-“ =0; = 20%, based on 200 runs, the variational screening procedure
takes 1.55 seconds on average, and the subsequent PEM algorithm takes 6.42 seconds
on average; while if no screening is performed, the PEM algorithm takes 7.96 x 103
seconds on average.

As described earlier, the screening is considered successful if all true patterns are
included in the candidate set ﬁscreen. Under each simulation scenario in Table 5.2

corresponding to K = 15 or K = 20, we record the coverage probabilities of the
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Figure 5.4: Selection accuracies versus thresholds for the two-parameter SLAM with
1-— QJTL =0; =0.2 and N = 150. For each method, “accl” denotes the True Positive
Rate (TPR), the proportion of true patterns that are selected; and “acc2” denotes
“l1—False Discovery Rate (FDR)”, the proportion of selected patterns that are true.

true patterns for each of 200 runs, where in each run ) ., I(a € .,Zl\screen) /] Ao| is
recorded as the coverage probability. The boxplots of coverage probabilities under
these scenarios are presented in Figure 5.5(a), (c¢) and Figure 5.6(a), (c). We also
record the size of jscreen, i.e., the number of candidate patterns given by the screening
procedure in each run, and present their boxplots in Figure 5.5(b), (d) and Figure
5.6(b), (d). The screening procedure generally has good performance. On the other
hand, Figure 5.6(e) and (g) show that for the relatively large noise rate and small
sample size, the screening accuracy is not very high.

To improve the performance of screening, we apply the strategy of screening en-
hanced by Gibbs exploration described in Remark V.8 and take M = 3. That is, along
the stochastic EM iterations of the screening algorithm, after every three iterations
we add the current set of latent patterns to the candidate set .Zscreen. The resulting
screening accuracies and sizes of .Zscreen are presented in Figure 5.7. Compared to

Figure 5.6, one can clearly see that the enhancing procedure improves the screening
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Figure 5.5: Screening under noise rate 10%: plots (a), (c) are coverage probabilities
of the true patterns, from the screening procedure under the two-parameter SLAM;
plots (b), (d) are sizes of Asereen- The “noise rate” refers to the value of 1 — 9; =0;.

accuracy significantly, while the size of Ag.een also increases but still remains quite
manageable. Under the noise rate 1 — (9]-+ = 9; = 20%, the size of Agreen 18 always
below N for screening without enhancing, while for screening with enhancing, the size
of Agcreen 18 around 2N for K = 15 and around 3N for K = 20. The enhancing by

Gibbs exploration would not sacrifice the efficiency of the screening procedure itself,
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Figure 5.6: Screening under noise rate 20%: plots (a), (c) are coverage probabilities
of the true patterns, from the screening procedure under the two-parameter SLAM;
plots (b), (d) are sizes of Asereen- The “noise rate” refers to the value of 1 — 9; =0

though it results in a larger set of .,Zl\screen which incurs higher computational cost in

the shrinkage stage. In practice, one should leverage this tradeoff according to the

sample size. Specifically, when sample size N is small, choosing a more conservative

screening procedure (with a smaller integer M) is recommended, because this would

increase the screening accuracy without causing much computational burden for the
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Figure 5.7: Screening enhanced by Gibbs exploration: screening accuracy and size of
Ascreen. Noise rate is 1 — 9; =0, = 20%.

shrinkage algorithm. With the enhanced screening procedure, in the relatively weak
signal case 1 — 6 = 07 = 0.2 and under (K, N) = (15,150), the two accuracy mea-
sures 1-FDR and TPR for the PEM algorithm, become (0.850,0.860) (previously
it was (0.523,0.530) in Table 5.2), and those under the FP-VEM algorithm become
(0.839,0.853) (previously (0.544,0.543) in Table 5.2). Under (K, N) = (20, 150), the

two accuracy measures for the PEM become (0.608, 0.648) (previously (0.213,0.255) in
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Table 5.2) and those for the FP-VEM become (0.620, 0.634) (previously (0.264,0.271)
in Table 5.2).

Multi-parameter all-effect SLAM (GDINA Model). We next consider the
multi-parameter all-effect SLAM introduced in Example 1.3 with an identity link func-
tion f(-), that is, the GDINA model proposed in de la Torre (2011). Let the Q-matrix
be in the form Q = (Q{, Q4 , Q) with Q; and Q specified in (5.14). Similar to the
two-parameter simulation study, we consider three dimensions of possible attribute
patterns with 2% = 210 215 and 22° and three sample sizes with N = 150, 500 and
1000. For each item, we set the baseline probability, the positive response probability
of the all-zero attribute pattern @ = O, to 0.2 (i.e., 60, = 0.2), and the positive
response probability of e = 1k to 0.8 (i.e., 01, = 0.8). And we set all the main
effects and interaction effects parameters of the item to be equal (i.e., 5; 5, = B, for
any @ # 51,52 C K; for the S-coefficients in (I1.3)). We randomly generate the set of
true attribute patterns, Ay C {0, 1}* with cardinality |4o| = 10 and set p,, = 0.1 for

all a € .Ao.

oK N 1-FDR TPR
EM Algo.1 Algo.2 EM Algo.1 Algo.2

150  0.277 0983  0.953 0.996 0980  0.974
219500 0.214 0.988  0.976 1.000 1.000  1.000
1000 0.193 0992  0.986 1.000 1.000  1.000

150  0.198 0.900  0.893 0.904 0.902  0.902
2% 500 0.166 0.999  0.997 1.000 1.000  1.000
1000 0.134 1.000 0.996 1.000 1.000  1.000

150 0.109 0.723  0.741 0.739 0.734  0.743
220 500 0.129 0.980  0.981 0.980 0.982  0.983
1000 0.104 1.000 0.998 1.000 1.000  1.000

Table 5.3: Pattern selection accuracies for multi-parameter all-effect SLAM. Tuning
parameter A\ € {—0.2,—04,...,—4.0} in PEM (Algorithm 1) and T € {1.0,0.9,...,
0.3} in FP-VEM (Algorithm 2) are selected using EBIC. Signal strengths are 0,0, =
0.1, 9]-’1]( - 09
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Similar to the observations in Table 5.2, Table 5.3 shows that the proposed meth-
ods also have good pattern selection performance for the more complicated multi-
parameter all-effect model. The approximate screening algorithm based on the like-
lihood of the two-parameter submodel is quite effective here for obtaining candidate
patterns under the multi-parameter model. And similarly to the two-parameter case,
the EM algorithm tends to severely overselects the attribute patterns. Please see

Appendix B for additional results on the performance of the screening procedure.

5.5 Data Analysis

In this section, we apply the proposed methodology to two real world datasets in

educational assessments to uncover the knowledge structure of the student population.

Analysis of Fraction Subtraction Data. Asintroduced in Chapter I, the fraction
subtraction dataset contains N = 536 middle school students’ binary (correct or
wrong) responses to 20 questions that were designed for the diagnostic assessment of
8 skill attributes related to fraction and subtraction. See Table 1.3 in Chapter I for

the @-matrix specified in de la Torre and Douglas (2004a).
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(a) EBIC values and support sizes vs. T (b) attribute structure selected by EBIC

Figure 5.8: Results of Fraction Subtraction Data analyzed using two-parameter
SLAM.
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Figure 5.9: Fraction Subtraction Data: different sets of estimated patterns (a)—(d)
(black for “0” and white for “1”) and the corresponding attribute structures (e)—(h)
under various Y’s in Algorithm 2. Plot (h) here is equivalent to Figure 5.8(b).

Many studies in the literature use the two-parameter SLAM to fit the dataset,
mostly due to that it is reasonable to assume the required attributes of each item act
together to form a “capable” knowledge state and an “incapable” knowledge state.
This results in two levels of item parameters for each item. We first use the two-
parameter model to analyze the data. Given this 20 x 8 ()-matrix, the number of
equivalence classes induced by the @-matrix (o9xg under the two-parameter model
is [{Vjesq; : S C{l,...,J}}| =58. We apply Algorithm 2, the FP-VEM algorithm
with a sequence of fractional power values T € {0.90,0.89, - -- ,0.60} and use EBIC to
select the tuning parameter T while keeping the Dirichlet hyperparameter 5 = 0.01.
Figure 5.8(a) plots the EBIC values and the support sizes of p, both against the T
values. It can be seen that T = 0.8 yields the smallest EBIC value 8.98 x 102, and it
is the largest T value in the flat window of [0.66, 0.8] that gives 9 equivalence classes

of attribute patterns. We also use the multi-parameter all-effect model (GDINA
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model) introduced in Example 1.3 to fit the dataset. For a range of values of the
tuning parameters Y, the smallest EBIC value is above 1.02 x 10*, which is much
higher than the smallest EBIC 8.98 x 10® given by the two-parameter model. This
also aligns with the results in the literature that the two-parameter model fits the
fraction subtraction dataset better than other models (DeCarlo, 2011; de la Torre and
Douglas, 2004a). Therefore next we only present and discuss the results given by the
two-parameter model.

Figure 5.8(b) plots the attribute structure corresponding to the 9 equivalence
classes of attribute patterns selected by EBIC. We obtain this attribute structure
using the following procedure. First, we obtain the representatives of these 9 equiva-
lence classes and construct a 9 x 8 matrix of selected attribute patterns. We denote
this 9 x 8 matrix by A\, with each row of A a 8-dimensional binary vector denoting one
selected knowledge state (i.e., attribute pattern). We next examine the partial orders
among the columns of this matrix to determine the relationships among attributes.
In particular, if A\(, ki) = ./Zl\(, ko), then attribute k; is considered as a prerequisite
for attribute ky. Examining these 9 selected knowledge states, we find that the total
number of 8 attributes are separated into 5 groups G; = {7}, Gy = {2, 8}, G3 = {6}
and G4 = {4} and G5 = {1,3,5}, such that the attributes in the same group play
the same role in clustering the students population into the 9 knowledge states. In
particular, based on the observed data, attributes 2 and 8 are equivalent in distin-
guishing the students population’s knowledge states; and so are attributes 1, 3, 5.
The estimated prerequisite relationship among these 5 groups is depicted in Figure
5.8(b). Figure 5.8(b) implies that attribute (o) Subtract numerators, is a quite basic
skill attribute and serves as prerequisite for all the remaining attributes. This suits
the common sense that in the problems about fraction and subtraction, the ability of
subtracting integers should be the most basic. Figure 5.8 also shows that attributes

(cv2), (ag), (ag) are middle level skills that only has one prerequisite attribute (a7),
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and serve as prerequisites for multiple other skills. Finally, the remaining attributes
(), (a1), (a3) and (a) are high level skills in the hierarchical structure. We would
like to point out that the directed edges in the attribute hierarchy in Figure 5.8(b)
(and also in the later Figure 5.10 for the TIMSS dataset) do not necessarily corre-
spond to causal relations between the skill attributes. Instead, the attribute hierarchy
results from the learned subset of attribute patterns, and it just reflects the estimated
cognitive structure of the students being measured.

For the Fraction Subtraction data, in addition to the attribute structure chosen
by EBIC shown in Figure 5.8(b), we also present those sets of attribute patterns
selected by different Y’s in the solution path. The four sets of patterns and their
corresponding attribute structures are presented in Figure 5.9. As shown in Figure
5.9(a)—(d), the latent patterns selected by a smaller T always form a subset of those
patterns selected by a larger T. Also, the attribute structures selected by different T’s
share some commonalities. Among the second row of Figure 5.9, plot (h) is equivalent

to the attribute structure in Figure 5.8(b).

Analysis of TIMSS Data. We also apply the proposed method to the TIMSS
2003 8th grade data. The dataset contains N = 757 students’ responses to J = 23
test items, and the (Q-matrix is of size 23 x 13. Under the two-parameter SLAM, the
Q-matrix gives [{Vjesq; : S C {1,...,J}}| = 1625 equivalence classes. Figure 5.10
shows the results of fitting the two-parameter SLAM with 5 = 0.01. The fractional
power T selected by EBIC is 0.84 and the corresponding number of equivalence classes
is 5. The smallest EBIC value in Figure 5.10(a) is 1.96 x 10*. We remark that we
also fit the general multi-parameter all-effect SLAM to the dataset, while the smallest
EBIC given by the multi-parameter model is 7.38 x 10*, which is much larger than
the best EBIC given by the two-parameter SLAM. So we next focus on the results

given by the two-parameter SLAM.
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Figure 5.10: Results of TIMSS 2003 8th Grade Data analyzed using two-parameter
SLAM.

Figure 5.10(b) plots the attribute structure given by the selected 5 knowledge
states. The 13 attributes are separated into five groups G; = {3, 11,13}, G2 = {5, 9},
Gs = {6,7,10,12} and G4 = {1,2,8} and G5 = {4}, such that the attributes in
the same group play the same role in clustering the student population into the
five knowledge states. The prerequisite relationships among groups of attributes
is also shown in Figure 5.10(b). Attribute (a3) compute fluently with multi-digit
numbers and find common factors and multiples, attribute (aq1) compare two fractions
with different numerators and different denominators, attribute (ay3) use equivalent
fraction as a strategy to add and subtract fractions, are the most basic skills in the
attribute hierarchy and serve as the prerequisites for all the remaining attributes.
Indeed, these three are basic algorithmic operations needed to solve the mathematical
problems in the TIMSS test. In addition to the structure selected by EBIC presented
in Figure 5.10(b), other attribute structures corresponding to different Y € [0.7,0.9]

are presented in Figure D.5 in Appendix B.

Existing works in the literature analyzing the fraction subtraction data and the
TIMSS data either make the assumption that all possible configurations of latent

attribute patterns exist in the population or pre-specify the attribute structure based
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on domain experts’ judgements (Su et al., 2013). To our knowledge, there has not
been a systematic approach to selecting a potentially small set of latent patterns from
a high-dimensional space. For the two real datasets, we also find that the EBIC values
of the existing EM algorithm are much larger than the proposed method, as indicated
in Figures 5.8 and 5.10 when T close to 1; thus the proposed method provides a better

fit of the two datasets.

5.6 Discussion

In this chapter we propose a penalized likelihood method to learn the attribute
patterns in the structured latent attribute models, a special family of discrete latent
variable models. We allow the number of latent patterns to go to infinity and perform
pattern selection by penalizing the proportion parameters of the latent attribute
patterns. The theory of pattern selection consistency is established for the proposed
regularized MLE. The nice form of the penalty term facilitates the computation. Two
algorithms are developed to solve the optimization problem, one being a modification
of the EM algorithm, and the other being a variational EM algorithm that results
from an alternative Bayesian formulation of the objective function. The simulation
study and real data analysis show the proposed methods have good pattern selection
performance.

This work assumes the design matrix @) is prespecified and correct. In practice,
if there is reason to suspect that the )-matrix could be misspecified, then one needs
to simultaneously estimate the ()-matrix and learn the attribute patterns from data.
Given fixed number of attribute patterns, previous works including Xu and Shang
(2018) and Chen et al. (2018a) used the likelihood based methods and the Bayesian
methods, respectively, to estimate (). It is also desirable to develop methods to
jointly estimate () and learn attribute patterns with the existence of large number

of attributes. We would like to point out that the identifiability results developed
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in this work (in Section 5.2) directly apply to this case, and can guarantee both the
design matrix () and the set of significant attribute patterns are learnable from data.

The learnability theory developed in this chapter guarantees one can reliably learn
a SLAM with an arbitrary set of attribute patterns from data. As mentioned earlier,
SLAMs can be expressed as higher-order probability tensors with special structures.
Also, SLAMs share similarities with the restricted Boltzmann machines and the deep
Boltzmann machines in terms of the bipartite graph structure among the latent and
observed multivariate binary variables. Current techniques for proving identifiability
of SLAMs could be adapted to develop theory for uniqueness of structured tensor
decompositions and learnability of some more complicated latent variable models.

We leave these directions for future study.
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CHAPTER VI

Identification and Estimation of Hierarchical

Latent Attribute Models

As briefly mentioned in the introduction chapter, Hierarchical Latent Attribute
Models (HLAMSs) build upon SLAMs by incorporating an additional ingredient: the
hierarchical constraints on which configurations of the latent attributes are allowed.
HLAMSs have connections to other multivariate discrete latent variable models in
the machine learning literature, including latent tree graphical models (Choi et al.,
2011; Anandkumar et al., 2011; Hsu et al., 2012; Mourad et al., 2013), restricted
Boltzmann machines (Hinton, 2002; Hinton and Salakhutdinov, 2006; Salakhutdinov
et al., 2007; Larochelle and Bengio, 2008) and restricted Boltzmann forests (RB-
Forests) (Larochelle et al., 2010), latent feature models (Ghahramani and Griffiths,
2006; Bernardo et al., 2007; Miller et al., 2009; Yen et al., 2017), sum-product networks
(Poon and Domingos, 2011), Probabilistic Sentential Decision Diagrams (PSDD)
(Kisa et al., 2014), and cutset networks (Rahman et al., 2014). All these models
and HLAMs allow for tractable inference on high-dimensional discrete variables and
are closely related. However, HLAMs have two key differences from these models.
Other than the structural matrix ) which is unique to the structured latent attribute
models, HLAMs additionally incorporate the hierarchical structure among the latent

attributes into the model. For instance, in cognitive diagnosis, the possession of cer-
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tain attributes are often assumed to be the prerequisite for possessing some others
(Leighton et al., 2004; Templin and Bradshaw, 2014). Such hierarchical structures
differ from the latent tree models in that, the latter use a probabilistic graphical
model to model the hierarchical tree structure among latent variables, while in an
HLAM the hierarchy is a directed acyclic graph (DAG) encoding hard constraints
on allowable configurations of latent attributes. This type of hierarchical constraints
in HLAMs have a similar flavor as those of RBForests proposed in Larochelle et al.
(2010), though the DAG-structure constraints in an HLAM are more flexible than a
forest-structure (i.e., group of trees) one in an RBForest (see Example VI.1).

One major issue in the applications of HLAMs is that, the structural matrix and
the attribute hierarchy often suffer from potential misspecification by domain experts
in confirmatory-type applications, or even entirely unknown in exploratory-type appli-
cations. A key question is then how to efficiently learn both the structural )-matrix
and the attribute hierarchy from noisy observations. More fundamentally, it is an
important yet open question whether and when the latent structural ()-matrix and
the attribute hierarchy are identifiable. Identifiability of HLAMs has a close con-
nection to the uniqueness of tensor decompositions as the probability distribution
of an HLAM can be written as a mixture of higher-order tensors. However, related
works on identifiability of latent class models and uniqueness of tensor decomposi-
tions, such as Allman et al. (2009); Anandkumar et al. (2014, 2015); Bhaskara et al.
(2014), cannot be directly applied to HLAMs due to the constraints induced by the
structural @)-matrix. To tackle identifiability under such structural constraints, Xu
(2017); Xu and Shang (2018); Gu and Xu (2019b, 2020a, 2019a) recently proposed
identifiability conditions for latent attribute models. However, Xu (2017); Xu and
Shang (2018); Gu and Xu (2019b) considered latent attribute models without any at-
tribute hierarchy; Gu and Xu (2020a) assumed both the structural Q-matrix and true

configurations of attribute patterns are known a priori; Gu and Xu (2019a) consid-
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ered the problem of learning the set of truly existing attribute patterns but assumed
the structural Q)-matrix is correctly specified beforehand. Establishing identifiability
without assuming any knowledge of the structural ()-matrix and the attribute hier-
archy is a technically much more challenging task and still remains unaddressed in
the literature. Moreover, computationally, the existing methods for learning latent
attribute models Chen et al. (2015); Xu and Shang (2018); Gu and Xu (2019a) could
not simultaneously estimate the structural ()-matrix and the attribute hierarchy.
This chapter has two main contributions. First, we address the challenging iden-
tifiability issue of HLAMs. We develop sufficient and almost necessary conditions for
identifying the attribute hierarchy, the structural ()-matrix, and the related model
parameters in an HLAM. Second, we develop a scalable algorithm to estimate the
latent structure and attribute hierarchy of an HLAM. Specifically, we propose a novel
approach to simultaneously estimating the structural ()-matrix and performing di-
mension reduction of attribute patterns. The superior performance of the proposed
algorithm is demonstrated in various settings of synthetic data and an application to
an educational assessment dataset. The proof of the main theorem and additional

numerical results are included in Appendix E.

6.1 Hierarchical Latent Attribute Models

This section introduces the model setup of HLAMs in details. An HLAM con-
sists of two types of subject-specific binary variables, the observed responses r =
(ri,...,ry) € {0,1}7 to J items; and the latent attribute pattern a = (s, ..., ax) €
{0, 1}%. First consider the latent attributes. Attribute ay is said to be the prerequi-
site of ay and denoted by o — ay (or k — ¢), if any a with o, = 0 and oy = 1 is
“forbidden” to exist. This is a common assumption in applications such as cognitive
diagnosis (Leighton et al., 2004; Templin and Bradshaw, 2014). A subject’s latent

pattern a is assumed to follow a categorical distribution of population proportion pa-
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rameters (po, a € {0,1}), with po > 0 and }__ po = 1. In particular, any pattern
a not respecting the hierarchy is deemed impossible to exist with population propor-
tion p, = 0. An attribute hierarchy is a set of prerequisite relations between the K
attributes, which we denote by &€ = {k — ¢ : attribute k is a prerequisite for £}. Any
hierarchy £ would induce a set of allowable configurations of attribute patterns, which
we denote by A. The set A is a proper subset of {0,1}¥ if £ # @. So an attribute

hierarchy determines the sparsity pattern of the vector of proportion parameters p.

Example VI.1. Figure 6.1 presents several hierarchies with the size of the associated
A, where a dotted arrow from a4, to ay indicates k — ¢. The attribute hierarchy in an
HLAM is a DAG generally. In the literature, the RBForests proposed in Larochelle
et al. (2010) also introduce hard constraints on allowable configurations of the binary
hidden (latent) variables in a restricted Boltzmann machine (RBM). The modeling
goal of RBForests is to make computing the probability mass function of observed
variables tractable, while not having to limit the number of latent variables. Specifi-
cally, in an RBForest, latent variables are grouped in several full and complete binary
trees of a certain depth, with variables in a tree respecting the following constraints:
if a latent variable takes value zero with «; = 0, then all latent variables in its left
subtree must take value d;; while if a; = 1, all latent variables in its right subtree
must take value d, (d; = d, = 0 in the paper Larochelle et al. (2010)). The attribute
hierarchy model in an HLAM has a similar spirit to RBForests, and actually includes
the RBForests as a special case. For instance, the hierarchy in Figure 6.1(d) is equiv-
alent to a tree of depth 3 in an RBForest with d; = 1 — d, = 0. HLAMSs allow for
more general attribute hierarchies to encourage better interpretability. Another key
difference between HLAMs and RBForests is the different joint model of the observed
variables and the latent ones. An RBForest is an extension of an RBM, and they
both use the same energy function, while HLAMs model the distribution differently,

as to be specified below.
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(c) |As] =9 (d) RBForest with |A| = 16

Figure 6.1: Different attribute hierarchies among binary attributes, the first three
for K = 4 (where [{0,1}*] = 16) and the last for K = 7 (where [{0,1}7] =
128). E.g., the set of allowed attribute patterns under hierarchy (a) is A; =
{(0000), (1000), (1100), (1001), (1101), (1111)}.

q, 1 00
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_|as| _|00 1]
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(b) graphical model along with attribute
hierarchy

(a) binary structural -matrix

Figure 6.2: A binary structural -matrix and the corresponding graphical model with
directed edges from the latent to the observed variables representing dependencies.
Below the observed variables in (b) are the row vectors of Qgx3, i.€., the item loading
vectors. There is &€ = {1 — 2, 1 — 3}.

On top of the model of the latent attributes, an HLAM uses a J x K binary
matrix () = (¢ ) to encode the structural relationship between the J items and the
K attributes. In cognitive diagnostic assessments, the matrix @) is often specified
by domain experts to summarize which cognitive abilities each test item targets on
(Junker and Sijtsma, 2001; von Davier, 2008; George and Robitzsch, 2015). Specifi-
cally, ¢;» = 1 if and only if the response r; to the jth item has statistical dependence

on latent variable ay. The distribution of r;, i.e., 0; 4 :=P(r; =1 | &), only depends
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on its “parent” latent attributes a;’s that are connected to rj, i.e., {ag : ¢jx = 1}.
The structural matrix ) naturally induces a bipartite graph connecting the latent and
the observed variables, with edges corresponding to entries of “1” in @) = (g, ). Fig-
ure 6.2 presents an example of a structural matrix () and its corresponding directed
graphical model between the K = 3 latent attributes and J = 6 observed variables.
The solid edges from the latent attributes to the observed variables are specified by
(sx3- As also can be seen from the graphical model, the observed responses to the J
items are conditionally independent given the latent attribute pattern.

In the psychometrics literature, various HLAMs adopting the ()-matrix concept
have been proposed with the goal of diagnosing targeted attributes (Junker and Si-
jtsma, 2001; Templin and Henson, 2006; von Davier, 2008; Henson et al., 2009; de la
Torre, 2011). They are often called the cognitive diagnosis models. The general fam-
ily of latent attribute models are also widely used in other scientific areas including
psychiatric evaluation (Templin and Henson, 2006; Jaeger et al., 2006; de la Torre
et al., 2018) with the goal of diagnosing patients mental disorders, and epidemiolog-
ical diagnosis of disease etiology (Wu et al., 2017, 2018; Deloria Knoll et al., 2017;
O’Brien et al., 2019). These applications share the common key interest in identifying
the multivariate discrete latent attributes.

In this chapter, we focus on two popular and basic types of modeling assumptions
under such a framework; as to be revealed soon, these two types of assumptions also
have close connections to Boolean matrix decomposition (Ravanbakhsh et al., 2016;
Rukat et al., 2017). We would like to point out that this chapter has generalizability
beyond these two models. For other more general model assumptions like those con-
sidered in Gu and Xu (2019a), our proposed two-stage procedure in Section 6.3 can be
easily applied based on their specific likelihood functions (i.e., first reducing dimen-
sion and estimating () by the proposed Alternating Direction Gibbs EM algorithm,

and then further shrinking latent patterns; see Section 6.3 for details). Specifically,
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the HLAMs considered in this paper assume a logical ideal response Iy, o given an at-
tribute pattern o and an item loading vector g, in the noiseless case. Then item-level
noise parameters are further introduced to account for uncertainty of observations.
The following are two popular ways to define the ideal response.

The first is the AND-Model (DINA model in Example I.1) that assumes a conjunc-
tive “and” relationship among the binary attributes. The ideal response of attribute

pattern a to item j is
K

(AND-model) I (6.1)
k=1

To interpret, I'q o in (6.1) indicates whether a pattern a possesses all the attributes
specified by the item loading vector g;. This conjunctive relationship is often assumed
for diagnosis of students’ mastery or deficiency of skill attributes in educational assess-
ments, and I'q. o naturally indicates whether a student with a has mastered all the
attributes required by the test item j. With I'q o, the uncertainty of the responses
is further modeled by the item-specific Bernoulli parameters

0F =1—P(r; = 0| Tqa=1), (6.2)

J

07 =P(r; =1| g0 =0),

J

where 9; > 0 is assumed for identifiability. For each item j, the ideal response Lg, .,
if viewed as a function of attribute patterns, divides the patterns into two latent
classes {a 1 I'g o = 1} and {a : T'q o = 0}; and for these two latent classes,
respectively, the item parameters quantify the noise levels of the response to item
J that deviates from the ideal response. Note that the 0;, equals either H;F or 0.
Denote the item parameter vectors by 8 = (6f,...,07)" and 0~ = (07,...,67)".

The second model is the OR-model (DINO model in Example 1.1) that assumes
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the following ideal response

(OR-model) (6.3)

Lg,.a = 1(gjr = i, = 1 for at least one k € [K]),

Such a disjunctive relationship is often assumed in psychiatric measurement. In the
Boolean matrix factorization literature, a similar model was proposed by Ravan-
bakhsh et al. (2016); Rukat et al. (2017). Adapted to the terminology here, Rukat

et al. (2017) assumes the ideal response takes the form

K
H 1_O~/k%k

which is equivalent to (6.3), while Rukat et al. (2017) constrains all the item-level
noise parameters to be the same.

The last equivalent formulation of the OR-model reveals that its ideal response is
symmetric about the two vectors a and q;; while for the AND-model this is not the
case. There is an interesting duality (Chen et al., 2015) between the AND-model and
the OR-model with Ffl)jlfa =1- P?}H{a‘ Due to this duality, we next will focus on
the asymmetric AND-model without loss of generality.

Due to the duality between the AND-model and the OR-model, we next will focus

on the asymmetric AND-model without loss of generality.

6.2 Joint Identifiability of ()-matrix and Attribute Hierarchy

This section presents the main theoretical result on model identifiability. Denote
the J x |A| ideal response matrix by I'(Q, .A). The I'(Q, A) has rows indexed by the J
items and columns by attribute patterns in A4, and its (j, a)th entry is defined to be

the ideal response I'; o in (6.1). Given an attribute hierarchy £ and the resulting A,
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two matrices ()7 and @y are equivalent if I'(Q,.4) = I'(Q2, . A). We also equivalently
write it as Q1 L Q2 (or ¢4 2 Q2). The following example illustrates how an attribute

hierarchy determines a set of equivalent ()-matrices.

Example VI.2. Consider the attribute hierarchy £ = {1 — 2, 1 — 3} in Figure
6.2, which results in .4 = {(000), (100), (110), (101), (111)}. The identity matrix I3 is

equivalent to the following matrices under &,

100 100 100
Q=lo 10|11 0[%]x 1 0], (6.4)
00 1 101 « 01

where the “x”’s in the third matrix above indicate unspecified values, any of which can
be either 0 or 1. This equivalence is due to that attribute a; serves as the prerequisite
for both ay and a3, and any item loading vector measuring as or agz is equivalent to
a modified one that also measures o, in terms of classifying the patterns in A into

two categories {c : Lga= 1} and {ex : Tgpa = 0}.

The following main theorem establishes identifiability for an HLAM. See Supple-

ment A for its proof.

Theorem VI.1. Consider an HLAM under the AND-model assumption with a Q
and a hierarchy &.
(i) (T(Q,A), 0, 0™, p) are jointly identifiable if the true Q satisfies the following

conditions.

A. The Q contains a K x K submatriz Q°; and setting QY to “0” for any k — h

and Q?’,h =1 results a matriz equal to I up to column permutation.

(Assume first K rows of Q form Q°, and denote the remaining submatriz of Q

by Q*.)
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B. For any item j > K, q;, = 1 and any k — h, we set g;, to “1”7 and obtain a

modified Q*B. The Q%P contains K distinct column vectors.

C. For any item j > K, ¢jr = 1 and any k — h, we set g;, to “0” and obtain a
modified Q*¢, with entries 45y The Q*° satisfies that Zj;lK djr = 2 for all

ke [K].

To identify (1(Q,.A), 0, 87, p), Condition A is necessary; moreover, Conditions A,
B and C are necessary and sufficient when there exists no hierarchy with po > 0 for
all a € {0, 1},

(ii) In addition to Conditions A-C, if Q is constrained to contain an Iy, then
(A,0", 07, p) are identifiable, and Q can be identified up to the equivalence class
under the true A. On the other hand, it is indeed necessary for Q) to contain an i

to ensure an arbitrary A identifiable.

When estimating an HLAM with the goal of recovering the ideal response structure
['(@, A) and the model parameters, Theorem VI.1(i) guarantees that Conditions A, B
and C suffice and are close to being necessary. While the goal is to uniquely determine
the attribute hierarchy from the identified I'(Q, .A), the additional condition that @
contains an Ix becomes necessary. This phenomenon can be better understood if one
relates it to the identification criteria for the factor loading matrix in factor analysis
(Anderson, 2009; Bai and Li, 2012); the loading matrix there is often required to
include an identity submatrix or satisfy certain rank constraints, since otherwise the
loading matrix can be identifiable only up to a matrix transformation. We point out
that developing identifiability theory for HLAMs that can have arbitrarily complex
hierarchies is more difficult than the case without hierarchy, and hence Theorem VI.1
is a significant technical advancement over previous works (Gu and Xu, 2019a). We

next present an example as an illustration of Theorem VI.1.
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Example VI.3. Consider the attribute hierarchy {o; — an, a1 — a3} among K =3
attributes as in Figure 6.2. The following 7 x 3 structural matrix () satisfies Conditions
A, B and C in Theorem VI.1. In particular, the first 3 rows of Q serves as Q"
in Condition A. We call the two types of modifications of matrix () described in
Conditions B and C' by the name “Operation” B and C', respectively. In the following
equation, the matrix entries modified by Operations B and C are highlighted, and
the resulting Q7 and Q¢ indeed satisfies the requirements in Conditions B and C.

So the HLAM associated with @) is identifiable.

Iy Iy
110 1 10

Q=10 1 1| =T QB=11 1 1:
01 1 11 1
101 1 0 1
I3

1 0 0

Q PEEC Q=10 1 1

01 1

100

6.3 A Scalable Algorithm for Estimating HLAMs

This section presents an efficient two-step algorithm for structure learning of
HLAMs. The EM algorithm is popular for estimating latent variable models; however
for HLAMs, it needs to evaluate subjects’ and items’ probabilities of all configura-
tions of K-dimensional patterns in each E step, so it is computationally intractable
for moderate to large K with complexity O((N + J)2%). In this chapter, we propose

a scalable two-step algorithm which is able to simultaneously learn the structural
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matrix ) and latent patterns. Our new first step jointly estimates () and performs
dimension reduction of the latent patterns in a scalable way, with computational com-
plexity O((NV 4+ J)K). Then based on the estimated ) and candidate patterns, our
second step imposes further regularization on proportions of patterns to extract the
set of truly existing patterns and the corresponding attribute hierarchy.

For a sample of size N, denote by R = (r;;) the N x J matrix containing the
N subjects’ response vectors as rows, and denote by A = (a;x) the N x K matrix
containing subjects’ latent attribute patterns as rows. Our first step treats (Q, A) as
random effect variables with noninformative marginal distributions and © = (8%,07)
as fixed effect parameters. The log-likelihood of the complete data, R = (7 )N«
and (@, A), is as follows under the AND-model,

Z 2‘7: [’r‘” < H i log 0 + (6.5)

=1 j=1

1—1_[aqch log@;)] +(1—ry <Haq““log (1-67)+ Haq”'“ log(1 6’))]

0; Q, A, R)

We develop a stochastic EM algorithm for structure learning. In particular, in the E
step, we use M Gibbs samples of (@, A) to stochastically approximate their target
posterior expectation; then in the M step we update the estimates of the item pa-
rameters ©. We call the algorithm EM with Alternating Direction Gibbs (ADG-EM)
as each E step iteratively draws Gibbs samples of A (along the direction of updating
attribute patterns) and @ (along the direction of updating item loadings). The details
of ADG-EM are presented in Algorithm 4. In practice we draw 2M samples of (@, A)
with the first M as burn-in in each E step; we find usually a small number M suffices
for good performance and M = 3 is taken in the experiments. Algorithm 4 has a
desirable property of performing dimension reduction to obtain a set of candidate
patterns, as can be seen from its last step of including all the unique row vectors of

the matrix I(A*® > 1/2) in the Acanai. This is because the matrix A*® has size
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N x K, which means the number of selected candidate patterns can be at most N, no
matter how large 2% might be. Indeed, in the experimental setting with K = 15 in
Section 6.4, the 25X = 32768 > N = 1200, while the proposed algorithm successfully
reduces |Acanai| to several hundreds (see Table 6.1), and then estimates true latent
structure with good accuracy and scalability.

After using Algorithm 4 to obtain the estimated structural matrix @ and a set
of candidate latent patterns Ac.ngi, we further impose penalty on the proportion
parameters of these candidate patterns p = (pa o e Acandi) for sparse estimation.
Denote ® = (04 : j € [J], @ € Acanai). Motivated by Gu and Xu (2019a), the

second stage maximizes the following objective,

N
P, ©; R, Q) =\ > logp(pa)+210g{ >, paHQT”l—@al "”}

a€Acandi 1=1 a€Acandi

(6.6)

where A € (—o0,0) is a tuning parameter encouraging sparsity of (pa, & € Acandi),
and p < N~ for some d > 1 is used to avoid the singularity issue of the log function at
zero. Note that the @ estimated by Algorithm 4 implicitly appears in the above (6.6),
because it determines the ideal response of patterns to items and further determines
whether a 0, should equal 9;7 or ¢;. To maximize (6.6), we apply the Penalized
EM (PEM) algorithm proposed in Gu and Xu (2019a) to obtain the set of selected
latent patterns Agn,. The PEM algorithm has complexity O(N|Acangi|) in each E
step, thanks to the dimension reduction of ADG-EM algorithm in the first stage.
We also use the Extended Bayesian Information Criterion (EBIC) (Chen and Chen,
2008) to select the tuning parameter A and obtain the best set of attribute patterns
Agna. Then finally, the attribute hierarchy & can be determined by examining the
order between columns of the |Agna| X K binary matrix D containing the selected

patterns. Denote the columns of the matrix D by D.’s where k € [K]. Specifically,
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if D.j = D.,, then {k — ¢} should be included in £. Combined with the proposed
Algorithm 4, the final output is (@, Afinal, g ), including the structural matrix @, latent
patterns, and attribute hierarchy.

We make several remarks about the proposed algorithm. First, in terms of com-
putational complexity, Algorithm 4 has O((N + J)K') complexity in each iterative
step, in contrast to the O((N + J)2%) complexity of the regularized EM algorithm
that evaluates the probabilities of all the 2% configurations of the binary attribute
patterns (Chen et al., 2015; Xu and Shang, 2018). This reduction to linear complexity
in K is remarkable in the literature of estimating latent attribute models. Second,
our algorithm is indeed the first in the literature to simultaneously estimate both
Q and the attribute hierarchy, which itself is a methodological advancement since
both quantities are of interest to practitioners; while that in Chapter V (Gu and Xu,
2019a) estimates the latent attribute patterns assuming Q is known as input.

We also remark that it is straightforward to handle missing data in an HLAM and
still perform structure learning. Indeed, it suffices to replace the objective functions
(6.5) and (6.6) that are over the {r;; : (i,7) € [N] x [J]} by functions over {r;; :
(i,7) € Q}, where Q C [N] x [J] is the set of indices in R corresponding to those

observed entries. Supplement B contains more details on computation.

6.4 Simulations and Real Data Analysis

Simulations. We perform simulations in two different settings, the first having
relatively small J with (N, J) = (1200, 120) and the second having relatively large J
with (V, J) = (1200, 1200). Two different numbers of attributes K = 8 and K = 15
are considered. We next specify the structural matrices Q120xx and Q1200xx used to
generate the synthetic data. Let Q' = (g ,) be a K x K matrix with ¢, , = 1if £ = k or
¢ = k+1 and zero otherwise; then let Qpoac = (I, @], Q)" be a 3K x K matrix that

consists of one submatrix Ix and two copies of Q*. Under J = 120 or 1200, the Q sy
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Algorithm 4: ADG-EM: Alternating Direction Gibbs EM for () estimation and
dimension reduction
Data: Binary response matrix R = (7; ;) nx.-
Initialize A = (ai,k)NxK € {O, 1}N><K and Q = (qj,k)JxK € {O, 1}‘]XK.
Initialize parameters 87 and 8. Set t = 1, A*° = 0.
while not converged do
for (i,5) € [N] x [J] do
big 4 rigloglf] /0] + (1 —rij)log[(1 = 07)/(1 = 67)] 5
A0, @<+0.
for r € [2M] do
for (i, k) € [N] x [K] do Draw
a; r ~ Bernoulli (0<Zj @i [ Lz ag%”wm)) :
if r> M then A<+ A+ A ;
AMVe %AS/M + <1 — %)Aave; t«t+1.
for r € [2M] do
for (j,k) € [J] x [K] do Draw
Qi ~ Bernoulli( - 0(22.(1 — aik) [ Lnsn af%”v,b”)) :
if r> M then Q° <+ Q°*+Q ;

Q =1(Q*/M > 3) element-wisely; I = (H,ﬁ{aﬁe}qﬁQ
for j € [J] do 0F < (32, riyLi) /(X0 115,
0 O (U= 150)) /(2 (1= IE5°)) 5
A = J(A»* > 1) element-wisely.
Output: Ac.a; containing the unique row vectors of .X, and binary structural
__ matrix Q.
Then (Q, Acanai) are fed to the Penalized EM algorithm in Gu and Xu (2019a)
to maximize (6.6) and obtain Agpa.

N><J’

vertically stacks an appropriate number of Qpoe. The algorithm is implemented in
Matlab. For all the scenarios, 200 independent runs are carried out. The second step
PEM algorithm is always run over arange of A € {—0.2xi: i = 1,...,20}, from which
EBIC selects the best. Figure 6.3 presents two particular hierarchies among K = 8
attributes, the diamond and the tree, together with the hierarchy estimation results.
More extensive simulation results are presented in Table 6.1. In the table, the column
“acc[Q]?” records the average accuracy of estimating the structural Q-matrix up to

the equivalence class under A, as illustrated in Example VI.2; the “TPR” denotes
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True Positive Rate, the average proportion of true patterns that are selected in Agpa;
and “1—FDR” denotes “1—False Discovery Rate (FDR)”, the average proportion of
selected patterns in Ag,. that are true. In terms of running time, in scenarios of
Table 1, with 2% = 28 or 2%, J = 120 and noise rate 20%, the proposed algorithm
takes < 30 seconds on average; even for challenging cases with (2%, .J) = (2'%,1200),
the running time is around 1 minute. In contrast, algorithms in previous works (Chen
et al., 2015; Xu and Shang, 2018) with exponential complexity in K usually take > 10
minutes even for (2K, .J) = (25, 30).

Results in Table 6.1 not only demonstrate the algorithm’s excellent performance,
but also provide interesting insight into the differences between the two settings,
(I) (V,J) = (1200, 120) and (II) (N,J) = (1200,1200). In setting (I), the first
stage ADG-EM algorithm tends to produce a relatively large number of candidate
patterns |Acanai] (though definitely below sample size N, even for 2K = 21%) and the
second stage PEM algorithm significantly reduces the number of patterns, usually
yielding |[Agnal| = |Ao|. In contrast, in setting (II), Algorithm 4 itself usually can
successfully reduce the number of candidate patterns, giving |Acanai| close to |Agl,
and the PEM algorithm does not seem to improve the selection results very much
in such scenarios. One explanation for this phenomenon is that in the small J case,
there are not enough items “measuring” subjects’ latent attributes, so the ADG-EM
algorithm is not very sure about which false attribute patterns to exclude (very nicely,
ADG-EM does not tend to exclude truly existing patterns), and further regularization
of patterns in the PEM algorithm is very necessary and helpful; while in the large
J case, there exists enough information about the subjects extracted by the large
number of items, and hence the ADG-EM can be more confident about discarding
those non-existing patterns in the data. Inspired by this observation, we also apply
the ADG-EM algorithm to the task of factorization and reconstruction of large and

noisy binary matrices. Supplement C contains some interesting simulations.
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Figure 6.3: Among K = 8 attributes, on the upper-left is a diamond shape hierarchy,
resulting in 15 patterns; and on the bottom-left is a tree shape hierarchy resulting
in 10 patterns. The upper-right and bottom-right plots show how many times out of
the 200 runs each true prerequisite relation is successfully recovered. The setting is

(N, J) = (1200,1200) and 1 — 6 = 6; = 20%.

Table 6.1: Accuracy of learning the structural @-matrix and the attribute hierarchy.
The “noise” in the table refers to the value of 1 — G;F = 6;. Numbers in the col-
umn “size” record the median values of the cardinality of |Agpa| (and |Aeanai| in the
parenthesis), based on 200 runs in each scenario.

(N, J) = (1200, 120)

25 | A4p| noise
acc[Q]* TPR 1-FDR size
o 0% 100 100 0.96 10 (113)
98 30% 1.00 1.00 0.96 10 (166)
s 2% 100 100 095 15 (120)
30% 1.00 0.99 0.94 16 (179)
o 0% 098 091 090 10 (272)
)15 30% 099 100 088 10 (851)
15 20% 0.99 0.96 0.95 15 (309)
30% 0.99 0.99 0.89 15 (894)
2 o] moise (N, J) = (1200, 1200)
acc[@* TPR 1-FDR  size
10 20% 1.00 1.00 1.00 10 (10)
s 30% 1.00 1.00 0.68 15 (16)
2
15 20% 1.00 1.00 1.00 15 (15)
30%  1.00 100 080 19 (20)
o 0% 099 099 097 10(11)
)15 30% 097 094 062 15 (28)
15 20% 1.00 1.00 0.99 15 (16)
30% 0.99 0.98 0.71 21 (41)
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Real data analysis. We use the proposed method to analyze real data from a large-
scale educational assessment, the Trends in International Mathematics and Science
Study (TIMSS). This dataset is part of the TIMSS 2011 Austrian data, which was also
used in (George and Robitzsch, 2015) to analyze students’ abilities in mathematical
sub-competences and can be found in the R package CDM. For this real dataset, there
seems no widely-accepted domain knowledge regarding the attribute hierarchy, and
our study here provides an exploratory analysis. It includes responses of N = 1010
Austrian fourth grade students and J = 47 items. A number of K = 9 attributes
is pre-specified in George and Robitzsch (2015), together with a tentative Q-matrix.
One structure specific to such large scale assessments is that only a subset of all items
in the entire study is presented to each of students (George and Robitzsch, 2015). This
results in many missing values in the N x J data matrix, and the considered dataset
has a missing rate 51.73%. After running the ADG-EM algorithm with missing data
firstly, there is |Acanai] = 384, out of the 25 = 512 possible patterns. Figure 6.4(a)
presents the results of the second stage PEM algorithm. The smallest EBIC value is
achieved when \ € [—2.8, —1.8], with 10 estimated latent patterns in Ag,a presented
in Figure 6.4(b). The hierarchy corresponding to Agpn in Figure 6.4(c) reveals that
attribute agr “Geometry & Reasoning” has the largest number of prerequisites. And
in general, attributes related to either “reasoning” or “geometry” seem to be higher

level skills in the hierarchy.

6.5 Discussion

In this chapter, we have proposed transparent conditions on the structural matrix
Q@ for identifying an HLAM and developed a scalable algorithm for estimating an
HLAM. The algorithm has great empirical performance on both small- and large-
scale structure learning tasks. We next make a remark about the comparison between

the new ADG-EM algorithm and the screening algorithm in Gu and Xu (2019a),
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which takes a known @ as input. Some additional experiments reveal that, (a) when
Q is correctly specified as input to the algorithm in Gu and Xu (2019a), the new
ADG-EM has as high accuracy of estimating latent patterns as that in Gu and Xu
(2019a), in addition to also giving an accurately estimated Q; in this case the ADG-
EM takes a little longer due to the additional estimation of Q; (b) while if Q is
misspecified, the algorithm in Gu and Xu (2019a) often has convergence issues due to
the misspecification of the latent structural matrix Q; in contrast, the new ADG-EM
algorithm is able to take a misspecified Q as an initial value and then iterates towards
convergence to the correct Q and attribute hierarchy with high accuracy. As about
algorithmic robustness, our proposed algorithm is not limited to an identifiable model
and can generally be applied to any HLAM where both Q and attribute patterns
are unknown. If, however, the model does not satisfy the proposed identifiability
conditions, then the strongest possible identification argument for any estimation
method would be partial identifiability (Gu and Xu, 2020a). In this case, the proposed

algorithm can still be applied to estimate those parameters up to partial identifiability.

This chapter focuses on basic types of HLAMs that have two item-specific param-
eters per item, i.e., two-parameter models. It would be interesting to generalize the
theory and algorithm to other latent attribute models. More broadly, this chapter
makes an attempt to bridge the two fields of psychometrics and machine learning. In
psychometrics, various latent attribute models have been recently proposed, which
carry good scientific interpretability in the underlying latent structure; while in ma-
chine learning, relevant latent variable models including RBM and its extensions are
popular, which enjoy computational efficiency. This chapter sheds light on further
research that can combine strengths from both fields to analyze large and complex

datasets from educational and psychological assessments.
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APPENDIX A

Appendix of Chapter 11

This is the appendix to Chapter II and it is organized as follows. Section A.1
presents the proof of the main result Theorem II.1. Appendix A.2 gives the derivation
of Equation (2.6) in Example I1.2. Appendix A.3 presents the proof of Corollary V.1.
Appendix A.4 presents the proof of Proof of Proposition A.2. Appendix A.5 presents

the proof of Lemma A.1.

A.1 Proof of Theorem II.1

To study model identifiability, directly working with (5.9) is technically challeng-
ing. To facilitate the proof of the theorem, we introduce a key technical quantity
following that of Xu (2017), the marginal probability matrix called the T-matrix.
We first introduce two new notations, 8 = 1 — s and 8~ = g. The T-matrix
T(0",07), is a defined as a 27 x 2K matrix, where the entries are indexed by row in-

dex r € {0,1}” and column index . Suppose that the columns of 7(6™,07) indexed
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by (a!,...,a2") are arranged in the following order of {0, 1}%

al =0, a’=ey, caftl =ep, af P =e 4 ey, aFP =€ +es, ...,
K

o2 = Zek =1,
k=1

where 0 denotes the column vector of zeros, 1 denotes the column vector of ones, and
e, denotes a standard basis vector, whose kth element is one and the rest are zero; to
simplify notation, we omit the dimension indices of 0,1 and e;’s. Similarly, suppose
that the rows of T(6%,07) indexed by (v!,...,72") are arranged in the following

order

J+1 J+

2 J+3
=e;, r’P=e +ey /T

r"=0r’=e, ..., 7

J
2/ _
r —E ej—l.
j=1

=e; t+es, ...,

The r = (ry,...,7;)th row and ath column element of T(0",07), denoted by
tra(07,07), is the probability that a subject with attribute profile @ answers all
items in the subset {j : 7; = 1} positively, that is, t,4(07,07) = P(R = 7 |
Q,07,07, ). When r = 0, t9,(07,07) = P(r = 0) =1 for any o. When r = e;,
for 1 < j < J, te;a(07,607) = P(R; =1|Q,07,0, ). Let T,,.(67,67) be the
row vector in the T-matrix corresponding to . Then for any r # 0, we can write
T,..(07,07)= Ojirymr Ty (0",07), where ® is the element-wise product of the row
vectors.

By definition, multiplying the T-matrix by the distribution of attribute profiles p

results in a vector, T(0",07)p, containing the marginal probabilities of successfully
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responding to each subset of items positively. The rth entry of this vector is

T,.07,0)p= Y ta07.0 )pa= > PR=7[Q,0"60  a)pa

ac{0,1}K ac{0,1}X

=P(R>7r|Q,0%,67,p).

We can see that there is a one-to-one mapping between the two 2/-dimensional vec-
tors T(0",07 )p and (P(R =r|Q,07,0",p): re{0, 1}‘]). Therefore, Definition

1 directly implies the following proposition.

Proposition A.1. The parameters (81,0~ p) are identifiable if and only if for any

(67,67 ,p) # (6%,07,p), there exists 7 € {0,1}7 such that
T, .(0%,0 )p+T,..(07,0)p. (A1)

Proposition 1 shows that to establish the identifiability of (87,07, p), we only
need to focus on the T-matrix structure.

The following proposition characterizes the equivalence between the identifiability
of the DINA model associated with a ()-matrix with some zero g-vectors and that
associated with the submatrix of () containing all of those nonzero g-vectors. The

proof of Proposition A.2 is given in the Supplementary Material.

Proposition A.2. Suppose the Q)-matrix of size J x K takes the form

where ()’ denotes a J' x K submatrix containing the J’ nonzero g-vectors of @), and
0 denotes a (J — J') x K submatrix containing those zero g-vectors of (). Then
the DINA model associated with @ is identifiable if and only if the DINA model

associated with @)’ is identifiable.
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By Proposition A.2, without loss of generality, in the following we assume the
(Q-matrix does not contain any zero g-vectors and prove the necessity and sufficiency

of the proposed Conditions 1 and 2.

Proof of Necessity The necessity of Condition 1 comes from Theorem 3 in Xu
and Zhang (2016). Now suppose Condition 1 holds but Condition 2 is not satisfied.
Without loss of generality, suppose the first two columns in @Q* are the same and the

@ takes the following form

Q= [t s (A.2)

JXK

where v is any binary vector of length J — K. To show the necessity of Condition 2,
from Proposition 1, we only need to find two different sets of parameters (8,07, p) #

(3,g,p) such that for any r € {0,1}7, the following equation holds

T, (07,6 )p="T..(0",0 )p. (A.3)

)

We next construct such (7,07, p) and (9+, 0 ,p). We assume in the following that
6" = 0" and 0; = 0; for any j > 2, and focus on the construction of (6,0, ,p) #
(07,05, p) satisfying (C.22) for any r € {0,1}’. For notational convenience, we write
the positive response probability for item j and attribute profile ¢ in the following
general form ;o := (6;)%=(6;)'%=. So based on our construction, for any j > 2,
e = 0j.cr-

We define two subsets of items Sy and S; to be
So={J:¢j1 =2 =0} and Sy = {j : gj1 = ¢j2 = 1},
where Sy includes those items not requiring any of the first two attributes, and S}
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includes those items requiring both of the first two attributes. Then since Condition
2 is not satisfied, we must have SoUS; = {3,4, ..., J}, i.e., all but the first two items
either fall in Sy or S;. Now consider any a* € {0, 1}572, for any item j € Sy, the four
attribute profiles (0,0, a*), (0,1, a*), (1,0,a*) and (1,1, a*) always have the same
positive response probabilities to j, and for any j € Si, the three attribute profiles
(0,0,a*), (1,0, *), (0,1, a*) always have the same positive response probabilities to

7. In summary,

05,0004 = 05, 01,00) = 05, (1.0,0) = 0, 1,1,0+)  for j € Sp;

(A.4)
05, 0,0,0*) = 0, 0,1,07) = 05,100) < 05, 1,1,0+) for j € 5.

For any response vector r € {0,1} such that rs, := (r; : j € S1) # 0, namely
r; = 1 for some item j requiring both of the first two attributes, we discuss the

following four cases.

(a) For any r such that (r1,72) = (0,0) and rg, # 0, from (A.4) and the definition

of the T-matrix, (C.22) is equivalent to

Z{ [ H 0;, (0,0,a*):| [p(o,o,a*) T P(0,1,0) +P(1,o,a*)]+

o* j>2:r;=1
H 9j7(171,a*)}p(1,1,a*)}
j>2:r;=1
- Z{ |: H é]: (0,0,a*):| [p(o,o,a*) +ﬁ(0,17a*) +p(1’07a*)j|
a* J>2:r5=1
+ [ H éja(l,l,a*)]ﬁ(l,l,a*)}
j>2:7’j:1
- Z{[ H 0;, (o,o,a*)} [B0,0,0%) + D(0,1,0%) + D(1,0.0)]
o* J>2:r5=1
+ [ H 9j,(1,1,a*)]P(1,1,a*)},
7>2:ri=1
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where the last equality above follows from 0, o = éJ}a for any 7 > 2. To ensure
the above equations hold, it suffices to have the following equations satisfied for
any a* € {0, 1}5-2

Pa,a*) = P@A,1,a%); (A 5)

D(0,0,a*) t P(1,0,a%) T P0,1,0*) = D(0,0,a*) T P(1,0,a*) T D(0,1,a*)-

(b) For any r such that (ry,r2) = (1,0) and rg, # 0, from (A.4) and the definition

of the T-matrix, (C.22) can be equivalently written as

Z{ [ H 0;, (O,D,a*)] [91 (P0,0.07) + P(0,1,0)) + (1 = Sl)p(l,o,a*)}

a* j>2:r;=1
+ [ H 919(171,04*)} (1 - Sl)p(l,l,a*)}
7>2:r;=1
- Z{ [ H 6]» (0,0,a*)] [gl (ﬁ(0,0,a*) +ﬁ(0717a*)) + (1 — Sl)p(l,O,a*)}
o* j>2:r=1
+ [ H ej,(l,l,a*)} (1— 81)?(1,1,a*)}-
j>2:r;=1

To ensure the above equation holds, it suffices to have the following equations

satisfied for any a* € {0,1}52

(

P@a,1,a%) = P(1,1,a%)5
91[P©0.ar) T Po1a)] + (1= 81)P10,ar) = (A.6)

G1P0,0,a%) + Po,1,a%)] + (1 = 51)D(1,0,0%)-

(c) For any r such that (ri,r2) = (0,1) and rs, # 0, by symmetry to the previ-

ous case of (ry,r) = (1,0), when the following equations hold for any a* €
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{0,1}%72 equation (C.22) is guaranteed to hold

(

Pa1,a%) = PA,1,a%);

32[P0,0,a%) + P1,0,a)] + (1 = 52)D0,1,0) = (A7)

G2[D0,0,0%) + P1,0,0%)) + (1 = 52)P(0,1,0%)-

(d) For any 7 such that (ry,r2) = (1,1) and rg, # 0, similarly to the previous cases,

equation (C.22) can be equivalently written as

Z{ [ H 0, (0,0,04*):| [9192p(0,0,a*) + (1 = 51)g2p(1,0,0%) + 91(1 — 82)17(0,1,04*)}

o* 7>2:r;=1

T { 11 Qj,(l,l,a*ﬂ (I—s1)(1— Sz)p(l,l,a*)}

j>22 7"]':1

= Z{ [ H 0; (0,0,a*)} (G132P0.0,0) + (1 — $1)G2D(1,0,0%) + G1(1 = $2)D(0.1,0]

a* j>2:r;=1

+ [ H 93-7(1,1,0*)} (1—s1)(1— 32)13(171@*)}.

j>2:r;=1

To ensure the above equation hold, it suffices to have the following equations

hold for any a* € {0,1}%2

P1,a%) = P(1,1,a%);
\ 9192P0,0,0%) + (1 = 51)g2p1,0,a%) + 91(1 = 52)P(0,1,0%) (A.8)

= §1G2P(0,0,0*) + (1 — 51)92P(1,0,0+) + 91 (1 — 52)D(0,1,0%)-

We further consider those response vectors with rg, = 0. A similar argument
gives that, to ensure (C.22) holds for any r with rg, = 0, it suffices to have equations
(A.5)-(A.8) hold. Together with the results in cases (a)-(d) discussed above, we
know that equations (A.5)—(A.8) are a set of sufficient conditions for (C.22) to hold

for any r € {0,1}7. Therefore, to show the necessity of Condition 2, we only need
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to construct (g1, go, P) # (g1, g2, P) satisfying (A.5)—(A.8), which can be equivalently

written as, for any a* € {0,1}72 pa1.a+) = P(1,1,a+) and

P(0,0,e) T P(1,0,0%) T P(0,1,a%) = P(0,0,) T D(1,0,0*) T P(0,1,a%);

91lP0,a) + Po,1,69] + (1 = 51)P@0,a0)
= 01[P0,0,a%) + D0,1,0)] + (1 = 51)D1,0,0%);

G2[P0,0,a%) + P00y + (1 = 52)P(0,1,0%) (A.9)
= 32[D(0,0,0*) + P(1,0,0%)] + (1 = 52)P(0,1,0%);

G192000,0,0%) + (1 = 81)g201,0,a%) + 91(1 — 52)P(0,1,0%)

= 0192D0,0,0+) + (1 = 51)G2P(1,0,a%) + G1(1 — 52)P(0,1,a%)-

To construct (g, o, P) # (g1, g2, P), we focus on the family of parameters (07,07, p)

such that for any a* € {0,1}572,

Polar) u and P(1,0,a%) _

P(0,0,a%) P0,0,a*)

where u and v are some positive constants. Next we choose p such that for any

a*€{0,1}52

B _ o PO1,0%) D(1,0,a%)
Pat,a) = P(,1,a%),  P0,0,ar) = P P0,0,a%), = = U, and ————=
P(0,0,a%) P0,0,a%)

:17’

for some positive constants p, u and v to be determined. In particular, we choose p
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close enough to 1 and then (A.9) is equivalent to

(14+u+v)=p(l+u+0);

gl+u)+ (A =s)v=p[g(l+a)+(1—s)0];

g2(1+0) + (1 = s2)u=p [ G2(1+0) + (1 = s2)u ;

G192+ g1(1 —s2)u+ (1 —s1)gov =p [ 192 + G1(1 — s2)u+ (1 — s1)g20 |.
(A.10)

For any g1, g2, s1, S2, u and v, the above system of equations contain 5 free parameters
p, U, U, g1 and gy, while only have 4 constraints, so there are infinitely many sets of
solutions of (p,u,v, g1, g2) to (A.10). This gives the non-identifiability of (g1, g2, P)

and hence justifies the necessity of Condition 2. ]

Proof of Sufficiency It suffices to show that if T(0%,0 )p = T(9+,9_)13, then
(01,07 ,p) = (éJr, 0 ,p). Under Condition 1, Theorem 4 in Xu and Zhang (2016)
gives that s = s and g; = g; for j € {K +1,...,J}. It remains to show g; = g;
for j € {1,..., K}. To facilitate the proof, we introduce the following lemma, whose

proof is given in the Supplementary Material.

Lemma A.1. Suppose Condition 1 is satisfied. For an item set S, define Vhesq,,
to be the vector of the element-wise mazimum of the q-vectors in the set S. For any
ke {l,...,K}, if there exist two item sets, denoted by S, and S;, which are not

necessarily nonempty or disjoint, such that

_ _ T
gn = gn for any h € Sy UST, and Ve @ — Vies-an = € = (0, < 0),
column k

(A.11)

then gr = .

Suppose the @Q-matrix takes the form of (2.1), then under Condition 2, any two

different columns of the (J — K) x K sub-matrix Q* as specified in (2.1) are distinct.
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Before proceeding with the proof, we first introduce the concept of the “lexicographic
order”. We denote the lexicographic order on {0,1}7~% the space of all (J — K)-

dimensional binary vectors, by “~<i”.

Specifically, for any A = (ay,...,a;_k)',
b= (b,....,b; k)" € {0,115 we write A <y b if either a; < by; or there exists
some i € {2,...,J — K} such that a; < b; and a; = b; for all j < ¢. For instance,

the following four vectors Ay, Ay, Az, Ay in {0,1}? are sorted in an increasing lexico-

graphic order:

0 0 1 1
A= <lex Ag = <lex Az = <lex Ay =
0 1 0 1
It is not hard to see that if the K column vectors of the submatrix Q* are mutually
distinct, then there exists a unique way to sort them in an increasing lexicographic
order. Thus under Condition 2, there exists a unique permutation (kq, ks, ..., kx)
of (1,2,..., K) such that column k; has the smallest lexicographic order among the
K columns of Q*, column ks has the second smallest lexicographic order, and so on,
Le, Qg <ex @1 g, <lex -+ <lex @1, As an illustration, consider the leftmost

@-matrix presented in Example 1, Equation (2.4):

I3
110
Q=110 1],
11 1
11 1

then the permutation is (ki, k2, k3) = (3,2,1), since the third column of @* has the
smallest lexicographic order while the first column has the largest. Recall that we

denote A > b if a; > b; for all i, and denote A % b otherwise. Then by definition,
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if A <jex b, then A i b must hold. Therefore for any 1 < ¢ < 57 < K, since
Q. <lex Q. k;, we must have Q. g, 7 Q. k;- This fact will be useful in the following
proof.

Equipped with the permutation (ki, ..., kx), we first prove gy, = gi,. Define a
subset of items

S, =17 > K : g =0},

which includes those items from {K + 1,...,J} that do not require attribute k.
Since (7 4, is of the smallest lexicographic order among column vectors of @, for any
ke{l,...,K}\{k}, we must have Q% , £ Q% , . Thus, for any k € {1,..., K}\{ki}
there must exist some item j, € {K +1,...,J} such that ¢;, , =1 > 0 = ¢j, ks
which indicates that the union of the attributes required by items in S;  include all

the attributes other than £y, i.e

Vhesk—l% = (1, \0/ 1)
column &y
We further define S = {K +1,...,J}. Since S, and S satisfy conditions (A.11)
in Lemma A.1 for attribute ky, we have gx, = gy, -
Next we use the induction method to prove that for [ = 2,..., K, we also have
9k, = Jr,- In particular, suppose for any 1 < m <[ — 1, we already have g, = G,
Note that each k; is an integer in {1,..., K} that can be viewed as either the index

of the k;th attribute or the index of the k;th item. Define a set of items
Su=1/>K ¢, =0} U{kn:1<m <11}, (A.12)

where the set {j > K : g;, = 0} contains those items, among the last J — K items,
which do not require attribute k;; while the set {k,, : 1 < m < [ — 1} contains

those items for which we have already established the identifiability of the guessing
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parameter in steps m = 1,2,...,l — 1 of the induction method, i.e., gk, = g, for
m =1,...,0 — 1. Thus for any item j € S, , we have g; = g;. Namely, S, includes
the items whose guessing parameters have already been identified prior to step [ of

the induction method. Moreover, we claim

Vhes, an = (1, 0 .1). (A.13)
column

This is because for any 1 < m < [—1, the item k,,, whose g-vector is e,:m, is included
in the set S and hence attribute k, is required by the set S;_; on the other hand, for
any h € {{+1,..., K}, the column vector Q7 1, 1s of greater lexicographic order than
Q% , and hence there must exist some item in S that does not require attribute k;
but requires attribute kj,. We further define S,; ={K +1,...,J}. The chosen S
and S, satisfy the conditions (A.11) in Lemma A.1 and therefore g, = gy,

Now that all the slipping and guessing parameters have been identified, (0,07 )p
T(0",07)p=T(0%,07)p. Then the fact that T(87,67) has full column rank, which
is shown in the Proof of Theorem 1 in Xu and Zhang (2016), implies p = p. This

completes the proof. O

A.2 Derivation of Equation (2.6) in Example II.2

In Example 2, we claimed that, given the ()-matrix in the following form where
there are Jy items with g-vectors being (0,0) and J — 2 — J; items with g-vectors

being (1,1),
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I
0 0
Q=10 o .
11
11

Jx2
to construct (9+, 0" ,p) # (67,07, p) satisfying Equation (5.9) where 3 = s, g; = g;
for all j =3,...,J, and pa,1) = p(1,1), it suffices to ensure the Equations (2.6) hold.
Now we prove this argument. Following the proof of the necessity of Conditions
C1 and C2 in the Appendix, we can obtain the following equations in (A.14) from
Equations (A.9) in the main text by replacing (o, ag, @*) in (A.9) with (aq, az) here,
since in this case there are only two attributes. And similarly we have the conclusion

that Equation (5.9) holds as long as Equations (A.14) hold,

¢

P(0,0) T P(1,0) T P0,1) = P0,0) + P1,0) + Po,1);

91[P0,0) + Po,y) + (1 = 51)pa,0) = §1[P,0) + Po.ny] + (1 = 51)D(1,0);
92[P,0) + P,0)) + (1 = 52)p0,1) = G2[Pr0,0) + Pa,oy] + (1 — 52)P(0,1); (A.14)
G192000,0) + (1 = 51)g2p(1,0) + 91 (1 — 52)D(0,1)

= §1G2P(0,0) + (1 = 51)G2D(1,0) + 91 (1 — 52)D(0,1)-

Adding pa 1y to both hand sides of the first equation in (A.14), adding (1 — s1)p(1,1)
to the second equation, adding (1 — s2)p(,1) to the third equation and adding (1 —

s1)(1 — s2)p(1,1) to the last equation, we exactly obtain (2.6) in Example 2.
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A.3 Proof of Corollary V.1

When the identifiability conditions are satisfied, the maximum likelihood estima-
tors of 9+,9_, and p are consistent as the sample size N — oo. Specifically, we

introduce a 27-dimensional empirical response vector

where elements of « are indexed by response vectors arranged in the same order as
the rows of the T-matrix. From the definition of the T-matrix and the law of large
numbers, we know v — T(6%,07)p almost surely as N — oco. On the other hand,
the maximum likelihood estimators 87,07, and P satisfy v — T(@Jr,é_)foH — 0,

where || - || is the Ly norm. Therefore,
IT(6%.67)p—T(6",0 )p| 0

almost surely. Then from the proof of Theorem II.1, we can obtain the consistency

result that (6*,5*,13) — (07,07, p) almost surely as N — oo. ]

A.4 Proof of Proposition A.2

Consider a (Q-matrix of size J x K in the form

Q= , (A.15)

where @)’ is of size J' x K and contains those nonzero g-vectors of (). Recall from the

model setup in Section 2 of the main text, for any item j € {J'+1,...,J} which has
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q; = 0, the guessing parameter is not needed by the DINA model and for notational
convenience, we set g; = g; = 0, so the slipping parameter s; is the only unknown
item parameter associated with such j. Taking the response pattern r = e; for any

item j € {J'+1,...,J} in Equation (C.22) gives

Te,.(0%,67)p=(1—s;) Z Pa = (1—35;) Z fo =T, .(6",07)p,
ac{0,1}¥ ac{0,1}¥
then since > cro13x Pa = Dacqo1yx Pa = 1, we have s; = §; for any j € {J' +
1,...,J}
Now denote 8’ = (s1,...,87), 9 = (g1,...,9,) and similarly denote 8, g’. De-
note the 27" x 2K T-matrix associated with matrix Q" by 77(s’,g’). For any re-
sponse pattern » = (ry,..., 7y, 7y41,...,75) € {0,1}7, denote ' = (ry,...,7r;) and

(r',0) = (r1,...,7y,0,...,0) of length J; then we have

L (07.07)p = {Tiro). (070 )p} [T (1= 5" = {7007 g} [T (1= 5.

T"‘;'(0+7g)

b
I
—
~
3
e
K |
=
g
|
QCIJ
I
—
=
s
—_
|
kSID

Using the above equalities, by Proposition A.1, we have the following equivalent

arguments,

(01,07, p) associated with @ are identifiable,
— V(0,6 ,p)#(0,07,p), Ir e {0,1} such that T, .(67,0 )p £ T,.(0",0 )p,
= V(07.07.p)#(07.67.p), Ir' € {0,1}” such that T}, (6", g')p # T} (67 )P,

— (0" g',p) associated with Q' are identifiable.

Therefore we have shown identifiability of DINA associated with @ in the form of
(A.15) is equivalent to that of DINA associated with submatrix @ in (A.15) and the

proof of the proposition is complete.

176



A.5 Proof of Lemma A.1

To facilitate the proof of the lemma, we introduce the following proposition, which
is from Proposition 3 in Xu and Zhang (2016). We first generalize the definition of
the T-matrix. For any © = (z1,...,2;)! € R and y = (y1,...,y;)" € R, we still
define the T-matrix T'(x,y) to be a 27 x 2K matrix, where the entries are indexed
by row index r € {0,1}’ and column index «. For any row indexed by e; with
Jg=1,...,J, welet te, o(x,y) = (1 — :Ej)gjﬁayjl-fgj""; for any r # 0, let the rth row

vector of T'(x,y) be T, . (x,y) = © Te. .(x,y).

j:TjZI €,

Proposition A.3. If (0,07 )p = T(é+, 0 )p, then forany 8 € R, T(07—0,0~ —
Op=T(0" —0,00 —0)p.

Let G be the set of items whose guessing parameters have been identified in the
sense that g; = g;, for any j € G. Let G° :={1,..., J}\G be the complement of G.

Note that {K +1,...,J}US; US; C G. Define
0= Z(l — Sj)Cj + Zgjej. <A16)
jeGe jeG

Denote T' := T(0" = 1,g = 0) and denote the (r,a)-entry of T by t, 4, then by

definition,

tro= [] 179071790 = (o= q; Vj st 7y = 1), (A17)

Jirj=1

where I(-) denotes the indicator function. Proposition B.2 implies that T;..(0" +
0,9—0)="T,.0"+6,0 —0)p for O defined in (A.16). We use ;4 to denote the
positive response probability of attribute profile o to item j, ie., 0, =1 — s; for o

such that a = g, and 60; o = g; for a such that « * q;. For any response pattern r
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such that r; = 0 for all j € G°,

T..6" 0,60 —0p= > pa]][llia—91" [[6ja— (15"

ac{0,1}X jeG jeGe

= Z Pa H(ej,oc - gj)rja

ac{0,1}K  jed

(A.18)

where in the above summation over e € {0,1}*, one can see that the product term
[I;cc(0ja — g;)™ is nonzero only for those a such that 0, =1 —s; > g; for all j
where 7; = 1; and when the product term is nonzero, it equals HjeG(l —s;—g;)".
Further examining those a that make the product term nonzero in (A.18), one can

find it is exactly those a such that ¢, o, = 1 according to (E.3). Noting that ¢, o can

either be 1 or 0, (A.18) can be further written as

T..0"—0,00 —0)p = Z paH(l_Sj_gj)rj

ity a=1 jeG

= Y trabe | (1 =55 —g)".

ac{0,1}K jEG

(A.19)

Following the same argument, we also have

Tr,- (3 + 079 - 9)]3 = Z tr,aﬁa H(l - Sj - gj)r'j7

ac{0,1}K jeG

then Proposition B.2 implies

Z tr.ala = Z tr.aPa, for any r such that r; =0 for all j € G°. (A.20)

ac{0,1}X ac{0,1}X

*

We then define a response vector r* = (r},...,r5)" tobe r* =37 (1 —g;1)e;, that
is, r* has correct responses to and only to those items among the set G' that do not
require the kth attribute. Let S,« denote the set of items that »* has correct responses

to, i.e., Spr = {j 1 7j = 1}. Since S;; C G and ¢;; = 0 for any j € S, we know S, is
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nonempty. Now consider the row vector in the transformed T-matrix 7'(s + 60,9 — 0)
corresponding to response vector r*+ ey, then we have that Ty« i, o(s+60,9—0) # 0
if and only if

a = q; for any item j € Sy, and oy = 0.

In other words, Ty te, a(s + 6,9 — 6) # 0 if and only if o satisfies t,« o = 1 and

trete,a = 0. This implies that

Troie,.(07 — 0,60 —0)p

(A.21)
= (gr +sr— 1) H (1—s—9;) Z (trea = tretep,a)Pa
JES* ac{0,1}X
and
TT*+ek,° (Q7 0+ - 07 é_ - 6) ‘p
_ ~ (A.22)
= (gk + Sk — 1) H (1 — 85 — g;) Z (tr*,a - tr*Jrek,a)pa-
JESpx ac{0,1}K
Note that (A.21) = (A.22) by Proposition 2.
We next show that the summation terms in (A.21) and (A.22) satisfy
Z (tr*,a - tr*—&—ek,a)pa - Z (tr*,a - tr*—&—ek,a)ﬁa 7é 0 (A23)

ac{0,1}¥ ac{0,1}K

Note r* satisfies the condition in (D.1) that 75 = 0 for all j € G°. Therefore,

Z tr*,apa = Z tr*,aﬁa' <A24)

ac{0,1}¥ ac{0,1}¥

We further consider the response vector r7* + e;. Under the conditions of Lemma 1,

there exists some item h € G such that

gnp=1land {l:qn, =1, 1#k} C U{l:qj,lzl}.

jesr*
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That is, the item h requires the kth attribute and h’s any other required attribute

is also required by some item in the set S,-. Therefore we have T« e, . = Tpeyp# .,

where r# = Y ohe sH\s- €n; in addition, since the response vector r* V r# satisfies the
J J

condition in (D.1) that its jth element (r* V r#); =0 for any j € G¢, we have

Z t'r‘*-{—ek,a *Pa = Z tr*V'r#7a " Pa

ac{0,1}K ac{0,1}K

- Z lpsvr#t o - Do = Z trtera " Da-

ac{0,1}X ac{0,1}K

(A.25)

The first equation in (A.23) then follows from (A.24) and (A.25). The inequality in
(A.23) also holds since tp« o > tpeie, o for any @ and tp- o > tpeie, o for those a
with oy, = 0 and a = g; for any item j € Sy

With the results in (A.23), we have g, = gx from the equality of (A.21) and (A.22).

This completes the proof. n
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APPENDIX B

Appendix of Chapter III

This is the appendix to Chapter III and it is organized as follows. Appendix B.1
presents the details of establishing model identifiability under ()-matrices associated
with real data. Appendices B.2 and B.3 provide the proofs of the main theoretical
results for the two-parameter and multi-parameter restricted latent class models in
Sections 3.2 and 3.3 of the main text, respectively. Appendix B.4 gives the proofs of
the results in Section 3.4 in the main text. Appendix B.5 gives the proofs of some

technical lemmas.

B.1 Identifiability under ()-matrices associated with real data

B.1.1 TIMSS Data @-matrix and its identifiability.

Table 1.2 presents the full 43 x 12 @Q-matrix QQ43x12 for the TIMSS data, which
is introduced in Example 1.6 of the main text. The -matrix was constructed by
mathematics educators and researchers and its form was specified in Choi et al. (2015).
Please refer to Choi et al. (2015) for more details about the test items and fine-
grained attributes. We next show how our theoretical results guarantee p-partial

identifiability of two-parameter models and generic identifiability of multi-parameter
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models under this (Q43x12.

p-partial identifiability. We show that the Q43«12 satisfies conditions (C1*) and
(C2*). The Q43x12 in Table 1.2 contains 9 basis items Sy.sis = {4, 8, 15, 16, 19, 24, 30,
34, 38} and the remaining 34 non-basis items. We can check that each basis item is
Snon-differentiable and conditions (C1*) and (C2*) hold. Thus Corollary III.1 implies
p-partial identifiability of the two-parameter restricted latent class models, and also

guarantees estimability of (07,07, v).

Generic identifiability. We show that the Qu3x12 satisfies conditions (C5) and
(C6). In particular, let S} = {1, 3,4, 5, 7, 8, 12, 13, 15, 17, 19, 38} and Sy = {2, 11,
16, 20, 22, 23, 24, 26, 30, 31, 33, 34}, then items in each of S; and Sy can be arranged
in a way such that the sub-@Q-matrices ; and )y take the form of (5.5), which
implies condition (C5). In addition, each attribute is required by at least one item
in (S; U S3)¢ and thus condition (C6) is also satisfied. Theorem III.7 then gives the

generic identifiability of any multi-parameter model associated with this ()-matrix.

B.1.2 Identifiability with the Fraction Subtraction Data @)-matrix.

We next show how our theoretical results guarantee p-partial identifiability of
two-parameter models and generic identifiability of multi-parameter models under

the (Qa0xs associated with the Fraction Subtraction Data.

p-partial identifiability. We apply Theorem III.2 since attribute & = 6 is only
required by two items {1, 18} and condition (C1*) is violated. Specifically, we trans-
form the original @-matrix to the form of (3.15) with v; = (0, 0,0, 1, 0, 1, 0),
vy = (0,1,0,0,1,1,0) and submatrix Q' as specified in (1.3), by first exchang-
ing the second and the eighteenth rows and then exchanging the first and the sixth

columns. The transformed Q-matrix falls into the case (a) of (B.1) in Theorem III.2,
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and it suffices to show that the (-matrix in (1.3) satisfy condition (C1*) and (C2*).
We can check that (C1*) holds for @' that attributes required by each g-vector in
Q' are repeatedly measured by at least two disjoint sets of other items. In addition,
(C2*) is satisfied because " only has one basis item Spusis(Q') = {9} and the item

J =19 is S,on-differentiable.

Qp G2 Q3 Q4 Q5 Q7 08

0 0 1 0 1 0\

2 [0
310 0o 0o 1 0 1 0]3%%
s 1lo 1 1 0 1 1 o039 9
510 1 0 1 0 1 1|FBYVaAYdo G2V
6 O 0 O 0 O 1 0 = qy, gs;
711 1 0 0 0o 1 0|9V
slo o 0 0 0o 1 0%
9lo 1 0o o o o o399 9
g—10[0 1 0 0 1 1 1|TBVaVIVd
1110 1 0 0 1 1 0 =4,V Qs q; Vg,V Q3
200 0o 0o o o 1 1|79V I7VaVdys
Blo 1 0 1 1 1 0NV D3
ulo 1 0 0o o 1 o0l39 @
1511 0 0 0O 0 1 0 =414V a5 qig
7o 1 0 0o 1 1 o0 |T%s 9
w1 1 1 0 1 1 0|29V G5V

20\o0 1 1 0 1 1 0)3%V s

Theorem II1.2 therefore gives the p-partial identifiability of the two-parameter models.
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Generic identifiability. We apply Theorem III.8 since attribute 6 is required by
only two items, item 6 and item 18. Rearranging the columns and rows of this (-
matrix to the form of (3.17) with v, = (0, 0, 0, 1, 0, 1, 0) and v, = (0, 1, 0, 0, 1, 1, 0),
we have v1 Vv, # 1k and the sub-matrix @)’ part satisfies conditions (C5) and (C6),
so Theorem III.8 gives the generic identifiability of multi-parameter Q-restricted la-

tent class models.

B.2 Proof of Main Results in Section 3.2

In this section we first introduce some technical quantities and their properties
which will be useful in later proofs, then present the proofs of the main results in
Section 3.2 for two-parameter restricted latent class models.

To facilitate the study of parameter identifiability of restricted latent class models,
we consider a marginal probability matrix T(®) of size 2/ x m as follows, where
J = |S| denotes the number of items and m = |.A| denotes the number of classes. Rows
of T(®) are indexed by the 27 possible response patterns r = (r1,...,7r;)" € {0,1}’/
and columns of T(@) are indexed by latent classes a € A, while the (r, a)th entry
of T(®), denoted by T) o(©), represents the marginal probability that subjects in

latent class a provide positive responses to the set of items {j : r; = 1}, namely
J
T’r‘,a(@) = P(R t r ‘ @, a) = HQ;?OL
j=1

Denote the ath column vector and the rth row vector of the T-matrix by 7. ,(©)
and T . (@) respectively. Let e; denote the J-dimensional unit vector with the jth
element being one and all the other elements being zero, then any response pattern r

can be written as a sum of some e-vectors, namely r = =1 €j- The rth element
rj=
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of the 27-dimensional vector T(©)p is

{T(©)p}, =T,.(@)p=> Tra(®)pa=PR=r|0)

acA

Based on the T-matrix, we have the following definition of identifiability for model
parameters (0, p), equivalent to definition (5.9) in Section 2.3 of the main text. The
equivalence of the two definitions comes from that two sets of model parameters lead
to the same marginal distribution of responses {P(R = r | ©),Vr € {0,1}/} if and
only if they lead to the same distribution of the responses {P(R = r | ©),Vr €
{0,1}'}.

Proposition B.1. Under a restricted latent class model, the model parameters are

identifiable if and only if for any (©, p) and (©, p),
T(©@)p=T(O©)p (B.2)

implies (), p) = (©,p).

Together with this equivalent definition, the following proposition, which was
introduced in Xu (2017), describes an important algebraic property of the T-matrix

and will be used in our proofs.

Proposition B.2. For any 8" = (0;,...,0;)" € R/, there exists an invertible lower
triangular matrix D(6") depending solely on €%, such that the diagonal elements of
D(6%) are all 1, and

T(® —6*1") = D(0")T(©).

Another useful property of the T-matrix is given by the following lemma, whose proof

is given in Section B.4.

Lemma B.1. Denote the T-matriz corresponding to a subset of items S by T(®g),

where Og = (00, j € S, o € A). If for an item set S, the T-matriz T of size
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|S| x m is separable, then the corresponding T-matriz T(Og) of size 2I°1 x m has full

column rank m.

Equipped with the above developments, now we are ready to prove the main

results.

Proof of Proposition II1.1 and Proposition I11.2. When © is known, by Proposition
(B.1), we only need to show that if T(®)p = T(©)p, then p = p. This directly
follows from the result in Lemma B.1 that when I' is separable, the T-matrix 7'(©)
has full column rank m.

We next prove the necessity part of Proposition III.1 that the separability of the
[-matrix is necessary for identifiability of p. Suppose I' is inseparable and consider
the representatives o 4,,..., 4, from the C equivalence classes, respectively. It
suffices to show that for any p # p, if v = v, where v = (D[aAi],z' =1,...,0)
and Vyg , ) = > o acd, Do, then T(©)p = T(O)p. Note that under the two-parameter
restricted latent class models, any two equivalence latent classes a X o have identical
item parameter vectors, i.e. .o = 0. o. This further implies 7. o(©) = 1. (O)
by the definition of the T-matrix. Let I'*? be the J x C' submatrix of I' that consists
of the column vectors indexed by a4, i = 1,...,C, and T°(©) be the corresponding

27 x C submatrix of T(©). Then if v = b,

c
T©)p=) D T.a®ba=) T.a,(®r4

i=1 acd; i=1
=TO)r=T(0)v
c
=D Toay(©a, =) Y T.al®pa=T(O)p,
i=1 i
This proves that given an inseparable I'-matrix, p is not identifiable.

Lastly, we prove Proposition III.2 that when the I'-matrix is inseparable, the

grouped proportion parameters v is identifiable. By Proposition B.1, we only need
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to show that if T(@)p = T(©)p, then v = v. From the calculation in the previous
paragraph, we know T(@)p = T*(@)v and T'(O)p = T°(O)w. Since ['*? is separable
by its construction, Lemma B.1 gives that 7°?(®) has full column rank C'. Therefore,

T(®)p = T(O)p implies v = v and v is identifiable. This completes the proof. [

Proof of Equation (3.9) in Remark II1.1. We introduce a notation first. For any set
of items S C {1,...,J}, we denote gg = Vpes q;,. To prove the first part of (3.9), it
suffices to show that under the conjunctive DINA model, (i) for any o, ey € R0
and a; # g, we have T, o, # T'. 4,; and (ii) for any a € {0,1}*, there exists
o' € RP" such that ', o =T, o

For any a, ay € R@™ | without loss of generality, we can denote a; = Vjeg,q),
and g = Vpes,q;, where S1,S2 C {1,...,J} are two different sets of items. Then by
definition, in the vector I'. 4,, the entry I'; o, = 1 if and only if 7 € S;; and similarly
in the vector I'. 4,, the entry I'; o, = 1 if and only if j € S5. Since S} # S3, we must
have the two vectors different, i.e., I'. o, # I'. o,. This proves (i). Next, for any o €
{0,1}%, we collect the items that « is capable of in the set Sq = {j € S : a = gq;},
and just define o = qg_. then clearly o' € R?". Additionally, the set of items
that o' is capable of is also Sq, so I'. o =I'. /. This proves (ii). So the first part of
(3.9) holds.

To prove the second part of (9), it suffices to show that under the disjunctive
DINO model, (iii) for any i, as € R?“™ and a; # as, we have F‘fifl =+ Fﬁlf‘;jZ;
and (iv) for any a € {0,1}%, there exists o/ € R such that Fdl‘z = th;ff,.
First, for oy, ay € R4 and a; # a, they can be written as a; = 1} — gg, and

= IIT( — qg, where 51,55 are two different item sets. Then

Tiah = I(en £ q;) = (1 — qs, £ q;) (B.3)

=13k st . gir=1, g, =0)=1(j € 51),
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and similarly F?Z;JQ = I(j € S2). Since S; # S, we have the inequalities of the two
column vectors Fih;fljl + Fc_lffle. This proves (iii). Next, for any a € {0, 1}, we define
Sy =17 € §: a < g,}, which is the set of items « is not capable of under the
disjunctive model. Define

/14T
o =1g —qg,

then clearly o’ € RP4%/, Further, similar to the derivation in (B.3), we have

disj __ . *
Dar =10 & 54),

which implies the set of items o is not capable of is also S%. This means "%/ = 1%/

., &

and proves (iv). O

In the following proofs of the results for two-parameter restricted latent class
models, for any latent class a, we use [a] to denote the I'-induced equivalence class
containing . Then by definition, with j ranging in the set of all items and [«]
ranging in the set of all equivalence classes, (0} o)) give all the item parameters of
interest while (7)) give all the grouped proportion parameters of interest, under the
framework of p-partial identifiability. In the following, when there is no ambiguity,

we write the item parameters as ©® = (0} q)); and write T*(@)v = T*(O)v as

T(C:))D = T(@)I/, for ©® = (93‘7[01])7 v = (I/[a]), and @ = (éj,[a])a v = (ﬂ[a}).

Proof of Theorem III.1. To show the p-partial identifiability, Proposition B.1 implies
that we only need to show for any (©, v) and (©, v), T(©)v = T(®) implies
(®,v) = (©,0). We prove this in two steps: in Step 1, we show the Repeated

Measurement Condition (C1) ensures identifiability of (8", 6,

on); 10 Step 2, we show

the Sequentially Differentiable Condition (C2) additionally ensures identifiability of

= (07, J € Spusis)- In both steps,

the remaining parameters (0,,.;,, V), where 0 ;

basis

we frequently use the following lemma, whose proof is postponed to Section B.4.
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Lemma B.2. Under the two-parameter restricted latent class models, Equation (C.1)

implies that 07 # 07 and 05 # 07 for any item j.

Step 1. To show identifiability of (8%,0, ) under (C1), we start with two identi-

? non

fiability results in the following two cases (a) and (b).

(a) If for item j, there exist two disjoint sets of items S; and Sz, both not containing

7, such that

C; 2Cs,, C;DCg,, (B.4)
then we have the identifiability of 9;, as proved in the following.

Define

0" = brent Y Opem

heS: me Sy
then consider the two row vectors corresponding to response pattern r* =
> hesius, €h 10 the transformed T-matrices T(© — 6°17) and T(© — 0*17),
respectively, and we have the following expressions:

Tr*,[a]((-) — 9*1T) = Tr*,[a](0+ -0, —0")

Hh651 (‘9;:_ - 8}:) HmESg (97-2 - e_r_n)7 for [a] € CSl N CS2;

0, otherwise.

T jo)(© —0°1") = Th (g (67 — 67,67 — 6%)

Hh651 (é;zr - 8}:) HmGSQ (e_jr_z - e_r_n)7 for [a] € CSl N CS2;

0, otherwise.
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Since 6" # 0, and 0;F # 0, for all h by Lemma B.2, we have

T . (67— 0,60 — 0w

:< > V[M)H@I—QDH(%—%);«AO,

[@]eCs, NCs, hesSy meSs

and similarly 75« . (67 —6,0 —0)i # 0. Therefore, Cs, C Cj, Cs, C C; together

with Equation (C.1) indicates

Tyote;,. (07 —0,07 —0)v

o+ —
J T,.(07—6,6 — 0w
Trro (07 —0,07 —0) _
_ +J’_<+ 0 0w _ + (B.6)
T .07 —0,60 —0)w

(b) If for item j, there exist another item h and an item set Sy not containing j or
h, such that
Crn 2Cj 2 Cs,, (B.7)

then we have the identifiability of 6, as proved in the following.

From the proof of (a) we can obtain the identifiability of 8, i.e., 6 = 6,
Define 8° = 6;e;,. Consider the two row vectors corresponding to response
pattern r* = e;, in the transformed T-matrices T(® —0*1T) and T(© — 6*17),

respectively, and we have

. 0, — 0, for [a] € Cg;

€h,

(0" — 67,67 —6") =
0, otherwise.

_ _ 0, — 0,7, for [a] € CF;
To(@ —0767—0)= " " "

0, otherwise.
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Moreover, we have
T, .07 —60"0" -0 \Ww="T, .0 —0.6 —0)0+0.

Since Cj C Cf, Equation (C.1) indicates

Topte; - (00 — 0,07 — O
T, .07 —6,0" —0)v
Tepte; (07 — 0,67 — )

<.

(B.9)

CT.,.67-0,6 —0w 7
With the above results in cases (a) and (b), we show that (C1) ensures the identifi-

ability of (87,0,

non) ‘

Specifically, if condition (C1) is satisfied, then for each item j,
there exist two item sets S} and Sy satisfying (B.4). Thus the result for case (a) im-
plies that the items parameters 8" are identifiable. Moreover, for any non-basis item
J, by definition there must exist an item A such that C, O C;; condition (C1) further
guarantees that there exists another set Sy not containing j such that {h} NSy = &
and C; 2 Cs,. Therefore, (B.7) is satisfied and the result for case (b) implies that ¢

is identifiable for all j € S,,,,.

Step 2. This step proves that when (C2) additionally holds, the parameter 6} of
each basis item j is identifiable. Following the definition of the sequentially expanding
procedure in (C2), we first prove that in each expanding step, 0, = é; for all j € Ssep,
namely, every item j included into the separator set through the expanding procedure
has its lower level parameter 6 identifiable. To show this, it suffices to prove the
result that if an item j is set S-differentiable and 6, = 0, , 6 = 6,7 for any h € S,
then 0, = H_j_.

If j is S-differentiable, by definition there exist two item sets SJJT, S; C S that
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are not necessarily disjoint such that Cg-\Cgs+ C C5. Define
J J

0*

I
|
>
>
®
T

and define response patterns

r*zg en, r’zg e

+ —
hes] hes;

Note that the nonzero entries of the row vectors T+ . (0" —0*,0~—0") and T,.— .(60" —

0",0~ —0") correspond to the capable classes of S;f and S}, respectively. Specifically,

[Les (67 —6). o] € Cys:

0, o] ¢ C-.

Tyr (o) (07 — 65,07 —0") =

0, ] ¢ C-.

T (6" — 67,6 —67) =

We define a linear transformation of the above vectors Tp+ . (87 — 6*,07 — 6*) and

T .07 —0°,07 —0") as

Tl gy, (07— 07,0 —0°) =T, (6" —0°,0" —0")+k -Tpi . (67 —0°,6 — 6"

where
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Since the capable classes of S;-r must also be capable classes of S}, we have

[Loo (67 —07), [a] €Co \ Cys;
T(r—+k-r+),[a](0+ — 0*7 0 — 0*) _ ]ES] j g S] S]

0, otherwise.

Under the assumption that 6, =6, , 8" = ;" for any h € S, we also have

T @ oo —ory— 1ues T (A E GGy
(r—+krt),[a] - 5 - =

0, otherwise.

Note that the condition Cy- \ Cg+ C Cf implies for any [a] € Cg-\Cg+, one must have
J J J J

[a] € C5. Since
T thort). (08 — 07,07 —0" )W =T\ jrt). (07 — 07,0 — 00 #0,

Since j ¢ (S; U S;), Equation (C.1) implies

0 — {Te]',- (9+ - H*a 0 — 9*) © T(r*-‘rk‘-r*),- (0+ - 0*7 0 — 0*)}1/
J T(,.—+k.r+)’. (9+ - 9*, 6 — 9*)1/
(T.,.(0" 0,6 —0) O T\ 14rt). (00 —0°,0° —0)}p
T shrt),. (07 — 07,07 — 0

o
where ©® denotes the element-wise product of two vectors. This proves the claim that
if item j is set S-differentiable and 6, = 0, , 0; = 6, for any h € S, then 0; = 0.
Together with the result in Step 1 and the definition of the sequentially expanding
procedure in (C2), we therefore have the identifiability of (8%,07).

With (8%,07) = (67,07, Equation (C.1) simplifies to T'(8%, 07 )p = T(0+,07)p =
0. The last part of the proof of Propositions 1 and 4 then gives the identifiability of

v. This completes the proof of the theorem. n
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Proof of Proposition III.3. For ease of discussion, in this proof we use T(6%,0 |
['(S)) to denote the T-matrix associated with any S-adjusted design matrix I'(S)
and item parameters (6%,07).

For any S-adjusted I'(S)-matrix, we define another set of item parameters 0 =

6F,....,075)and 8 = (67,...,07), where é; = 07, éj = 07 for all j € S, and

0 07,07 = 07 for all j ¢ S. We first show that the T-matrix T(é+7 6 | T(S))can

i — Y Y

be viewed as the T-matrix associated with the original ['-matrix with item parameters
(07,07), ie.,
Tra(@ .0 |T(S)=T.a(0,07|T). (B.10)

To show this, note that for any response pattern r € {0,1}”, we have

J

Tra(0,67 | T) = [T [Dialf +(1-Ts0)0;

Jirj=1

and

Tra(0,0 |T(S))

1 [l + (1= {T(S)}0)0

Jirg=1

= 11 [(1 —Ta)05 + Pj,aéj‘] < T1 [Fj,aéj +(1— Fj,a)ﬂ
jeS:r;=1 Jj¢Sr;=1

= I [0-Ta; +T5a0f | x [T [Ciaf + (0= T500;
jeS:rj=1 Jj¢Sr;=1

=TI [Fiat) + (1= Tsa)6; |
Jiri=1

=T (07,07 |T)

With the result in (B.10), to prove Proposition II1.3, it suffices to show that the
identifiability argument in Theorem III.1 still holds if the I'-induced restrictions of
the item parameters, 9]-+ > 6 for all j = 1,...,J, are replaced by the constraints

that 9; < @ for any j € S and 0; > ¢ for any j ¢ S.
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We next prove this claim. If 0;7 < 0 for some items j, the conclusion in Lemma

B.2 still holds. In particular, following the proof of Lemma B.2, if 9} < 65, then

0 = 0/pa <> OjaPa= Y Ojaba <> 0;pa=0;,

acA acA acA acA

where among the two “<” there is at least a strict “<”. This implies 0; #+ éj_ for all
J=1,...,J, and a similar argument gives ¢, # éj for all j =1,...,J. With these
results, we can check that all the needed inequalities in the proof of Theorem III.1
still hold and all the proof steps proceed with no changes. This proves the conclusion

of the proposition. O

Next we prove the identifiability results for the two-parameter Q)-restricted models.
We say a (Q-matrix of size J x K is complete for the two-parameter model, if after
some row permutation it contains an identity submatrix Zx. Under the conjunctive

model assumption, let
RQ = RQ’conj = {O;} U {Oﬂ = Vhes q : VS C S} (B.ll)

be defined as in Remark 1 of the main text. Since elements of R¥ are K-dimensional
binary vectors, they can be viewed as attribute profiles and R? C {0,1}. When
Q is complete, clearly R? = {0,1}¥. The row-union space R% has the following
two properties. First, every two attribute profiles in R% have different ideal response

vectors, i.e.

Val,ag S RQ, aq 7& o, F.7a1 = F.7a2. (Bl?)

Second, when @ is incomplete, for any attribute profile av € {0, 1}%, there must exist

some o/ € R? that has the same ideal response vector as a, i.e.
Va € {0,1}F, 3o’ € R9 such that a = o’ and T, o =T o (B.13)
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Based on the above two properties, when A is saturated, R? is a complete set
of representatives of the conjunctive equivalence classes. Similarly, we can show
ROcom? = {11 — a : a € RP} gives a complete set of representatives of the com-
pensatory equivalence classes. Therefore, this proves the claims in Remark 1 of the
main text. In the following proofs of Corollary III.1, Theorem III.2, Theorem III.3
and Theorem II1.4 for the two-parameter (Q-restricted models, when there is no am-
biguity, we will exchangeably say an equivalence class [a] is induced by the I-matrix

or is induced by the corresponding ()-matrix.

Proof of Corollary II1.1. With definitions of non-basis and basis items introduced in
(3.12) and definition of S-differentiable item introduced in (3.13), conditions (C1) and
(C2) exactly reduce to the new conditions (C1*) and (C2*) regarding the Q-matrix for
the two-parameter conjunctive model, therefore by Theorem III.1, (C1*) and (C2*)
are sufficient for the p-partial identifiability of the conjunctive models.

On the other hand, for the two-parameter compensatory model, if the Q)-matrix
satisfies the new conditions (C1*) and (C2*), then we have that '™ satisfies the
original conditions (C1) and (C2). Given an arbitrary ()-matrix, by the definition
of the conjunctive I'“* and compensatory '™  for any item j and any attribute

profile a € {0, 1}¥, we can obtain

remr =1 — F;');”_a = I(oy, = 1 for some k s.t. g;p = 1), (B.14)
where 1—a = (1—ay, ..., 1—ag). This means the two matrices [ and 1 7o —T%™?

only differ by a column permutation. Noting that conditions (C1) and (C2) do not
depend on the order of the column vectors, so if T satisfies (C1) and (C2), then
1;xc — '™ also satisfies (C1) and (C2). Then Proposition II1.3 implies the two
parameter compensatory model with design matrix I'“"" is p-partially identifiable.

]
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Proof of Theorem II1.2. Without loss of generality, we focus on the proof of the con-
clusion for the two-parameter conjunctive model, and all the arguments also hold for
the two-parameter disjunctive model, following the similar argument in the proof of
Proposition I11.3. In the following, we first present the proof of part (a), then that of

part (b.2), and finally that of part (b.1).

Proof of part (a). Without loss of generality, assume the @-matrix takes the

following form
0- 1 v |
0 @

where )’ is a submatrix of size (J — 1) x (K — 1) and v; is a (K — 1)-dimensional
vector. For any attribute profile @ = (0, aa.i¢), denote o + e; = (1, aa.i); and for
any a = (1, . ), denote a — e; = (0, aa.¢). Consider any valid set of parameters
(6",07,v). To prove the conclusion in (A), we next construct another set of param-
cters (87,07 ,0) # (67,07, v) but T(0%,0 )y = T(6",0 ). In particular, we set
0 =0",0 =0 for j=2,...,J, and choose ] close enough but not equal to ;.
Define

Ro={aeR?:a;=0,a > (0,v,)},

Ri={aeR: a;=1a=(0,v)},
then we can see that the two sets Ry and R, are disjoint and their elements are paired

in the sense that for any a € R, one has a + e; € R; and for any a € Ry, one has

a —e; € Ry. To construct the proportion parameters v, we set

Vo) = 1- 50 Va € Ry;

Ya) = Vo) T (1 = 5= JVlate], V¥ € Ro;

Vo] = Z?LZ? Vil Vo € Ry; (B.15)
| Vle) = Vel Va € R\ (RoURy).

For notational simplicity, denote R, = R%\ (RgUR;). Next we show that under the
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two different sets of parameters (87,0, v) and (9+, 0, ), for any response pattern

r€{0,1}7,

T,.0" —0=,00=T,.(6"—60",0)p, (B.16)

which will complete the proof. To this end, we consider two types of response patterns

r = (r1,...,ry) respectively in the following: (a) r; = 0; and (b) r; = 1.

(a) Firstly, for any = € {0,1}7 such that r; = 0, T}..(0T—07,0) = T,..(6 —6~,0),

so by our construction,

T,. 0" —0-,000="T,.(0"0—6",0)p

= Z T,q,[a](éﬁ -0, O)ﬂ[a}

a€ceR?
= Z Tr,[a](0+ - 0_7 O)E[a} + Z Tr,[a](0+ - 9_7 O>E[a}
acERy acERy
+ Z Tr7[a}(9+ -0, O)D[a]
CXERC
N oF —o0;
= Z Tr,[a](0+ —67,0) (V[a} + <1 — ﬁ) l/[a_,_el})
a€ERg 1 1
N
+ Z T (6" —67,0) g _ g el
acERy 1 1
+ Z T,n[a}(9+ -0, O)l/[a]
aER.
Z:]() + Il —|— Ic.

Note that the elements in Ry and R, are paired, and moreover, for any pair of

attribute profiles (o, & + e;) where a € Ry and a + e; € Ry, we have

Tr1a)(07 —07,0) = Ty gy, (07 —07,0) = H (0 — 07) (B.17)

Jirj=1

for any type-(a) response pattern r, namely » € {0,1}’ such that r, = 0.
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Equation (B.17) leads to

L=)Y T o —6-,0) (0"
1= Z r,[a+el]( 70) Viate]

— L
aERg 91 o 91
_ 07 — 67
— Z T, 1 (67 —0,0) <ﬁu[a+el}> :
aERg 1 1
Therefore we have
In+ 1,
07 — o7 07 — 07
= Tra(0+_070)(ya+<l_—l 1_>Vae +—11_Vae>
a;% = o GF gy ) Vieren T gi g Viae)
= Z T,.7[a](9+ —07,0) (V[a] + V[a_,_el})
aERg
= T(@ =07, 0va + > Trjw(0F —07,0)y),
aERy

aERy

where the last equality also results from (B.17). This further results in

Ip+1+1.= Z TT,[Q](OJF -0, O)V[a}

acRe

T,.07 -6~ ,0)v.
This proves that for any r such that r; = 0, Equation (B.16) holds.

(b) Secondly, consider the type-(b) response pattern, namely those r = (1,73,

..,1y). For such 7, denote r — e; = (0,rq,...,7,), then

— 1 . (éii_ - 91_) : Trfel,[a}(e—i_ - H_a 0)7 (84 t (17’01);
Tri(@ —67,0)

0, a = (1,vy),
which indicates T,,ﬁ[oc](éJr —07,0) =0 for all @« € Ry UR,. This is because for

a € Ro, a1 =0 # 1; and for o € R, (a,...,ax) 7 v1 by our definitions.
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Therefore,

T»,’V.(éJr -0, 0)1) = Z Trj[a](é+ -6, O)D[a]

acR@

= Z jﬂ'r—el,[oz]<9+ - 677 O)<9_Ir - ef)ﬂ[a]

aeR®@
ar(l,vy)

= Z Tr—el,[a](0+ - 0_7 0) (Q_f_ - 01_>D[0t]

acERy

= Z TTfel,[a](OJr - 0_7 0) (91’— - el_)y[a]

aERy

=T, .07 —07,0)v,

where our previous construction (8 —0; 7o) = (6 —07 )vjq for @ € Ry defined
in (B.15) is used to obtain the last but second equality. This proves that for

any 7 such that r = 1, Equation (B.16) holds.

Now that we have proved Equation (B.16) holds for any » € {0,1}’, we have
found two different sets of parameters (0%, 1) # (67, ) that give T(60",0 v =
T (9+, 0~ )v. This shows the non-identifiability of the parameters (67,07 ,v), and

concludes the proof of part (A).

Proof of Part (b.2). Equation (C.1) is equivalent to
T,..(®v=T,.0©)p forall r=(r,...,r;)" €{0,1}. (B.18)

The detailed form of (C.22) can be written as follows, for any r € {0,1}7,

Z H 0j,1a] * Via] = Z H éj, o] * Via] (B.19)

OLERQ T’jil aERQ Tjil

where R% denotes the row-union space of the Q-matrix @ as in (B.11). For any

attribute profile a € {0, 1}, [a] denotes the equivalence class containing a that is
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induced by Q. Let as.x denote the vector containing last K — 1 elements of a, so
a can be written as a = (aq, aa.x ) and [y, g k] represents the equivalence class a
belongs to. Recall that we use R = (Ry, ..., R;) to denote a random response vector
ranging in {0,1}7, and use A = (Aj,..., Ax) to denote a random attribute profile
ranging in the latent class space A C {0,1}¥. Denote As.x 1= (As, ..., Ak).

Under the assumptions of part (B), the @-matrix takes the following form

1 v/
Q=11 vy
0 @

For any two different equivalence classes [0, aa. ] and [1, ata. ;] where g, € {0, 1}57L,
their corresponding item parameters to any item j > 2 are the same, i.e., for any j > 2

and any au.x € {0, 11571,

P(RJ =1 | A= (1,@2;[()) = ]P)(R] =1 | A= (07a2:K)) (B20)
= ‘91}[0,042:1(]'
Therefore for any response pattern in the form r = (0,0,r3,...,7;), (B.19) for such

r can be equivalently written as

Z H 9‘7 [07a2:K] ’ (l/[07a2:K} + V[l’a2:K]) <B21)

;o
o g ERQ I>2
'rjfl

= > ] 0 0o - Poos] + Ptcs):

Qg geRQ =2

7‘]-=1

/. . .
where R? is the row-union space of @', i.e.,

RY = {05 JU{a=Vhesq, VS C{3,...,J}}.
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(B.21) involves 2772 equations with (r3,...,r;) freely ranging in {0,1}772, which
indicates that 6 [0, a0d (V[o,ap..] T V[1,a0.]) Can be viewed as item parameter and
proportion parameter associated with the model under the (J — 2) x (K — 1) sub-
matrix ’. Since the sub-matrix @' satisfies conditions (C1*) and (C2*), Theorem

II1.1 and the set of equations (B.21) lead to

vj Z 37 eja [O’QQ:K] 0_ 0(12 K]’ V[07a2:K] + V[17a2:K] = D[Ova&K] + p[l’QZ:K}'

This implies for any item j > 3, the item parameters Q;T and ¢ associated with the
original ()-matrix are identifiable.
Now consider an arbitrary response pattern r = (r1,79,73,...,7r;). We claim that

(B.19) for r can be equivalently written as

Z H 0; 10,00.x] - P(R1 > 71, Ry > 72, Agx = Qo) (B.22)

9. KE'RQ/ J>2

- Z HQ,[Oazx] (R >11, Ry > 19, Agx = aiaic),

a2: K ERQI J>2

where P(R; > r1, Ry > 19, Ao.x = aua.i) represents the probability of {R; >
r1, Ry > 1} and the attribute profile A has its last K — 1 entries being au.x under
the set of model parameters (8",07,v), while P(R, > 7, Ry > 1o, Apx = Qia.i)
represents that under model parameters (9+, 0 ,). The reason (B.19) can be equiv-
alently written as (C.32) is that, given any ag.x € R? and any item j € {3,...,J},
the positive response probability of [a1, as.x] to item j only depends on a* part,
regardless of the value of g, as shown in (B.20). Therefore the terms in 7(©),. .v
can be grouped in such a way that it becomes the summation over all the aw.x € RY,
exactly as presented in Equation (C.32).

A key observation is that, taking (r1,72) to be (0,1), (1,0), (1,1) in (C.22)

respectively, we obtain another three sets of equations expressed in the form of
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(C.32), which are exactly in the same form as (B.21) by just replacing vjgay. ]
by P(Ry > 71, Ry > 12, Askx = aug). Actually, taking (rq,75) = (0,0) gives
P(R; > 0, Ry > 0,Asx = 0a:x) = Vjg,apx]- By Theorem IIL1, this key observa-

tion results in that, for any (ry,r;) € {0,1}? and any au.x € RY,

P(Ry > r1, Ry > 19, Aok = 0a)
(B.23)

= F(Rl Z 1, R2 Z o, A2:K - QQ;K).

We will rely on (C.32) and the above equality (B.23) to proceed with the proof. Now
consider two types of combinations of row vectors of (', categorized based on their
relationships with v and v,. In the following proof, write Ry > r1, Ry > ry succinctly

as Ry = r1.0. We consider the following cases (a*) and (b*).

(a*) In this case, there exists two row vectors vy and vj, of Q' s.t. vg = vy, Vg % Vo,
and v} 7 vy, v > Va.

Consider Ay.x = vy, then vy = vy, vy # v, imply that

P(Ry.p = 712, Az = o)

¢

V[0,00] T V[1,00]5 (r1,7m2) = (0,0);

B 07 - Vowo] + 07 V10) (r1,m2) = (1,0);
0y - (Vo) + Y1,00)); (r1,m2) = (0,1);

\92_ (07 - Vo) + o - Vi) (r1,72) = (1,1).

Note that P(Ryo = 712, As.x = Qi) takes the similar form as P(Ry, >

r1.2,Ag.x = Q2. ), S0 in order to ensure (B.23) the following equations must
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hold

(

V[0,00] T V[1,00] = Y[0,00] T V[1,00]5

07 - Viowo] + 07+ Vitwo) = 01 Po,we) + 07+ Pt g

(B.24)

Oy - (Vowo) T Vitwol) = 02+ (Pj0,00] + V1,00));

05 - (07 Vjowo) + 05 Vo) = 05+ (07 Do,09) + 05 V11 ) -

V)

\

Taking the ratio of the third and the first equation above gives 6, = 6, . Sim-
ilarly, v % wvi, v = vy also imply 7 = 07. Plugging 6; = 6; back to the

second equation in (B.24) gives 6 = 6, and similarly 65 = 65 .

(b*) In case (b*), there exist two row vectors vy, v} of Q" such that vy %/ v1, vo % vo,
and v > v1, v = Va.
Consider Ag.jc = v, then vy # vy, vy 7/ vy imply that the attribute profiles

(1,v0), (0,v9) both belong to the same equivalence class [1,vg] induced by Q,

and hence
(
V[O,’Uo]7 (Th TQ) - (07 0))
07 - V[o,v0) (r1,72) = (1,0);
P(Ry = 719, Aox = vo) =
92_ : V[O,'vo]7 (Tla TQ) - (07 1))
\01_02_ . V[07U0}, (Tl, 7"2) = (1, 1)

With f(,.r),0, taking the above form, (B.23) implies §; = 6; and 6, = 6.
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Then consider Ay = vy, then v, = vy and v; = v, imply that

P(Ryi2 = 712, Ap.ic = vj)

(

V[0,00] + V[1,00]5 (r1,m2) = (0,0);
B 07 - Vo,wo] + 07 V1,00]5 (r1,7r2) = (1,0);
05 Vowo) + 05 Vv (ri,72) = (0, 1);
\01_92_ Vjowe] + 0703 - Vg, (r1,7m2) = (1,1).

With the above form of P(Ry.2 > 712, As.x = v}), (B.23) gives that

(

V[0,00] T V[1,00] = V[0,v0] T V[1,00]}
07 - Viowo] + 07 * Vitwo) = 01 * Powe) + 0+ Ut wg;

05 - Viowe] + 03+ Vit wo] = 05 * Pio.wg) + 05+ U1 o)

\W%WMWWW?WMZ%%“mm+ﬁ@me

where 0 = 0] and 6, = 0, are used. Solving the above equations gives

07 = 0] and 65 = 0.

Based on the above discussion, if @)’ contains either of the type-(a*) or type-(b*)
combinations of row vectors vy and v}, then we have 6; = 0, , 0, = 05, 6 = 0] and
65 = 05, and hence by Proposition IIL.1, the grouped proportion parameters v are
identifiable.

Note that the arguments in (a*) and (b*) above do not depend on the assumption
that vy or vy, are single row vectors of ). Actually, if there exist two disjoint sets of

items S1,S52 C {3,...,J} such that

/ / /
Vo = vh€S1 qh7 UO = \/hESQ qh7
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and the pair (vo, vy) satisfy either the type-(a*) or the type-(b*) constraint (namely
Either vy = v1, vy £ vs and v} ¥ v1, V) = va; Or vy # V1, Vo # v2 and v, = vy,
v, = v2), then the arguments in (a*), (b*) still hold, and the conclusion of partial
identifiability follows. Next we show such pair (v, v[) must exist. The item set

{3,...,J} can be decomposed as {3,...,J} := Spo U Sip U Sp2 U S12 where

500:{3§j§e]iq;%’017 q}%l]g},
Sw={3<j<J:q, = v, g, v},
See={3<j<J:q;% v, ¢ = vy},

Slg:{3,...,J}\(S@0U510U802>.

The assumption that @’ satisfies condition (C1*), implies that there exists v, € R
such that vy = vy, vy = ve. So if for i = 1,2, (a) is satisfied, then the type-
(b*) combinations of row vectors exist in @’. While if (a) is not satisfied and (b)
is satisfied, then we claim that S1g # @ and Spy # @. This is because if S1g = @,
then together with the fact that Spy = @ implied by the failure of (a), we will have
{3,...,J} = Sp2 U Si2. But this means for any item j > 3, q; = v, contradictory to
the assumption of case (b). So S1g # @ must hold, and similarly Sp2 # @ must hold.
This ensures the type-(b*) combinations of row vectors exist in ). In either scenarios,
@’ contains at least one of type-(a*) or type-(b*) combinations of row vectors, so we
obtain the identifiability of all the item parameters. Applying Proposition III.1 gives
the identifiability of the grouped proportion parameters v, which completes the proof

of part (B.2).

Proof of Part (b.1). Under the assumptions in part (B.1), the @Q-matrix takes the
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following form

1 o
Q=11 v" |- (B.25)
0 @

Since there exists a single-attribute item with g-vector being (1,0"), for any au.x €
R we have [0, as.x] # [1, aa.x], where the equivalence class notation [.] represents
that induced by the J x K @)-matrix (). Then following the similar arguments as in
the proof of part (B.2), Equation (C.22) hold as long as the following set of equations

hold

/

V0,a0.] T VLasx] = V0,a0.x] T VLask]s Vao.x € RQ/;

01 Vo.anr] T 01 VL]

= 9; ) D[Ova2:K] + 0_1+ ’ D[l7a2:K]7 va2K S RQI?
02— ) V[07a2:K] + 0;_ : V[].,QQ:K} <B26>
=0y - Vo,azc) + 0_2+ ULk Vag.x = v, asi € 'RQ/;

01_02_ V00,000 5¢] + 01"_0; " Vla0.k]

= 9;0; “V0,00.x] T éfé;r " VLo k] Vao.x = v, aax € R

Now consider a set of parameters (07,07, 1) such that Vjg.a, ] = £ V1,as.,] fOr any

Qs € R, where p is a positive constant. Setting 67 = 67, 6; =6, , 67 = 61 and

0, = éj_ for j = 3,...,J and freely choosing any valid #; which is not equal to 6},
we construct the remaining parameters (65, ) as follows. Let
(67 —61) (05 — 65)

0 = - L+ 0,
20y —0) +p(0y —0r) 7
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and for any au.x € R let

(0 —01) +p(6; —0;)
0 —br

I/[17a2:K] =

V[l,agz}(b
5[07412:}(] = V[0,00: ] + Va0 5] — D[LQQ:K]?

then by direct calculations one can check (B.26) hold. Therefore, we have found an-
other set of parameters (87,0, ) such that (87,07, 0) # (87,0, v) and T(0F, 07 )v =
T(9+, 0 )i, which shows the non-identifiability of the model parameters under the

@ in the form of (B.25). This completes the proof of part (B.1). O

Proof of Theorem II1.3. Without loss of generality, we again focus on the proof of
the conclusion for the two-parameter conjunctive models since all the arguments also
hold for the compensatory models, following the similar argument in the proof of
Proposition I11.3. Suppose condition (C1*) holds. Without loss of generality, suppose
condition (C2**) does not hold for some basis item j, and suppose that the first K
entries of the row vector g; in the ()-matrix corresponding to this basis item are 1’s

and the remaining K — K entries of q are 0’s, i.e.

columns 1,..., K1

Denote S_; = {1,...,J}\ {j}. Since j is a basis item, any item in S_; requires some

attribute not required by j, i.e.
Vhe S_;, quip=1forsomeke{K +1,...,K}.

We claim, the assumption that (C2**) does not hold for item h, implies that row
vectors of items in S_; can be arranged in a way {u,...,u;_1} such that for any

2 <i < J—1, u; requires at least one more attribute in {K; + 1,..., K} that is not
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required by Uj<s<;—1{us}. This claim is true since otherwise for some h € S_; and
So € S_;\{h}, the difference of attributes required by {h} and S; are only among
{1,..., K1}, then taking S = Sy and S;” = Sy U {h} makes (C2**) hold for item j.

In other words, for some 1 < k; < ko < ... < kj_; < K — K; we have that

W1 = Vg, Wo = Vi, ceey Wj_1 = Vg,;_q,
where vq, vo, ..., v, takes the form as follows
q: 1 -« 1100 --- -+ 0
vy R I O 0
, (B.27)
Vi_f,—1: % ==+ *x|*x x x 1 0
Vi_p, @ % o x|k x % x 1

Now we are ready to construct two different sets of parameters (8%,07, v) # (9+, (7

that give (C.1), i.e.
TO,0 )w=T(0",0)v.

Given (0%,07,v), condition (C1*) guarantees 07 = 6" and 0; = 0; for j € Snon.
Equation (C.1) holds if for another set of parameters (é+, 0, ), the following equa-

tions hold for any w; such that w; ) w; V g,

Viw;] T Vig;va;] = Viwi] T Vig;va,];

(B.28)

05 - Viwi + 07 - Vigvw = 05 - Viw + 07 Vig,van;

with any other parameter not specified in (B.28) equal to its counterpart in the

original set of parameters (8,0, v). Denote the cardinality of the set W = {w; :
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w; % w; V q;} by [W|. The set W is nonempty since 0 £ q; and 0 € W, where T’
is the [-matrix corresponding to the saturated latent class space A = {0,1}*. Note
that (B.28) involve 2|W| + 1 free parameters {6 } U{Dw,], Vjw,vq : wi € W} while
only contain 2|W)| equations, so there are infinitely many solutions to (B.28). This

proves the non-identifiability of the model parameters. O]

Proof of Theorem II1.4. First prove the claim that conditions (C1*) and (C2*) are
equivalent to conditions (C1’) and (C2') under the assumption that the Q-matrix
is complete and p, > 0 for any a € {0,1}*. Theorem 1 in Gu and Xu (2019b)
established that if ) is complete and p, > 0 for any a € {0,1}¥, then conditions
(Cl') and (C2') combined is sufficient and necessary for the identifiability of the
DINA model parameters (8%,07,p). Since (C1*) and (C2*) are sufficient conditions
for identifiability, they must imply the necessary conditions (C1’) and (C2'). In the
following we prove the other direction, i.e., conditions (C1’) and (C2') imply conditions
(C1*) and (C2*).

When @ is complete, if condition (C1’) holds that attribute k is required by at
least three items in the (Q-matrix, then for each unit vector e, as the g-vector, there
must exist two other items j; and j7 that also measure attribute k. Let S} = {ji},
i = 1,2, then S} and S} are the two disjoint item sets that satisfy condition (C1*)
that ey = g = Vies: g, = g for i =1 and 2. This shows (C1’) implies (C17).

Assume without loss of generality that () takes the form

Tk
Q= ) (B.29)
Q/
If condition (C2') is satisfied, we next explicitly construct a procedure that sequen-

tially expands the separator set Sy, until S5, = S finally, which by Theorem III.1

would establish identifiability of all the model parameters. The existence of such
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sequential procedure would ensure the Sequentially Differentiable Condition (C2*)
holds. Theorem III.1 has already established that condition (C1*) suffices for the
identifiability of all the slipping parameters, and that of the guessing parameters of
the non-basis items. Specifically for the complete Q-matrix in the form of (B.29), this
conclusion implies 0 = 0 forall j =1,...,J and 0; =0, forall j =K +1,...,J,
because any item 7 > K must be a non-basis item in the sense that there always exists
some item k € {1,..., K} such that g, = e, < g;. It remains to show the guessing
parameters of the first K items are identifiable, i.e., 6, = 6, for k =1,..., K. For
any binary vectors @ = (aq,...,ar), b= (by,...,by) of the same length, we say a is
lexicographically smaller than b, denoted by a <. b, if either a; < by; or there exists
some 2 < ¢ <[ such that a; < b; and a; = b; for all j < 7. Now that the K column
vectors of ()" are mutually distinct, there is a unique permutation (my, ma, ..., mg) of
(1,2,..., K) such that Q' <iex @\ 1y <lex -+ <lex @ Forany 1 <i<j <K,

e
since @', <lex Q. sm;» We must have Q.o * Q’,’mj. This fact will be useful in the
following proof.

We start with the initial separator set Sy, := Sy = {K + 1,...,J}. Note that
at this starting stage Ssep C Snon. We next argue that item m, is Sp-differentiable,
and further, m; is (Sp U {my, ..., m;_1})-differentiable for all : = 2,..., K. Noting

that ). ,,, is of the smallest lexicographic order among all the column vectors of the

submatrix @', define
S;Ll - {] €S : djmy, = 0}7

then Vyeg,q; equals the all-one vector under condition (C1’) while V, Simy A1 equals

the vector that is zero in the mth entry and one otherwise, i.e.,

\/hGSth = (17 R 1)a

Viesa @n = (1,1, 0 ,1,...,1),

column mq
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S0 Vhesodn — Vhesy, dh = ey, = 4. By definition of S-differentiable, this means
item m, is Sp-differentiable. Then expand the separator set by including item m; in
it, i.e. let Sgep := So U {m1}. Now further define S, = {j € Sy : Qjm, = 0} U {m},

then S, C S,p. Similarly it is easy to check

vhes.sepqh = (17 AR ]')7

Viesa, @n = (L. 1, 0 1,...,1),

column mo

and this implies item my is Siep-differentiable. The similar argument would give
that m; is (So U {my, ..., m;_1})-differentiable for all i = 2, ..., K, so the sequential
expanding procedure ends up with S, = {1,...,J} = S. Note that we start with
an initial separator set Sy that is a subset of S,,, and in each expanding step we
included exactly one more item into S, even if we might have included more (all the
items that are S.,-differentiable could be included, which can be more than one), the
fact that in our procedure S, finally equals S actually proves a stronger conclusion
than the existence of a sequential procedure described in condition (C2*), so the
Sequentially Differentiable Condition (C2*) holds. By now we have shown conditions
(C1’) and (C2') also imply conditions (C1*) and (C2*).

Since (C1’) and (C2') combined is necessary, (C1*) and (C2*) combined is also
necessary. This completes the proof of the theorem that (C1*) and (C2*) are sufficient
and necessary for strict identifiability of the two-parameter model when the Q-matrix

is complete and p,, > 0 for all & € {0, 1}, O

B.3 Proof of Main Results in Section 3.3

We introduce a useful lemma before proving Theorem III.5 and Theorem III.7,

the results of strict identifiability of multi-parameter restricted latent class models.
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The proof of the following lemma is given in Section B.4. For notational simplicity,

we denote 01 := maxa.r; =1 0j,a = Mingr, =10« in the following discussion.

Lemma B.3. For an arbitrary restricted latent class model satisfying constraints

(3.2), if Equation (C.1) holds, then for any j € S1USy and any o such that I'; o = 0,
eej,a 7é éej,la 96]',1 7& éej,a'

To prove Theorem II1.5, we also need the following lemma, whose proof is given

in Section B.4.

Lemma B.4. Under the assumptions of Theorem II1.5, for any o there exists vectors

Uy and v, such that

{’UI : T<@5'2)}a 7£ O; {’Ul ’ T(Gsz)}a’ = 07 Va! 251 «.
(B.30)

{tg T(Os)}ta #0;  {ug T(Os)tw =0, Vo' Zs, a.

(07

Proof of Theorem II1.5. Equipped with Lemmas B.3 and D.1, we prove Theorem II1.5
in the following three steps. Without loss of generality, assume Sy = {1,..., M;} and
Se = {M; +1,...,M; + My}, namely item set S; contains the first M; items and
item set Sy contains the next My items.

Step 1: Oc; .0 = gej,ao for j > M; + M.

Step 2: Oc; 0 = éeﬁa for j > My + M, and any a.

Step 3: Oe; 0 = éej’a and po = po for 1 < 57 < My + M, and any o.
Now we start the proof of the result step by step.

Step 1. Define 8* € R’ to be

0* = (861’1,...,9_

61\41 ,17

0

T
enmy+1,15 - - 78€Ml+MQ717 OJ—MI—M2> )
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and consider the row vector of the transformed T-matrix 7(® —0*1") corresponding

My +M>

tor=) 1 ‘eis
My +DMo
T. 11:/1=le/[2 ek7'(® - O*IT) — 9 Teh'(@ . 0*1T)
My Mo
= (H(eek,ao - eek,l) H(eeMleaO — eeMlel)’ OL) ,
k=1 k=1

where the last M elements of this row vector are all zero. By Lemma B.3, the first

element is nonzero, i.e.,

M1 _ M2
H(Qemao B eek,l) H(93N11+k7a0 B 93A11+k71) 7é 0.
k=1 k=1

Then similarly for parameters (@, p) we have

Tty 0 ek(@ — 0*]_T)

k=1
M1 M2
= < H(eek,ao — Oey1) H<66A11+k,a0 - 6€A41+k71)7 OX/[)
k=1 k=1
and

M1 M2

H(Qekvao - Qek,l) H(96A41+k70t0 - 0€Ml+k,1) 7é 0.

k=1 k=1

Now consider 0, o, for any j > M; + M. The row vectors of T'(© — 0*17) and

T(® — 0*17) corresponding to the response pattern r = 24:11+M2 e + e; are

STCEEY

My Mo
= (083',040 H(03k7a0 - 061@71) H(96M:1+k7060 - 03h11+k11)7 0]\—4> )

k=1 k=1
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and

_ ot
Tzi¥1 ek+ej,~(@ - 0 1 )
My s
B <9€j,a0 H<eek:0‘0 - eek,l) H(96N11+k,ao - eeM1+k,1)7 01\T/f> )
k=1 k=1
respectively. Note Equation (C.1) implies that
*1T
9 . = TZQQI-HMQ ek+6j,-(@ - 0 1 )p
e;,0a0 T My +Msgy (@ _ O*IT)p
k=1 €k,
c * P - e;,on "
TZ£21+M2 ek,.((-) - 0 ]_T)p j X0

Step 2. First consider any j € (S; U Sy)¢. For any a, define

oa = Z eeh,leh + Z e_eh,leha

heS1: Ty o=0 heS2:T'y o=0

and consider the row vector corresponding to response pattern r = ), ¢ e in the

transformed T-matrix, then we have

Thes, ena(©®@—0,17) £0 iff o =g, a,

Ty, erw(@—8a1T) 20 iff o =g

We only prove the first inequality above and the second is just similar. Note

TZhesl eh,a’<® - 001T> = H (eeh,a’ - Heh,l), (B?)l)
hESlir}ha:O
and if @' £ a, then there exists some h such that I'y o = 1, T’y o = 0 and hence

Oe,, o — Oe, .1 = 0, which makes the product in (B.31) equal to 0; while if &’ < a, then
forall h € Sy such that I', o = 0, we have I'}, o < T', o = 0 and hence 0, os —0e, 1 # 0,

so the product in (B.31) is nonzero.
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Then we use the properties of u, and v, to continue with the proof. First note

that the existence of u, and v, satisfying (B.30) only rely on the full-column-rank

property of T(®g,) and T(Os,), so for some full-rank linear transformation matrix A

there still exists some u, and v, such that

ve A T(Og,) = (0,

Ug - A-T(®s,) = (0, 1 ,0),

column

and

vl A T(Os)}a #0; {vl-A-T(Og)}e =0, V&' 2, «; (B.32)

{ul A T(O5)}a 0 {ul A T(O5)}w =0, Yo Zs, e

Now note that Ty, en. (@—04,17) can just be expressed as D(0,)-T(Os,) indicated
by Proposition B.2, so we have

{ul ) TZhesl en,* (6 - OalT)} © {’Ul ) TZ}L@SZ €h,* (9 - ealT)}

(B.33)
=(0, zo ,0), withz,#0,
1
{ul ’ TZhesl €h,* ((:) - OalT)} © {Ivl ’ TZheSQ €h,* ((:) - OalT)} (B'34)

- (07 Yo 70)7 with Yo 7é 0.
—~—

column

Note that the left hand sides of equations (B.33) and (B.34) are both row transfor-

mations of the T-matrix, namely there exists a matrix M; such that

(B.33) = M, - T(©), (B.34) = M, -T(©),
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so by Equation (C.1), we have (B.33) - p = (B.34) - p # 0. Now consider any item
J € (51US3)¢, since (B.33) and (B.34) involve rows of the T-matrices only with respect
to items included in S U Sy, Equation (C.1) further implies {T¢, o(©) ® (B.33)} -p =
{T., «(©) © (B.34)} - p, therefore we have the equality

{Te; (@) © (B33)} - p  {Te;a(©) © (B.34)} - p

(B.33) - p - (B.34) - p ' (B:35)

Note that the left and right hand sides of the above equation can be written as

Oc;.c - (B.

33) P
LHS of (B.35) = B33 p = bja
Oc,a- (B34)-p
RHS of (B.35) = “(B é4> ; P

50 Oja = 0j -

Step 3. First we prove Oe; 1 = @e].,l for any 5 € S1US;. Given «, define

0= D fe,aen

heS1: Ty o=0

Note that if for some o, I', o = 1 for all h € Sy, then 6" is defined to be the
zero vector. With 8%, the row vector corresponding to r* = Zheslehazo e, in the

transformed T-matrix takes the following form

T (© —6*1")

:( || T R | (eeh,a—eeh,l),o,...,o),
heS1: Ty o=0 heS1: Ty o=0

and satisfies that

T a(©®@—01")£0;, Twow(®—-01")=0, Va' £s o
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From previous constructions we have

and denote the value in column a of v -T(®g,) by by . Consider any j € S;US, such
that I'; o = 1, then obviously e; is not included in the sum in the previously defined
response pattern r*, because r* only contains those items that a is not capable of.

So we have
T (® - 01" © {v. - T(Og,)}

B <0T’bvva' I Cea- Geh,l),OT), (B.36)

hESI5Fh,ak =0

. >
g

column o

Trote; (© —0°17) © {v/, - T(Og,)}

= (07 by boa T] (e~ 0e,0).07). (B.37)
heS1: Ty o=0
colu‘r;na

Similarly for (@, p) we have

T (© - 01") @ {v - T(Og,)}

= <0T> H (H_eh,a - eeh,l)a 0T)7 <B38)
heS1: Ty ,a=0

Vv
column

Trete, (© —017) © {vg - T(Os,)}

= <OT7 e_ej,l : H (e_eh,a - (96,”1), 0T> (B39)

heS1: Ty ,o=0

J

Vv
column o

Equation (C.1) implies (D.8) - p = (D.10) - p, and since (D.10) - p # 0, we must also

have (D.8) - p # 0, which indicates b, o # 0. The above four equations along with
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(C.1) give that

. D.11
eej,l = Hej,a = = )

P
D.10) - p

= e_ej,a = 0_6]',1’ \V/] € Sy.

Note that the above equality 6., 1 = 0,1 holds for any e and any item j such that
['jo = 1. Therefore we have shown 0, 1 = 5%1 holds for any 7 € S; U Sy. Similarly

we also have Oc; oy = Ue; a0 In sSummary,

Oc, 0 = Oe, 000 Oe;1 = 0e,1, Vi €S US,.

For ¢ = ¢y define

0" => 0,16

heS,

then T, . ¢, (@ =61 )p=T5, _ ¢, (© — 6"17)p gives

H (eeh,ao - eeh,l)pao = H (eeh,ao - eeh,l)ﬁaoa

heSy heSy

SO Py = Paxg-
Next we show O, o = éej,a for any o and j € Sy U Sy, where I'j o = 0. We use

the induction method to show that for any a € C,
VJ € Sl U 527 ej,a = éj,cxa Pa = ﬁa' (B40)

Firstly, we prove (D.12) hold for & = aj, where a; denotes the latent class with the

smallest lexicographical order among C \ {ay}. For a = ey, define

0= > Oeaent D> Oepacen, (B.41)

hESl:Fh’alzﬂ heSleh7a1:1

then the row vectors of 7* = ), ¢ e in the transformed T-matrices only contain
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one nonzero element corresponding to column a; as follows

T (©—6°17) (B.42)
= <0T7 H (eeh,al - eeh,l) H <0eh,a1 - eeh,ao)a OT)v
hESﬂFh’al:O heSlehﬂl:l
T (© —0*1") (B.43)
- (OT’ H (éeh,al - eeml) H (gfih,ou - 96h7a0)7 0T)>
h€S1:Fh’a1=0 h€31:Fh7a1=1

and this is because for any other latent class o’ # a;, the @’ is capable of at least
one item in S that a; is not capable of. Now consider the row vector corresponding

to response pattern r + e; for j € Sy in the transformed T-matrices, and we have

Trete, (© —6°17)

= (OT, Qe]-,a ’ H (03h7a1 - th,l) H (03h7a1 - th,ao)a 0T)=

heSl:Fh,alzo heSleh7a1:1

and

Treye; .(© —6*17)

= <0T7 éej,oq ' H (éeh,al - ee}ul) H (gehyal - 96h7a0)> 0T>-

h€S1IFh’a1:0 h€S1:Fh7a1=1

The above four equations along with Equation (C.1) indicate for j € Sy we have

Similarly for j € S; we also have 0, o, = éej,al. Plugging 0c; o, = éejm into the
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equation (B.42)p = (B.43)p gives

poq = poq-

So now we have shown (D.12) holds for a = a;.

Then as the induction assumption, suppose for any given a € C, we have
Vol st o S5, a, Vi ESIUSy, beyor =0e, 00, Par = P

Recall that o’ <g, a if and only if &’ <g, . Define 8 as

0" = Z geh,leh + Z ‘geh,aoeha

hESlZFhﬁa:O h651:F}L7a21

then for r* =}, o e, we have

T’r‘*,~<® - 0*1T)p == Z t,,,*yal s P

a'Z5 o
+ H (0%,06 - 98}111) H (eeh,a - eemao) " Pa, <B44)
heS1: Ty ,a=0 heS1: Ty o=1

Tr*,'(é - 0*1T)p - Z 2Er*,oa’ 'ﬁa’

a'=Zg o
+ H (éeh,a - eeh,l) H (éeh,a - eeh,ao) . paa (B45)
heS1: Ty a=0 heS1: Ty o=1
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where the notations t,« o and t,« o are defined as

t'r'*,cx’ == H (eema’ - eeh,l) H (eeh,a - 98}1,040)’

hESliI‘hyaZO heSleh,azl
b = H (Oey.or — bey, 1) H (Oey.a = beya0)-
hESlZFh7a=0 heSleh7a=1

Note that by induction assumption we have 0, o = e, o for any o’ such that o/ <g,

a. This implies ty+ oo = tpr oo and further implies

Z tr*,a’ *Pa’ = Z Er*,a’ ‘Do -

a/jsla a/jsla
So (D.18) = (D.19) gives

H (th,a - geh,l) H (eeh,a - eeh,a()) * Pa

heS1: Ty a=0 heS1:Th,a=1 (B46)
= H (eeh,a - eeh,l) H (eeh,a - eeh,ao> ‘Pas
h63111—‘h7a:0 h651lrh7a:1

and the two terms on both hand sides of the above equation are nonzero. Now

consider any j ¢ S and similarly Theie; .(© — 0" 17 )p = Thuie, .(© — 0"17)p yields

eej,a : H (eeh,a - eeh,l) H (eeh,a - eeh,a0> * Pa

heS1: Ty o=0 heS1:Th,a=1 (B47)
= Veja - H (9@“04 - eeh,1> H (eeh:a - eemao) “Da-
heSlehya:O hGSlZFh,azl

Taking the ratio of the above two equations (D.21) and (D.20) gives
eej,a = 0_8j7a7 Vj ¢ St
Redefining r* := ZheSQ ey similarly as above we have 0, o = éej’a for any 5 € S;.
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Plug O, o = 9_817.,,1 for all 7 € S into (D.20), then we have p, = po. Now we have

shown (D.12) hold for this particular cc. Then the induction argument gives

Va € C, VJ S Sl U SQ; Hej,a = e_ej,ou DPa = Pa-

Combined with the results in Step 1 and 2, all the model parameters (©,p) are

identifiable and the proof of Theorem II1.5 is complete. m

Proof of Proposition II1.5. Without loss of generality, assume S; = {1,..., M;} and
Sy = {M; +1,..., M, + M}. Recall that Bs, = Bg, under condition (C3*). The

outline of the proof is as follows.

Step 1: Oc; 0 = Uej a0 for j > My + Mo,
Step 2: Oc; 0 = éej’a for 7 > M; + M, and o € Bg,.
Step 3: Oc; o

éeha and po = po for 1 <57 < My + My, o = g or o € Bg,.

Step 4: Oc; o éeﬁa and po = po for 1 < 7 < J and for all a.

Next we start the proof of the theorem.

Step 1. The proof is exactly the same as Step 1 of Theorem III.5.

Step 2. First consider basis latent classes o under both S; and S;. For o« € Bg,,

define

= > foaeit . Oeae

jES1:FJ"a=1 jESlipjya:[)
+ E Oc, c0€j + E Oe; 1€5,
JESH T =1 JESHT;.0=0

M1+Ma

then the row vectors r* = Zj:1 e; in the transformed 7-matrices only contain
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one potentially nonzero element, corresponding to a, as follows

T (©—6°17)

= <OT7 H (er,a — éej,ao> H (gej,a - é@j,l)

jeS1Tj,a=1 7€51:1j,a=0

< JI era—Oepa) I (Gera = bes): oT), (B.48)

je€S2:I'j a=1 J€S2:T'j,a=0

and

T,..(© — 6°17)

- <OT’ H (éej»a - éejvao) H (éej,a - éejvl)

j631:Fj7a=1 jeSl:F]—,a:O

n ) T
I Oepa—berar) II (Bepa—0e,0), 07).  (BA9)
je€S2:lj a=1 j€S2:j a=0

Lemma B.3 implies the product elements in (B.48) and (B.49) are both nonzero.
Then consider any j > M; + M, the row vector corresponding to the response

pattern r* + e; in the transformed T-matrices are

Thre, (© — 6°17)

= (OTJ 99]‘701 ’ H (9%,04 - éehﬂo) H (6%,0 - ée;“l)

heS1: Ty o=1 heS1: Ty o=0

< I Gea=bera) I era—0e0), 07),  (B50)

heS2: Ty o=1 heS2: Ty o=0
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and

Trese; . (© — 6*17)

= <0Ta 9ej,a ’ H (éeh,,a B éeh,ao) H (geh,oc - éeh,l)

h€S1:Fh7a=1 heSleh,azo
X H (Q_Eh,a B Hemxo> H (Q_Eh,a B 03}171)7 OT>' (B-51)
heSa: Ty o=1 h€S2: Ty o=0
So we have
(B.50)-p (B51)-p - ,
0o o = - 0o 0, Ya€Bs, Yj>M + M,
b« T (BA8)-p  (BA9).p e THEPsn W= A AL

Step 3. We first prove 0, 1 = 97%1 for any 7 € S1US,. Given o € Bg,, define

0 = > Oeaen

heS1: Ty o=0

then the row vector corresponding to r* = Zheslzrhazo ey in the transformed T-

matrix takes the following form

T (©—6°17)
:( | A e | (eeh,a—eeh,l),o,...,o).

heS1: Ty o=0 heS1: Ty o=0

Condition (C4*) implies that (0,7 € (S1US2)%) # (8).a0,7 € (S1US2)°) for any basis
latent class v € Bg,. So there exist a C'-dimensional vector m such that the element
in m" - T(O (s +1,+1).s) corresponding to a is 0 and the element corresponding to

ais 1, ie.,

mT'T(Q(Ml-FMQ-‘rl)ZJ) = (07*7"'a*7 1 a*u"')*)a
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and based on the conclusions of Step 2, we also have

mT-T((:)(M1+M2+1):J):(O,*,...,*, 1 ,*,...,*).

column o

By Lemma B.1 T(®g,) has full column rank C, hence there exists a vector v such

that

column o
and denote the value in column o« of vT-T(('-)SQ) by by o. Consider any j € S7US; such
that I'; o = 1, then obviously e; is not included in the sum in the previously defined
response pattern r*, because r* only contains those items that a is not capable of.

So we have

TT*7.(@ — 0*1T) O) {mT : T(®(M1+M2+1):J)} © {IUT : T((-)Sz)}

= (0T7 bv,a : H <eeh,a - eeh,1>> 0T>7 (B52)
heSth,ak:O

-~
column «

N

Troie; (© =017 ) O {m" - T(O s, 411,41:0)} © {v" - T(Os,)}

- (oT,eej,ybv,a- T (era —ee,ul),oT). (B.53)

heS1: Ty ,a=0

N J/
-

column «

Similarly for (©,p) we have

= <0T7 H (ge;“a - eeh,1>7 0T>7 (B54)
heS1: Ty ,a=0

-
column o

Toe (O = 0°17) © {mT  T(Oprsasn)} © {07 T(Os,)}

J/
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Trye; (©® =011 ) O {m" - T(Oas, 101, 41):0)} © {v' - T(Os,)}

— <0T7 9_817.71 . H (9‘%& — e, 1), OT>.

heS1: Ty a=0

[ J/
-~

column

(B.55)

Equation (C.1) implies (D.8) - p = (D.10) - p, and since (D.10) - p # 0, we must also

have (D.8) - p # 0, which indicates b, o 7# 0. The above four equations
(C.1) give that

(D.9)-p (D.11)

11)-p . .
O 1 =0 o= - — =0y =001, VjE S,
o -p (D10)-p A

along with

Note that the above equality 0., 1 = Q_ej,l holds for any a and any item j such that

['jo = 1. Therefore we have shown 0, 1 = §ej71 holds for any 7 € S; U S,

we also have Oc; oy = Ue; a0 In summary,

er’ao = 9_6].,00, Hej,l = éejJ, VJ S Sl U SQ.

For @ = ¢y define

0" = e, 1en,

heSy

then 7%, . ¢, (© — 01 )p = Ts, s e, (© — 0°17)p gives

H (eeh,ao - eeh,l)pao = H (eeh,ao - eeh,l)ﬁaoa

heSy heSt

so we also have pa, = Dayg-

. Similarly

Next we show Oe; o0 = G_Ejva for any o € Bg, and j € S; U Sy, where I'; o = 0.

Given a, define

0" = Z Oc, 1€1 + Z ey c0€hs

heS1:T'h,o=0 heS1:Th a=1
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then the row vectors of r* = ), ¢ ey in the transformed T-matrices only contain

one nonzero element corresponding to column « as follows

Ty (© —0"17") :<0T, H (Ocp.cc — Oy 1) H (O, 00 — Oy .cxo)s OT),

heS1:Th,a=0 heS1: Ty o=1

Tp.(©® —6°17) :(oT, I Cero—0en) ] Cena—Oepan): oT).

hESEFh’a:O heSl:Fh,azl
Now consider the row vectors of r 4 e; for j € Sy in the transformed T-matrices, we

have

Trete, (© —6°17)
= <0T7 eej,a : H (eeh,a - eeh,l) H <eeh,a - eeh,a())? OT)a

h€S1CFh’a:0 h65121—‘h7a:1

and

Treye; .(© —0*17)
= <0T7 éej,a : H (éeh,a - eeh,l) H (geh,a - eeh,ao)y 0T>

heS1: Ty a=0 heS1:Th a=1

The above four equations along with Equation (C.1) indicate for j € Sy we have

Similarly for a € Bg,, j € S1 we also have 0¢; o = 56].,,1. In summary, we have

Oc; 0 = Oc;ar Vo€ Bs,, Vj€ S US,.

v

Now for o € Bg, define

0= fe,aen

heS1: Ty o=0
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then T, o e, (@ —01T)p = 15,6 e, (© — 0"17)p gives

H (th,ao - 06h71)p0¢0 + H (eeh,a - eeh,l)pa

heSy heSy
= H (96h,a0 - eeh,l)pao + H (eeh,a - eeh,1>pa7
hesS, heSy

which implies po = po. This completes the proof of Step 3.

Step 4. We use the induction method to prove the conclusions for those o ¢ Bg,.

In previous steps we already established

Pag :ﬁaoa gej,oco = 08]‘,&07 V] S {17 .- "J}7

and

Pa =Dar beja =0c;a, Yo €Bs, Vjie{l,...,J}

So as the induction assumption, suppose for any given a ¢ Bg,, we have
Pao’ = ﬁa/, Geja/ = éeja/, Va’ s.t. a' jsl (81 \Vlj S {1, ey J}

Recall that o’ <, a if and only if &’ <g, . Define 6" as that in (B.56)

0" = Z eeh,leh + Z eeh,aoehy

hESlZF}MQZO h651:Fh7a=l

then the row vector corresponding to r* = >, _ s, €n in the transformed T-matrix

takes the form

Trove; (®—01")p= > tro po (B.57)
a'Zs
+ H <eeh,a - eeh,l) H (eeh,a - eeh,ao) * Pa;
h€S1:Fh7a:0 h68121—‘h7a:1
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Trite, (O —01)p= > fpe o P (B.58)

a'Zg o

+ H (éeh,a - eeh,l) H (éeh,a - eeh,ao) . ﬁaa

heSleh,azo hES]_:thaZI

where the notations ¢, s and ¢, o are defined as

t'r*,a’ = H (th,a’ - th,l) H (th,a - eeh,ao)a

h€S1:T'h,0=0 heS1:Th a=1
brror = H (eehﬂ' - th’l) H (8%,04 - eeh,ao)‘
heS1: Ty o=0 heS1: Ty a=1

Note that by induction assumption we have 0., o = H_ema for any o' such that o’ <g,

a. This implies tp« o = pr o and further implies

Z tr*,a’ ‘Pt = Z t_r*,oc’ “Pa-

a2 o a'Zg o

So (E.12) = (B.58) gives

H (eeh,a - eeh,l) H (eeh,a - eeh,a()) * Pa

heSleh’a:() h€S1ZFh7a:1

(B.59)
= H (eeh,a - eeh,l) H (eeh,cx - eeh,ao) ‘Pa-
heS1: Ty a=0 heS1:Th a=1
Consider any j ¢ S; and similarly we have
‘gej,a : H (eeh,a - eeh,l) H (eeh,a - eeh,a0> * Pa
heS1: Ty, ,a=0 heS1: Ty o=1 (BGO)
:eej:a ' H (99;“(1 - 08;“1) H (‘96;“04 - 96}“040> " Do
heSleh,azo h65121—‘h7a:1

Taking the ratio of the above two equations gives

eej,a = e_ej,om \V/] ¢ St
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Similarly we have ¢, o = H_ej’a for any j € S1. Plug in 0¢; o = ée]-,a for all j € S
into (B.59), then we have

Pa = Pa-

This completes the proof of Proposition III.5. O]

Proof of Theorem II1.6. Without loss of generality, we show the generic identifiability
statement holds on the parameter space T

T = {(@,p) DV j, max Hj,a = min 03‘70‘ > Qj,oc’ > Qj,ao, A Fj,a’ = 0}

a:l'j o=1 a:l'j o=1

On T, altering some entries of zero to one in the ['-matrix is equivalently imposing
more affine constraints on the parameters and force them to be in a subset 7* of T.
Since Condition (C3) holds for model parameters belonging to the space 7%, the proof
of Theorem III.5 gives that the matrix 7'(®g,) has full column rank C for i = 1,2 for
(@s,,p) € T*. Note that saying the 2/ x C matrix T(®g,) has full column rank is
equivalently saying the map sending 7'(®g,) to all its (2?‘) possible C' x C' minors
Aj, Ay, AL, yields at least one nonzero minor, where Aj, Ab, ..., AL, are all
polynomials of the item parameters ®g,. Define

2154l

v=U {N{@©p eT:4i©5)=0}}.

s =1

then V is a algebraic variety defined by polynomials of the model parameters. More-
over, V is a proper subvariety of T, since the fact T'(®g,) has full column rank C for
i = 1,2 for one particular set of (@, p) € T* ensures that there exists one particular
set of model parameters that give nonzero values when plugged into the polynomials
defining V), which indicates that the polynomials defining ) are not all zero polyno-

mials.
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This implies for generic choices of (©,p) in the space T, T(®g,) has full column
rank for ¢ = 1,2. Together with the assumption that (C4) holds for I', we obtain
generic identifiability of the model parameters. This completes the proof of Theorem

ITI.6. [l

Proof of Theorem II1.7. In the following, we say some statement “generically” holds,
if the subset of the parameter space where the statement does not hold is of Lebesgue

measure zero. Without loss of generality, assume () takes the form

@1
Q = QQ >
Q’

where under the assumptions of Theorem II1.7, ()1 and ), are K x K square matrices
with diagonal elements all equal to 1. With a slight abuse of notation, for a J; x K
submatrix Q; of @, let T(Q;, ©¢,) denote the 2/ x 2K T-matrix. We consider the
saturated model where all the main effect and interaction effect terms are included in
modeling the item parameters, namely the positive response probability for attribute

profile & and item j takes the form

K K K-1
Oja = (Bj,o + Z Bjkircu, + Z Z Bj ke (@jrou) (qjur o) (B.61)
k=1 K —kt1 k=1

+ .4 Bj,leK H(qg‘k:Oék)>a
k

where f(-) is the link function, which can be the identify link, log link, or the logistic
link. Note that taking those [-coefficients of the interaction terms to be zero, one
is left with a main-effect model. Since the following arguments only rely on the
main effect coefficients, the conclusion of the theorem applies to any multi-parameter

restricted latent class model.
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First prove that under condition (C5), the T-matrices T'(Q1, ®¢, ) and T'(Q2, ©,)
corresponding to @; and Q, are both generically of full rank 2%. To show generic
identifiability, it suffices to find one specific set of item parameters © satisfying the
constraints imposed by the (-matrix that make the T-matrices T(Q1,®¢,) and
T(Q2,0¢,) have full rank. In the following we focus on 7'(Q1,®¢,) only. For
k= 1,...,K, set the k’th main effect parameter of the k’th item to be 1, i.e.,
set fBrr = 1, and all the other main effect and interaction effect parameters to be
zero, then the T-matrix T(Q1, ©¢,) now becomes exactly the same as the T-matrix

T(Zg, éIK) under the identity Q-matrix Zyx with the item parameters being

Oer0=Bro and e e = 0eo1 = Bro+ Brs for ke {1,..., K}.

Moreover, defining 8 = (fes1,- .. 0e,1)T and following a similar argument as in the
proof of Lemma B.1, we have that T'(Zx, e - é*lT) takes an botomn-left triangular
form with nonzero diagonal entries, thus Proposition B.2 gives that T'(Zg, éIK) is
full-rank. Therefore T(Q1, ©¢,) is generically full-rank. Similarly 7'(Q2, ®¢,) is also
generically full-rank.

We next show that if condition (C6) additionally holds, then any two different
columns indexed by attribute profiles a and o’ of T'(Q)’, © () are generically distinct.
For distinct o, @’ € {0,1}%, they at least differ in one attribute k. Without loss of
generality, assume aj = 1 > 0 = o). Condition (C6) ensures that there exists some
item j > 2K such that ¢;; = 1. Under the model considered here with 6, in the
form of (B.61), this implies 6, o # 6, o generically.

Next we introduce a result of uniqueness of three-way tensor decomposition to
facilitate our proof. Following Kruskal (1977), the Kruskal rank of a matrix is the
the largest number I such that every I columns of the matrix are independent. For

a matrix M, let ranky (M) denote its Kruskal rank. From Kruskal (1977), Rhodes
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(2010) has the following result.

Lemma B.5 (Rhodes, 2010). For a matriz M;, denote the jth column of it by m;
Given matrices M; of size s; X ¢, let the matriz triple product [My, My, M3] be an

S1 X Sg X sz tensor defined as a sum of r rank-1 tensors by

[Ml, MQ, Mg] = Z mjl X m? (] m;)’
j=1
Suppose ranky (M) = ranki (Ms) = ¢ and rankyx(Ms) > 2; N1, No, N3 are matrices
with ¢ columns and [My, My, M3] = [Ny, No, N3|. Then there exists some permutation
matrix P and invertible diagonal matrices D; with D1DyDs = Z. such that N; =

M;D;P.

Now we consider three T-matrices, T(Q1, Og, ), T(Q2, Og,) and T(Q’, © ), which
are of size 2K x 2K 2K x 2K and 272K x 25, The rows of the three matrices
are indexed by possible item combinations in the three item sets {1,..., K}, {K +
1,...,2K} and {2K + 1,..., J} respectively. We use Diag(p) to denote a diagonal
matrix with the diagonal entries being elements of p, then it is not hard to see that
T(®)p is given by the matrix triple product [T(Q1,®¢,),T(Q2,Oq,),T(Q', B¢ ) -
Diag(p)], namely the matrix triple product of the three matrices exactly characterizes
the distribution of the response vector R. Clearly if a matrix has full column rank,
then its Kruskal rank equals its rank, thus our previous arguments already established
that rank{7(Q1,0¢,)} = rankx{T(Q2,O¢,)} = 2% and rankx{T(Q',O¢/)} > 2
hold generically. Moreover, we claim ranky{7T(Q’, ®¢) - Diag(p)} > 2 also holds
generically. This is because if all the entries of p are positive, which is a generic
requirement, then multiplying the invertible diagonal matrix Diag(p) by the matrix
T(Q', ®¢) would not change the Kruskcal rank of the latter. Now apply Lemma B.5
and follow a similar argument as the proof of Theorem 4 in Allman et al. (2009), we

have the conclusion that the model is generically identifiable up to label swapping.

234



Specifically, the label swapping would happen only between those latent classes which
have identical ideal response vectors, namely the labels of a; and as could possibly
be swapped only if I'. o, = I'. o,. This is because otherwise, the constraints (2.1)

introduced by the I'-matrix would fail to hold. O]

Proof of Theorem II1.8. We first prove the conclusion of the part (a), then that of

the part (b).

Proof of (a): Without loss of generality assume the Q-matrix takes the following

form

Q- , (B.62)
0 Q*

then given any set of valid parameters (@, p), one can construct another set of model
parameters (@, p) as follows. First set all the item parameters associated items j > 2
to be the same as the true parameters for this second set of parameters. For any
o = asx € {0,1}57, choose 0; (1.01) # 01 1,0 to be any reasonable value in a
small neighborhood of 0} (1 o1). Set 0717(0@/) = 01,(0,an) and

.00

D(0,e) = P(0,) T+ (1 — m) D(1,a/)s

_ Yaan

P,y = 7 P(1,)>

T 0a,ah

then we have

P,y + P(1,0) = P0,a) T P(1,a');

51,(0,a/)25(0,a') + 51,(1,a/)25(1,a') = 01,0,a)P0,a') + 01,(1,a)P(1,0)-
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With these two equations, for any r € {0,1}/

= > I % [ei,l(o,a')ﬁ(&a’)+971"f(1,a'>15<1,a’>}

[p(o,a/) +ﬁ(1,a')} if ry = 0;

o/ €{0,1} K1 j>1imj= 61, 0,0)P(0,01) + O1,01,00P(1,0] 171 =1,

This proves the model associated with ) in the form of (B.62) is not generically iden-
tifiable, since for any valid set of true parameters there exist another set of parameters

resulting in the same distribution of the observed responses R.

Proof of (b): Part of the proof idea is similar to that of Theorem III.2. Since the
(J —2) x (K — 1) sub-matrix @' satisfies conditions (C5) and (C6), Theorem III.7
gives that, for generic choice of true parameters (®,p) in the parameter space, if

another set of parameters (0, p) satisfy T(0)p = T(©)p, then

v-] 2 3’ 9.77 (070‘2:K) = §]7 (O»QQ:K)’ p(07a2:K) +p(17a2:K) = p(07a2:K) +p(17a2:K)'

For any response pattern r = (ry,ra,73,...,7;) € {0,1}”, (C.22) for r can be equiv-

alently written as

Z 1_‘[ 9]', (0.e2:) * ]P)(Rl Z r1, R2 Z o, AZ:K - aQ:K) (B63)
a2:K€{0,1}K71 ]>2TJ:]_
B Z H 0_]" (O,a2:x) F(‘Fil 2 1, RQ 2 ra, A2:K — a2:K).

ag. g €{0,1}K -1 j>2:r;=1

Note that the difference of (B.63) and (C.32) is that R? is replaced by {0,1}%°1,

which is because when considering generic identifiability of multi-parameter Q)-restricted
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models, all the 25~ possible proportion parameters resulting from the Q' part are
generically identifiable under conditions (C5) and (C6).

Following the same reasoning as in the proof of Theorem II1.2, part (B.2), we have

P(Ry > 11, Ry > 19, Agx = aai) (B.64)

=P(Ry > 11, Ry > 19, Agie = o),

and this yields that for any o' := au.x € {0, 1}571,

.

Po,e) + P(1,a) = P(0,a) T P(1,a0');

‘91,(0,01’) *P(o,a’) + 61,(1,01’) ‘P = 9_1,(0,04’) : ﬁ(O,a’) + 9_1,(1,0/) : ﬁ(l,a’);

< 02, 0,0y " D0,y + O2,(1,0) * P(1,7) = éZ,(O,a/) P,y T éZ,(l,a/) P, (B.65)
010,01 02,0,a) * P(0,0) + 01,(1,0)02,(1,0) * P(1,0")
\ = 01 (0,0)02,(0,0) * D0,0) + O1,(1,0102,(1,0) * D(1,0)-
First we show that if there exist o, af, € {0,1}X7!, o) # ), such that
0j(ar,a0) = Ojar,a) A0 0}y 0ty = Ojarap),  Vj=1,2, Var =0,1;
(B.66)
Pa,al) — _. P(1,al)
p—(O,a’l) =851 7& So =: p—(o,aé) .
then one must have
010y = Ojarary, Vi=1,2, Va; =0,1. (B.67)
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After some transformations, the system of equations (C.40) yields

¢

(91,(0,0/) - 91,(1,0/)) : (92,(0,a') - 52,(1,0/)) * Po,a’)

= (01,00,0)) — O1,1,0)) (§2,(0,a/) - §2,(1,a’)) “P0,a');

(02,0,01) — O2,(1.0)) * P00y + (O2,01,00) — O2,(1,0)) - P10

= (92,(0,0/) - 92,(1,a/)) *P0,a)-

Under a multi-parameter model, ¢;1 = ¢21 = 1 yields that for generic parameters,
00,01 7 Q_i,(1,a/), i = 1,2, so the left (right) hand side of the first equation above is
nonzero. And obviously the right hand side of the second equation above is nonzero.

Taking the ratio of the above two equations gives

(01,00,0r) — 01,010 * (02,00.0r) — O2,(1.0))

(02,00.0) — O2,1.01) + (O2,1.00) — O2.(1.00)) * P10y /Pl0,0x)

= (91,(0,0/) - 91,(1,0/)) = f(o/).

The right hand side of the above equation does not involve any proportion parameter
p or p. So for &), o satistying (C.35), f(a'a)) = f(a)). Note that the left hand
side of the above equation involves a ratio pa /P,y depending on o'. Equality

f(a)) = f(ad) along with (C.35) imply

_ p(La/) — (1,a4)

(02,1,00) = O2,1,07)) - == (Or,a) — Oo10p) T

( 0‘1) ( ‘3‘1) p(O,a’l) ( 0‘2) ( a2) p(O,O/Z)
Pay)

= (02,1,00) — Oz (1.0 )
( 7( 7a1) 7( 7a1)) p(Oya/Q)

and

) P, D1,
(927(170/1) — 027(170/1)) . ( (1)) . ( a2)) _ 07
p((]’o‘ll) p(O,a/Q)
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then since p(1,a1)/P0,af) = 51 # S2 = P(1,a4)/P(0,a)5 DY assumption (C.35), we have

02,(1,0) — 02,(1,a1) = 0.

By symmetry of the four item parameters 6y oa), 01 (1,01, 02,0,a) and 03 (1o in
(C.40), equalities (C.36) therefore hold following a similar argument.

Next we show that under the condition of the theorem, the conclusions obtained so
far give the generic identifiability of all the item parameters associated with the first
two items, and hence proved the generic identifiability of all the model parameters.
Since v; V vy # 1, there must exist some attribute k, k& # 1, that is not required
by the first two items. Then for any item parameter 60;, corresponding to item j,
j = 1,2 and attribute profile & = (ay,ag, ..., ak), define &) = (ag,...,ak), and

o)y = (ahy, ..., ), o) = qp for any | # k and o) = 1 — ay, then
0].7(0[170”) = Hj,(al,alg) and éj,(alvall) — éj,(al,a’zﬁ \V/j = 1727 \V/O{l = 07 L.

This means we have found a # ), that satisfy the first equation in (C.35), then as
long as pi.at)/Po,al) 7# P1iay)/Po,ay) then 84 = 0. follows for j = 1,2. Since this
inequality constraint of the true parameters is a generic constraint, i.e. the parameters
not satisfying this constraint falls in a Lebesgue measure zero set of the parameter
space, the generic identifiability of all the item parameters holds. Considering the
fact 0 0,01y 7# 0j,(1,o7) generically, identifiability of the item parameters combined with
(C.40) further gives the generic identifiability of the proportion parameters p. This

completes the proof of part (b). O

Proof of Proposition III.J and Proposition II1.6. To prove Proposition II1.6, suppose

the identifiability conditions for p-partial identifiability are satisfied. We introduce a
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27-dimensional empirical response vector

N N
v = {1, N'Y I(Ri=e), -, N'Y I(Ri = e),
i=1 =1
N N 7 -
NS IR = e e, oo le[(RiEZej)} ,
i=1 i=1 j=1

where elements of v are indexed by all the [{0,1}’] = 27 possible response patterns
and they are in the same order as that of the columns of the T-matrix. First, by the
definition of the T-matrix and the strong law of large numbers, we have v — T(©°)p°
almost surely as N — oo. Second, the maximum likelihood estimators © and p satisfy
|y — T(®)D|| — 0, where | - || denotes the Ly norm. Therefore, combining these two
gives

IT(©°)° —T(®)7| — 0

almost surely as N — oo. Then since the identifiability conditions are satisfied, we
have that T(@°)v° = T(®)v indicates (©°,1°) = (,7). Therefore we obtain the
consistency result that ((:),1?) — (©°,1°) almost surely as N — oo. This proves
Proposition I11.4.

To prove Proposition III1.6, suppose the identifiability conditions for generic iden-
tifiability are satisfied. Then according to Definition IV.2 of generic identifiability,
there exists a proper algebraic subvariety V of T, such that (©, p) are strictly identi-
fiable on 7\ V, and subvariety V has Lebesgue measure zero in the parameter space.
If the true parameters (©°, p°) belong to 7\ V, then for any other valid set of param-
eters (©,p), the equalities T(@")p® = T(©)p indicate (@°, p°) = (O, p). Similarly

to the proof of Proposition II1.4 in the last paragraph, we have

|T(@°%)p° — T(®)p]| — 0
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almost surely as N — co. And the identifiability of (@°,p°) € T\ V guarantees that

((:),13) — (@, p°) almost surely as N — co. This proves Proposition II1.6. ]

B.4 Proof of Results in Section 3.4

Proof of Corollary II1.2. If the I'-matrix constructed as in the corollary is separable
and contains distinct columns, then each attribute pattern a € A corresponds to
a unique equivalence class and v = p, where v represents the grouped proportion
parameters of I'-matrix-induced equivalence classes introduced in Section 3.2. Fur-
ther, the general constraints (3.2) are satisfied for each item j. Note that the proof
of Theorem 1 only use the information that each item j has two levels of item pa-
rameters (9;, 0, which satisty (3.2), and that proof does not depend on whether each
item is specified as conjunctive (DINA) or disjunctive (DINO). Therefore Theorem
1 can be directly applied here. Given that I" is separable, conditions (C1) and (C2)
lead to strict identifiability of the model parameters (8,07, p). This concludes the

proof. O]

Proof of Corollary I11.3 (a). To prove part (a), we first point out that the I'-matrix
defined in part (a) ensures the model parameters (O, p) satisfy the general constraints
(3.2) for each item j € S. The constraint set C; is just defined as C; = {a € A :
I'jo = 1}. Then because the proofs of Theorem III.5 and Proposition III.5 do not
depend on the specific model assumption of each item, but only use the information
that the constraints (3.2) are satisfied for each j, the conclusions of Theorem III.5

and Proposition III.5 still hold in the currently considered scenario. This proves part

(a). O

Statement and Proof of Corollary II1.3 (b). We first introduce the condition (E2) needed

in part (b). For a binary vector a, we say another binary vector b of the same length
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is a unit-shrinkage of a, if b < @ and b = e, for some k. Further, for a binary matrix
(), we say another binary matrix @ of the same size is a unit-shrinkage of @), if for
each j, the jth row vector of @ is either equal to, or a unit-shrinkage of, the jth row

vector of ). The following condition (E2) ensures the generic identifiability of (©, p).

E2) There exists a decomposition of Qi = (Q. T T such that the sub-
( p mult,1’ ¥ mult,2

matrices Qpmuit1 and Q2 satisfy the following conditions.

(E2.a) There exists a “unit-shrinkage” @muzm of Qmu1 such that the matrix

I = (T%91(Quisj, A) T, T (Qonjy A) T, Fconj(@mulm,A)T) contains two

disjoint separable submatrices I'y and I's.
(E2.b) Each attribute is required by at least one item in Q2.
Before proving Corollary II1.3 (b), we use an example to illustrate how to check
its conditions (E2).

Example B.1. Consider the following ()-matrix with items 1, 4 being two-parameter

conjunctive, items 2, 5 being two-parameter disjunctive, and items 3, 6, 7 being multi-

parameter.
(0,0) (0,1) (L,0) (1,1)
conj (1 0 1 0
0 0 1 1
disj |1 1 1 1
0 1 1 1
mult |1 1 0 1
0 1 0 1
— conj |1 O H—|1 0 ™
¢ =0 =1 0 0 1 1
disj |1 1 1 1
0 1 1 1
mult |1 1 0 1
0 1 0 1
mult \1 1 1 1
0 0 0 1

Then @ is a unit-shrinkage of (), and r corresponds to @ We can see that in @ items
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1, 2, 3 give a separable I'y; items 4, 5, 6 give a separable I's; and item 7 alone forms
Qmuiti 2 Which requires both attributes. So (E2.a) and (E2.b) are satisfied and (©, p)

are generically identifiable.

PROOF OF COROLLARY III.3 (b). First consider those multi-parameter items in
the model. If item j conforms to a multi-parameter model, then by our definition
in the end of Section 1.2, it could be a main-effect model or an all-effect model.
Whichever multi-parameter model item j follows, the item parameters 6;, depend
on the main effects of those required attributes of item j, so 0, o can be written in the
form of (B.61) with some link function f. Now under condition (E2.a), since Qi 1

is a unit-shrinkage of Quiti1, We denote

S, ={j € S: j belongs to the vaum-’l part;
?jj in @multi,l is a unit-shrinkage of qj}.
Then for each j € S, there exists some k; € {1,..., K} such that gz, = qjx, = e,
We claim that the J x |.A| matrix © = (5]-701) defined as follows actually give item

parameters that form a submodel of the original model being considered.

~ J(Bjo + Zszl Bik Gk o) = [(Bjo + Bik; k), J € Suy @ € A;
00 = (B.68)

0j.cx j €S, acA

In other words, (é,p) are a valid set of parameters under the original )-matrix
and original model assumption. This is because setting all the interaction-effect
coefficients and all the main-effect coefficients in (B.61) other than {8;, : j € S.}
to zero gives (C.2). Note that for each item j with g-vector q; = ey, (C.2) actually
defines a two-parameter conjunctive model for item j, with the two levels of item

parameters being Fﬁvj* = f(Bjo + Bjx,) and 5; = f(B;0). Now we claim that given the
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© constructed in (C.2), and given the two separable matrices I'y and I'y described in
(E2.a), ©r, and O, both have full column rank.

In summary, the above reasoning from (E2.a) indicates that the two T-matrices
T(Or,) and T(Or,) are both generically full-column-rank. Combining condition
(E2.b) that each column contains at least one entry of “1” in the submatrix Qmuui 2,
a similar argument as that in the proof of Theorem III.7 gives that the entire model

is generically identifiable. m

Proof of Proposition II1.7. We introduce a useful lemma before proving the proposi-

tion.

Lemma B.6. Under a restricted latent class model with categorial responses R &

H;.Izl{O, 1,...,L; — 1}, if two sets of parameters (©°*,p) and ((:)mt,i)) satisfy
P(R|©*,p)=P(R| 0™ p), (B.69)

then for any response pattern v = (rff, ... 1) € szl{l, ..., Ly — 1} that consists
of higher-level responses (higher than the basic level-0) to all the items, we have the

following 27 equalities

Soe [T 002 =S5 IT 0%, VreHl{o,rf. (B.70)

acA ] 'rj_r] acA ] r]_rj

We now continue with the proof of Proposition III.7. Given any higher-level

H

. . H . .
response pattern 77, we can define a generalized T-matrix T of size 27 x m, with

the (7, a)th entry being

J
{T7" (@) Vo = Zpa H Hja, ’I‘GH{O,TJH
j=1

acA J rj 7‘
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Then (B.70) in Lemma B.6 can be rewritten as

" (@Y = T (0“)p. (B.71)

which has the same form as (C.1), T(©)p = T(®)p. Now consider all the proposed
sufficient conditions for strict (or p-partial, generic) identifiability in Sections 3.2
and 3.3. In those proofs, we always start with assuming (C.1) holds and then show
(©,p) = (O, p) under those sufficient conditions. In the current case of categorical
responses, under the same set of sufficient conditions as those in Sections 3.2 and 3.3,

assuming (B.71) holds leads to p = p and

(¢l )
0,2 =0,

J
Jo

Vae A, je{l,...,J},

H

for the specific #. Since r# is arbitrary, we obtain

(ry) _ plry) .
000 =0, Vaoe A, je{l,....J}, rye{l,...,L; —1}.

Jee

This further gives 95700{ =1-> 20 Hj(l)a =1->" éj(l)a = 9;00{ for any item j. By far
we have shown if (B.69) holds and the previously proposed sufficient identifiability
conditions are satisfied, then (@, p) = ((:)C&t,p) hold. This concludes the proof of

the proposition. O

Proof of Proposition II1.8. We rewrite the probability distribution function of a RBM

as
1
B(R.al),-) = —exp ( ~“R'W2% — (aV)TUa® — .. ) (B.72)
where the “ ..” part denote deeper latent layers a®, a®, etc. The conditional
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distribution of R; given a) can be written as

Q
PR, =1]a) = 1 iXSXEV(VWQ +1J2]) (B.73)

= J(W]?.a(l) + aj>,

where o(z) = €*/(1 + e*) denotes the sigmoid function. Denote the length of oV
by K;. Since a® € {0,1}%1 can be viewed as a latent attribute pattern, we denote

a) = (agl), . ’O‘gfi) and further write (B.73) as

00 = ( Z k;ak )
ks W2 #0
Now it is clear from the above display that the RBM defined in (B.72) can be viewed
as a multi-parameter main-effect restricted latent class model with J items and K;
latent attributes, with a Q-matrix resulting from the sparse bipartite structure W<.
Therefore, part (a) of the theorem follows from the generic identifiability result of
the unrestricted latent class models (Allman et al., 2009) that J > 2K; + 1 suffices
for generic identifiability of the item parameters ©, and hence W<. Also, part (b)
of the theorem holds because when () satisfies the sufficient conditions for strict or
generic identifiability under a multi-parameter restricted latent class model, the item
parameters © = (6,,) are strictly or generically identifiable. This completes the

proof of the theorem. O

B.5 Proof of Technical Lemmas in Chapter 111

Proof of Lemma B.1 (on page 185, Section B.2). Without loss of generality, assume
I'® is separable with the item set S = {1,...,J}. Define 8* = > jcsbe; . The aim
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is to find response patterns ry, ..., 7,_1 such that the corresponding row vectors
of g := 0, 71, ..., Ty in the transformed T(© — 6*17) form a m x m lower
triangular matrix with nonzero diagonal elements, which will prove the conclusion
that 7(®) has full column rank m.

Since I'® is separable and every two different column vectors of it are distinct,
without loss of generality, assume the m column vectors in the ideal response matrix
I'¥ are arranged in a lexicographic order, where the first column is an all-zero column
corresponding to the universal least capable class ag. In other words, for any 0 <

E<h<m-—1, F,‘? o, 18 of smaller lexicographical order than Ffah. In the following

k

proof denote I' := I' to simplify notations. Define response patterns 71, ..., 7,_1 to

be

J:Tj, =0
and define a sub-matrix 7% of T'(®) whose m rows corresponding to response pat-
terns ro, ry,. .., r,_1 and m columns corresponding to class profiles ag, a1, . . ., Q1.
We claim that 75“(@ —0*1T") is a lower triangular square matrix of full rank m. This
is because for any 0 < k < m—1, the row vector corresponding to 7 in 7°**(@—0*1")
is

J
©-601") = () T.,. (9 - (Zeej,lej>1T). (B.74)
j=1

5:Tj, 0, =0

For any h > k, there must exist an item j such that I'; o, = 0 and I'; o, = 1.
Existence of such 7 means that «y, is capable of at least one item not mastered by
oy, and guarantees that the ay-entry of the above row vector (B.74) is zero. We have
shown 7" (© —0*1T) = 0 for arbitrary 0 <k <h <m —1,s0 T**(® — 6"17) is

a lower triangular square matrix. Moreover, the diagonal entries are

T”f:,bak(@ - 0*1T) = H (eej,ak - 96]',1) 3& 07

j: Fj,ozk:O
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so T5"(® — 0*17) is of rank m, with the shape

' g[ (Qewao —er’l) 0 0
J€ ey
H (ae]-,ao - ee]—,l) H (Hej’al — 9617',1) “ e 0
jesal ]esal
H (er,ao - 08]‘,1) * ce H (96].,0‘7”71 — 96].,1)
jESocm—1 jesam_l

where Sq, = {j : I'ja, = 0} for i = 0,1,...,m — 1. The proof of Lemma B.1 is

complete. O

Proof of Lemma B.2 (on page 188, Section B.2). Since 9;-’ > 6 for each item j from
the definition constraints of restricted latent class models, Te, .(®)p = T, .(©)p

indicates

0 => 0/pa>> OjaPa= Y Ojaba > > 0 pa=0;,

acA acA acA acA

where among the two “>” there is at least a strict “>”. This is because the first “>”
is an equality sign only if all the latent classes are capable of item j, namely I'; o = 1
for all & € A, and in this case, > .4 G_j,aﬁa = éj > 9_]7 and therefore the second
“>" must be a strict “>”". Similarly, the second “>” is an equality sign only if all
the latent classes are incapable of item 7, and in this case, 0;’ >0 = Y aenliala
and therefore the first “>” must be a strict “>”. This proves that 6;7 > éj’ for all j,

and similarly we have 6; < éj for all 7. O]

Proof of Lemma B.3 (on page 213, Section B.3). Since the sub-matrix T'(®g,) has

full column rank m, there exists a vector m, such that
me-T(O5)=(0, _1_ ,0),
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On the other hand, Equation (C.1) implies m/, - T(®g,)p = m/, - T(Og,)p, which
further indicates the row vector m/-T(0s, ) also contains at least one nonzero element
in some column. Denote such a column by a* and the nonzero value by Z,+. Since
the sub-matrix T(g,) also has full column rank, there exists another vector mq-

such that

column o*
Again from Equation (C.1) we have that the a-th entry of the row vector n..T(®g,)

is also nonzero. We denote this nonzero value by y,. Then we have

{mg - T(05)} © {ng. - T(0s,)} = (0, ya ,0),
~—

column «

{ml ’ T(@S1)} © {nl* ’ T(@S2)} = (07 zo;: 70)'

column a*

Now consider one more row e; for an arbitrary j > M; + M, in the T-matrix, we

have
T.,.(®) ©{m, -T(0s,)} ©{nj. - T(Og,)} = (0,0, a - Ya0),
1
T.,.(©) ©{m/} -T(0s,)} © {n}. - T(Os,)} = (0,0c, o - Tas,0).
N——

column a*

The above four equations along with Equation (C.1) imply

9%‘70‘ = §€j7a*> Vj > Ml + M2- (B75)

Now that (0e;.a,j > My + Ms) = (0c;a,j > M1 + My), condition (C4) implies that

there exists a vector s, such that

Sl 'T(G(M1+M2+1)IJ) = (07*7"' ) Ky 1 , 7*7-'-7*)7
column «
Se TOnan11)0) = (0,4, %, 1 k%),

column a*
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Next redefine

0" = Z fc, 1€ and r* = Z en,

heS1: Ty o=0 heS1: Ty o=0

then we have

{85 T(@un i)} © {nl. - T(@4,)} © {Ty (O, — 6°17)}

= (O7ya H (Oep.a — 9ej,1)70);

heS1: Ty ,o=0

(. /
g

column

and

{80 TOusati1)} © {nle - T(O,)} © {The (@5, — 6°17))

- (0’ H (Ocpc0 = Oc,1), 0).

heS1: Ty ,a=0

-
column a*

(B.76)

(B.77)

Since the a-entry of (B.76) is nonzero, the a*-entry of (B.77) must also be nonzero

since by (C.1) we have (B.76) - p = (B.77) - p. Further consider row j € S; such that

I'jo = 1. Obviously e; does not appear in the summation of the previously defined

r*, so we have

{80 T(O0n11041)0)} O {nge - T(Og,)} © {Treie, (s, — 6°17)}

= (06,0t [ (Bera—6e,2),0),

hGSlSF;L’QZO

N J/
-~

column
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and

{Sl ’ T(@(M1+M2+1)¢J)} © {’I’Ll* ’ T(®S2)} © {TT*+6]'7'(®S1 - O*IT)}
_ (o,éej,a* I eej,l),o), (B.79)

heS1: Ty o=0
TV -
column a*

and therefore

(B7)-p (B79)-p = :
a1 = Oy = D o fpae, VS st Ta =1
=l T BIG) p - (BT -p o ST

Therefore for any j € Sy and any o’ such that I'; o» = 0, as long as there exists some

a such that T'; o = 1, we have 0, ; = Q_ej,a* from the above proof. Then the following

inequality holds

vj € Sla va/’ s.t. Fj,a’z[)a eej,a’ < eej,a = eej,l = eej,a* < eej,l-

Similarly we also have O, o/ < éewl for any j € Sy and T'jor = 0; and 0, 1 > éeﬁa/
for any j € S; U S; and I'j o = 0. The proof of Lemma B.3 is complete. O

Proof of Lemma D.1 (on page 323, Section B.3). We focus on T'(®g, ) first. Asshown

in the proof of Lemma B.3, for any « there exists some a*, which depends on «,

such that

S
Q*—i
P
@
2

Il
=
<H

column a*

{ml ’ T(@Sl)} © {ng* ’ T((-)Sz)} = (07 Yo
~—

column

(ml - T(05)} © {nf. - T(O)} = (0, T

column a*
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for some vectors m, and ng+. And based on these constructions we proved
er,a = g_ej,a*y Vj > My + M.
Clearly from the constructions we have

{na - T(®s,)}a #0,

then we furthermore claim that under condition (C4*), nq+ also has the following
property
{nl* . T(@SQ)}Q/ = O, Va’ ésl . (BSO)

Since otherwise if {n/. - T(®g,)}a = 0 for some o’ <g, a, we would have

{mg - T(©s5,)} © {ng. - T(Os,)} = (0, Sar, 50), s #0, (B.81)
column o’
{ml’ ) T(®S1)} © {'I’LZ* ) T(GSQ)} = (07 EX’*/ 70)7 t_a* 7é 0, (B82)

column a*

then using similar argument as that in Lemma B.3, for any j € (S; U S3)¢ we would

have

Ooyor - (B8L)-p o - (B82)-D

ee-a’: = — e-a*zee'ay
7 (B.81)-p (B.82)-p 7 ”

which contradicts Condition (C4) that F(,?;USQ)C = F(,”%JSZ)C for any o' 25, a, since
(C4) naturally leads to (04,7 € (S1USs)¢) # (00,7 € (S1US2)°) for any o’ Zg, a.
So the claim (B.80) must hold. By far we have found v,, := n- that satisfies the first
equation in (B.30) for each . By symmetry between (©, p) and (©, p), using exactly

the same techniques will lead to u, for each a that satisfies the second equation in

(B.30). O

Proof of Lemma B.6 (on page 244, Section B.4). Equation (B.70) for R = r can be
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written as

See T 6% T 6% =S5 [ 0% I o2 (B.83)

acA j:rj:r]H j:rj;zér;{ acA j:rj:r]H j:rj;zéTJH

We denote {0, ...,L; — 1} by [L,] for simplicity. Now consider an arbitrary item set
S C S, and we write rg = r{ if r; = ri’ for any j € S. For this S, we sum (B.83) over
all response patterns 7 for which r; = rf if and only if j € S (i.e., r satisfies rg = rf

and 7ge € [;45[L;]\ [7]']), then the left hand side (LHS) of the new equation is

S (e IT 62 I )

rirg=rH, acA j:rj:rJH j:rﬁérJH
rge€lljzsLiNrH]

P | D SR
acA jeSs r:rszrg, j¢s

rgc €l 25 LN

= > e[ TI( X o)

acA JES j¢s rjyﬁr;{
(ri") (ri")
=D ra][0 11 (1 e )
acA  jes i¢s

so from (B.83) we have

Sorallon TI(-02") =X 102 TL(1-02") s

acA JES Jj¢S acA JES j¢s
holds for any S C S. By far we have shown the system of 27 equations (B.84)
hold for any . Note that (B.84) can be viewed as probability of a response pattern
consisting of binary responses, where for each item j and each latent class «, there are
two possible responses with probabilities Gj(rf ) and 1—(9;?"5 ) respectively. Then similar
to the proof of Proposition II1.1 which establishes equivalence between equality of
probability mass functions and equality of marginal probabilities, (B.84) is equivalent

to (B.70) in the lemma. This completes the proof of Lemma B.6. ]
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APPENDIX C

Appendix of Chapter IV

This is the appendix to Chapter IV and it is organized as follows. Appendix C.1
gives the proof of Proposition IV.1. Appendix C.2 presents the proof of Theorem IV.1,
one of the main results of this Chapter IV. Appendix C.3 gives the proof of Theorem
IV.2. Appendix C.4 gives the proof of Theorem IV.3. Appendix C.5 presents the
proof of Theorem IV.4. Appendix C.6 gives the proof of Theorem IV.5. Appendix
C.7 gives the proof of Proposition IV.4. Appendix C.8 presents various simulation
studies for Chapter IV.

We introduce some additional notations. For a submatrix ); of ) that has size
J1 x K, we denote the item parameter matrix corresponding to these J; items by
®(,, then O, is a J; x K submatrix of ®. Denote ();’s corresponding 7T-matrix
by T(Q1,O¢,), then T(Q1, O, ) has size 27t x 2K For notational simplicity, in the
following we denote 8% = 1 — s under the DINA model, then ©® = (1—s,g9) = (67, 9)
under DINA. The following useful lemma is in the same spirit as Proposition B.1 and

Proposition B.2 and its proof is omitted.

Lemma C.1. Under a restricted latent class model, (QQ, ®,p) are identifiable if and
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only if for any (Q,®,p) and (Q, O, p),

7(Q,0)p=T(Q.0)p (C.1)

implies (Q,0,p) = (Q,0,p). For any 8 = (01,...,0;)7 € R’ there exists an

invertible matriz D(0") depending only on 6", such that

T(Q,0 —6*1") = D(0)T(Q, ®). (C.2)

We add some remarks on Lemma C.1. First, Equation (C.1) can be written as
that, for any response pattern » € {0,1}’, T,..(Q,0)p = T,.(Q,O)p. Second,

thanks to (C.2), for any 8" = (6y,...,0;)" € R/, equality (C.1) leads to

T(Qv e - 0*1T)p = T(Qa @ - 9*1T)1—9’

and further 7. .(Q,©® —0*1Np =T, .(Q,© —6*17)p for any r € {0,1}”. Besides, If
(C.1) holds, then for any submatrix @Q; of @, equality 7(Q1, O, )p = T(Q1,0g,)P
also holds.

C.1 Proof of Proposition IV.1

Consider a ()-matrix of size J x K in the form

where Q' is of size J' x K and contains those nonzero g-vectors of (). For any item
j€{J +1,...,J} which has g; = 0, all the attribute profiles a satisfy o = g, so

there is only one item parameter associated with j under ), and we denote it by 0;.
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Denote the first J' rows of © by ©'. Denote the 27" x 2K T-matrix associated with
matrix Q' by 7"(Q', ©').

First consider the case where (Q’, ©’, p) are strictly (or generically) identifiable,
and we will show (Q,©,p) are also strictly (or generically) identifiable. Assume
there is a J x K matrix Q and associated parameters (0, p) such that (C.1) holds.
Denote the submatrix of @) containing its first J' rows by @', and the submatrix of
© containing its first J' rows by ©". Then (C.1) implies T(Q', 0" )p’ = T(Q’,0")p,
and the strict (or generic) joint identifiability of (Q’,®’,p) gives that Q' ~ Q' and
(©',p) = (©',p). For an arbitrary RLCM, the strict (or generic) identifiability of
(Q',©', p) implies that T(Q’, ®") has full rank 25 strictly (or generically).

This is because if not so, then the proportion parameters p can not be strictly (or
generically) identifiable, in the sense that there exist multiple different p such that
T(Q',©®")p are all equal. This would contradict the assumption that (Q’,®’, p) are
strictly (or generically) identifiable. Therefore T(Q’, @') is strictly (or generically)
full-rank. Then for each a € {0, 1} there must exist a 2X-dimensional vector v,

such that

v T(Q,0)=v,.T(Q,0)=(0, 2o ,0), z4#0,

column

andv,.T(Q', 0 )p=v).T(Q, (:)/)13 = ZaPa # 0. Then again use the property (C.2)

and we have the following equality for any j € {J' +1,...,J},

where “®” represents the element-wise product of two vectors. This proves ® = ©

and Q ~ Q. So (Q, ®, p) are strictly (or generically) identifiable.
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Next consider the case where (@', @', p) are not strictly (or generically) identi-
fiable, so there exist (Q’,(:)/,ﬁ) ~ (@', 0, p) such that T’(Q’,(:)/)]_) =T7'(Q,0)p.
Now extend Q' to Q of size J x K by adding J — J’ all-zero g-vectors, i.e.,

_ Q'
Q= ,
0
and set §; = 0; for j € {J'+1,...,J}. Then for any r = (ri,...,ry,"y41,...,71) €

{0,1}7 and the corresponding v’ = (r1,..., ),

L,..(Q.©)p = {T7,.(Q. ©)p} [T 07

J>J
T,..(Q,0)p = {1,,.(@. 6w} [T ¢
J>J
Now that T(Q,®)p = T(Q, ®)p but (Q, O, p) ~ (Q, O, p), we obtain that (Q, ®, p)

are not strictly (or generically) identifiable. The proof of the proposition is complete.

C.2 Proof of Theorem 1V.1

We first prove the sufficiency, and then show the necessity of the conditions. Under

DINA, (C.1) can be equivalently written as that for any r € {0,1}/,

Tr.(Q,0%,9)p="T,.(Q,0",3)p. (C.3)

We first introduce some notations. In the following discussion, for an integer M,
we denote [M] = {1,...,M}. For an item set S C [J], denote g5 = Vjecsq; =

(maxjeg gj1, MaXjes ¢j2, - - - , MaAXjeg ¢k ), then qg is also a K-dimensional binary vec-
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tor, and we denote its k element by gg ;. Recall

I

Q= o]
and we denote the submatrix of @) consisting of its first K row vectors by Qq.x.. We
next show in five steps that if (C.3) holds, then Q ~ @, and also 8% = 0", g=g,
p=Dp.
Step 1. After some column rearrangement, Q1. . is an upper-triangular matrix with
all the diagonal elements being ones.
Step 2. ¢, =cjforall je {K+1,...,J}.
Step 3. g = gx for all k € {1,..., K}.
Step 4. QLK” ~ I
Step 5. Q~Q, 0" =0",g=9,p=p.

For any item set S C {1,...,.J}, denote 8% = Zjes cje;, and denote gg, 9;, and

g similarly. Consider the response pattern r* = > ¢e; and any 0" = >, ¢ 07e;,
then Equation (C.3) together with Lemma C.1 imply that
T"‘*,' (Q? 0;'_ - 0*795' - 0*)1) = T'I‘*,' (Q7 é; - 0*7g5 - 0*)p (04)

We will frequently use (E.3) in the following proof. And when the item set S and
response pattern r* are clearly implied by the definition of 6*, we will omit the
subscript S in the above (E.3). We also frequently use the fact that when (E.3)

holds, ¢; # g; and g; # ¢; for any item j. This is true because if ¢; = g;, we would
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have

T., . (Q.0%.9)p=c;( ) pa) + () pa) <cj =g
a>—q] a%qg
Zpa +g] Zpa - e], Q )
a>-qJ 0‘%‘1]

which contradicts (C.3). So ¢; # g; and similarly g; # ¢; for each j. As stated in the
main text, we assume without loss of generality that there is no all-zero row vector
in true Q-matrix. If, however, the jth row vector of ) equals 0, then ¢; would equal

g;, and we denote this value by f;. Equation (C.3) gives

éj:cj< Z pa>+gj< Z pa>7

aarg; aaitg;

and hence g; < f; < ¢; holds for this j.

Step 1. In this step we prove that Q.x,. must take the following form after some

column rearrangement,

1 =% *

_ 0 1 . *

Qr.k,. ~ (C.5)
0 0 1

Namely, after properly rearranging the columns of QLK,., we have Qkk = 1 and
kah = (0 for any k£ > h.

We first introduce the following useful lemma.

Lemma C.2. Suppose the true Q) satisfies Condition A that Qi.x = Ix. If there

exists an item set S C{K +1,...,J} such that

mh = 0, mj = 1 V]
WEX G =0, MGng =1V € T
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for some attributes h € [K] and a set of attributes J C [K]\ {h}, then
Vieg G_lj % qy.

Proof of Lemma C.2. We prove by contradiction. Assume there exist attribute
h € [K] and a set of attributes J C [K]\ {h}, such that Vc7 q; # q;; and that there

exists S C {K +1,...,J} such that max,,cs ¢mp = 0 and max,,es ¢m,; = 1. Define

J J
0*:Eheh+zgjej+ Z dm€Em, r*:eh+zej+ Z €m,

jeT m=K+1 jeT m=K+1

and we claim that T . (Q, 0" —06*,g— 0”) is an all-zero vector. This is because for
any a € {0,1}% the corresponding element in Ty o(Q, 6" — 6*,g — 0*) contains a
factor Fp = (Oh.a — Cn) Hjej(e_j,a — g;). While this factor F # 0 only if Ohe = Tn
and 0, , = ¢; for all j € J, which happens if and only if o % g, and a = q; for all
J € J, which is impossible because Vje7q; = g, by our assumption. So the claim
TT*,.(Q,éJr —0*,g — 0") = 0 is proved, and further T,,*y.(Q,@Jr —0*,g—0")p =0.
Equality (E.3) becomes Ty .(Q,0" —0*,g — 0")p = T, .(Q, 6" —0*,g—0")p=0,

which leads to

0="T.(Q,6"—6",9—0)p=pi(cr—an) [[(c; =) ] (cm = gm),
JjeJ m>K

which is because for any a # 1, we must have a ¥# g, for some m > K under
Condition C, and hence the element Ty« o(Q, 8% —0*, g — 0*) contains a factor (g, —
gm) = 0. Since ¢, — g, > 0 for m > K and ¢; — g; # 0, we obtain ¢;, = ¢j.

We remark here that ¢, = ¢, also implies gq;, # 0, because otherwise we would
have 0, = ¢, = cp, which contradicts the g, < 0, < ¢, proved before the current
Step 1. This indicates the Q;.x,. can not contain any all-zero row vector, because

otherwise g; = g, for the all-zero row vector g,,, which we showed is impossible.
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Consider the item set S in the lemma that satisfies S C {K +1,...,J} such that

MaXpes ¢m,p, = 0 and maxm,eg gm; = 1 for all j € J. Define

0" =crep + Zgjej + Z GmE€m.-

jeT meS

Note that ¢, = ¢,. The RHS of (E.3) is zero, and so is the LHS of it. The row vector

Tr.(Q,07 — 0", g — 6%) has the following property

T’r*,a(Qv 9+ - 0*7 g — 0*)

(90— @) Ter(es = ) Thes(en = 0n). - @ F @@= a0 = g

0, otherwise.

An important observation is that {a € {0,1}* : @/ q,, a = q;, = qg} = A #
@. This is because gg = 0 and ¢g; = 1 for all j € J hold, and we can just choose
o for which o = 0 and oy = 1 for all gg; = 1, then such a belongs to the set A.

Therefore we have

T’r’*,- (Q) 0+ - 0*79 - 0*)p

= (gn — Cn) H(Cj ), H(Cm _gm)<zpa> =0,

jeg mes acA

which leads to a contradiction since g, — ¢, # 0, ¢; — g; # 0, ¢ — gm # 0 and
Y acaPa >0, ie., every factor in the above product is nonzero. This completes the

proof of Lemma C.2. O

We now proceed with the proof of Step 1 using an induction argument. We first
introduce the definition of lexicographic order between two binary vectors of the same
length. Specifically, for two binary vectors @ = (ay,...,ar)" and b = (by,...,bg)"

both of length L, we say a is of smaller lexicographic order than b and denote a <, b,
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if either a; < by, or there exists a integer [ € {2,...,L} such that ¢, < b, and
Gy, = by, for all m = 1,...,0 — 1. It is not hard to see when Condition B that Q*
contains K distinct column vectors is satisfied, the K columns of Q* can be arranged
in an increasing lexicographic order. Namely, under Condition B, there exists a

permutation map o(-) : [K] — [K] such that

Q:ka'(]_) <lex Q:;—(Q) <lex "7 =lex QTO-(K) (C6)

Without loss of generality, next we consider the case where o(-) is the identity map,
ie., o(k) =k for all k € [K].

We first consider attribute 1. Since ) has the smallest lexicographic order among
the columns of *, we have the conclusion that there must exist an item set S C

{K +1,...,J} such that

qs,lz()a QS,Z:1V£:2»-~7K-

We apply Lemma C.2 to obtain Viepa. k1q, i g, which means

max (g1, WMax  Gra,..., Max  Grx)
me{2,...,K} me{2,.. K} me{2,...,K}

% (q1,17 SR €71,K)~

This implies there must exist an attribute m; € [K| such that

7m:05 7m1:]-7 C7
(X Gy aQu, (C.7)

which exactly says the m;-th column vector of Ql;K,. must equal the basis vector

( \]}_/ 70)T = ey, i.e., we haVe QLK’ml = e;.

column 1

Now we assume as the inductive hypothesis that for h € [K] and h > 1, we have a
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distinct set of attributes {my, ..., my_1} C [K] such that their corresponding column

vectors in Q.. satisfy

Vi=1,...,h =1, Quim = (*...,% _1 ,0,...,0)". (C.8)

column ¢
Now we focus on attribute h. By (E.5), the column vector Q7 has the smallest
lexicographic order among the K —h —1 columns in {Q% ,, Q% )11, - -, Q% g}, there-
fore similar to the argument in the previous paragraph, there must exist an item set

SC{K+1,...,J} such that

qs,h:O, qs,g:1W:h—|—1,...,K. (09)

Therefore Lemma C.2 implies Viegni1,.. k3G, % q,, and further leads to

_m:O’ _mzl. C.10
ee{lfﬂ%?f,K}qz’ " Th.m ( )

We point out that my, & {m,...,my_1}, because by the induction hypothesis (E.6)
we have @pm, = 0 for i = 1,...,h — 1. So {my,...,mp_1,my} contains h distinct

attributes. Furthermore, (E.8) gives that Q. ., = (x,...,%, 1 0,...,0)", which

column h
generalizes (E.6) by extending h — 1 there to h. Therefore, we use the induction

argument to obtain

Ve {l,...,K -1}, Qugm, = (*,...,% 1 ,0,...,0)".

column k

Furthermore, when considering the last attribute K, the Kth item must have g-

Wy ”

vector taking the form of g, = (0,...,0, x ,0,...,0), where the “x” in gy

column m g
is the only element unspecified. Since previously we have shown in the proof of

Lemma C.2 that q; = 0 can not happen for any item j, there must be g, =
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0,...,0, 1 ,0,...,0). Now we have essentially obtained
—~—

column m g

1 = *

_ 01 ...

Ql:K, (mi,e..,mi) — L ) s (C]_]_)
0 0 . 1

and the conclusion of Step 1 in (C.5) is proved.

Step 2. In this step we prove ¢; = ¢; for j = K +1,...,J. For an arbitrary item

je{K+1,...,J}, define a response vector r* = Zh:h# e; and

K
0 = Zgheh + Z ghe€hn.
h=1 h>K, htj

We claim that T, . (Q, 0" —6*.g— 0") contains only one nonzero element corre-
sponding to the all-one attribute pattern a = 1. The reasoning is as follows. Under
the conclusion of Step 1, Q1.x.. takes the form of (C.5), which means each attribute
is required by at least one item in {q,,...,qx}. Then for any a # 1, there must
exist some attribute k& € [K] such that o % g, which implies for this particular
a the element T, o(Q, 0" —0",g— 0") contains a factor (g, — gn) = 0. Therefore
T (@, é+—0*,g—0*) # 0 only if = 1. Next consider T o(Q, 0" —6%, g—6%). Un-
der Condition A, in the true () each attribute is required by at least three items, so the
row vector corresponding to response pattern r* in T(Q, 8 —0*, g—0*) only contains
one nonzero element, in column « = 1}, representing the attribute profile mastering
all the K attributes. This is because for any other attribute profile o’ that lacks at
least one attribute k, there must be some item h > K, h # j requiring attribute k so

that o’ / gqy,; and this results in 0., o = g, and T« o (Q, 0" — 0*,g — 0") = 0. In
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sumimary,

K
T?‘*,C!<Q70+ 0*>g 0* = H Qha - H (Qh,a — gh) 7é 0 iff a= ]_7
h=1 hh>¢l§:

K
T, (0,0 —0",g—6") = H(Q_W — ) H (Oho —gn) 0 iff =1,
h=1 hh>7£K':

Now further consider item j. Since 1, > q; and 1 = q,, one must have 6j71;< = ¢j
and 97]-’1;( = ¢;. Since we assume p,, > 0 for each a, we have Ty~ .(Q,0" — 0", g —

0 )p = Tr*,l}(Qa 0" —0*,g— 0*)p1;( # 0. So (C.2) in Lemma C.1 implies that

Do (Q0° 696" T*+e Q6" —6.g-6)p
! 7”*,-(@7 0+ 0*79 0*> (Q é - 9*,g — 0*)1_) !
In the above argument j is arbitrary, so ¢; = ¢; forany j = K +1,...,J.

Step 3. In this step we prove g = gx for £k = 1,..., K. Recall that in Step 1 we
showed that (E.5) about the lexicographic order holds and assumed o(k) = k for

k € [K] without loss of generality. We now prove g; = g;. Define

9 —Zgheh—i— Z gheh—i- Z Ch€p, (C.l?)

h>K: h>K:
ap,1=0 ap,1=1

then

>

Iy, ena(@; 0" —0",g- 0) = (On,o — Gn) H (On,o — gn) H (On.a — cn);

h>K: h>K:

i
L

9h,1=0 qp,1=1
K
Tzh e;“a<c—27 éJr - 0*,g - 0*) = H(éh,a - gh) H (9h,a - gh) H (éh,a - Ch)-
h=1 h>K: h>K:
4p,1=0 qp,1=1

First, the row vector TZ;{ﬂ eh’o(@, 0" — 0", g — 6") equals the zero vector. This is
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because Q... takes the form in (C.5) by Step 1, and any attribute profile av # 1}
would have ), o = g for some h € {1,..., K}, which makes the corresponding
. ~ o+ * — *\ -
element in the above row vector zero. Furthermore, TZZ:I en il (Q,0° —0",g—07)is
also zero, because §h7a = ¢, = ¢y, for those h > K such that ¢, = 1. Since QTJ has
the smallest lexicographic order among the columns of Q*, for any k € {2,..., K},

there must exist some item h € {K + 1,...,J} that requires attribute 1, as a result

vh>K:qh71:0 q; = (0, 1, ceey 1)

This ensures TZZ:I enal @ 0" — 0%, g — 6%) would equal zero if a lacks any attribute
other than the first one. So the nonzero elements in the row vector TZ;’,l e (Q,0" —
0*,g — 6%) can only correspond to columns a! = (0,1,...,1) or a® = 1}.. Further,

we claim Tzi,leh,a2(Q79+ —0%,g — 0") = 0, this is because 6, o = ¢, for those h

such that g, 1 = 1. So the row vector ngﬂ .. .(Q,07 —0" g —0") only contains one

e
potentially nonzero element in column a; = (0, 1,...,1) as follows
K
Ty epon (@, 0" 0,90 = (91— q) H(Ch — Gn) H (ch — gn) H (9n — cn)-
h=2 h>K: h>K:
qp,1=0 qp,1=1

(C.13)

Using the fact TZZ (Q, 6" —0",g— 0") = 0%, the equality

—1€h;*

TZizl e, ol (Q7 0+ - 0*79 - 0*)27 =T J:1 ep,al (Qa éJr — O*ag - 0*)1_9 =0

h

implies the element in (E.11) must also be zero. As shown earlier, ¢, — g5, # 0 for any
h, so g1 = g1 must hold.

Next we use an induction argument to prove that for k = 2,... K, gr = gx. In
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particular, suppose for any 1 < m < k — 1, we already have ¢, = g,,. Define

K
0" = Zgheh + Z ghep + Z ChL€ep. (014)
h=1

h>K:qh’k=O h>K: qn, k=1

For the similar reason as stated before, T. g (Q, 0" -0, 0) equals the zero

1€h»*

vector. We claim that the row vector TZ}{*l en. (@ 0" — 6%, g — 0") only contains one

potentially nonzero element in column o’ := (1,...,1, 0 ,1,...,1). The reason

column k
is as follows. On the one hand, for any attribute profile a that lacks some attribute

l € {k+1,...,K}, due to the assumption in (E.5) that Q7 ; <ix Q7,, there must
exist some item h > K such that ¢, = 0, ¢»; = 1. So for this particular o we have
a % qy, Oho = gn, which makes T izleh,a(Q’9+ —0",g—6") = 0. On the other
hand, for any attribute profile &’ that lacks some attribute m € {1,..., k — 1}, one
has o’ % q,, = ey and 0,, o = g = Gm, Where the last equality ¢, = g, comes
from the induction assumption. This results in TZizleh,a’(Q’ 0" —6*,9g—-0") =0
for all such «’. In conclusion, the nonzero elements in this transformed row vector
can only be in columns o or ay = 1. For similar reason as in proving g; = g,

TZizl en (@5 0" — 0", g—0") = 0. So the transformed row vector only contains one

potentially nonzero entry corresponding to o'

TZh eh,a’(Qv 0+ - 0*79 - 0*)

= (9% — 9r) H (ch — Gn) H (ch — gn) H (g9n — cn)-

1<h<K: h>K: h>K:
h£k k=0 ah, k=1

The same argument after (E.11) gives gx = gx. In conclusion, the induction method

yields g = g for k=1,..., K.

Step 4. In this step we show that Q1.x,.. ~ Ix. Recall that in Step 1 we already

obtained (E.9), and now we aim to show that the Q. (m1,mi) 10 (E.9) can be

K
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further written as

1 0 . 0
~ 01 . 0
Ql:K, (mi,..,mg) —

0 0 . 1

prove that claim by contradiction. If there exist some 1 < j < h < K such that

q; = qy,, then define
J

0" = Chen +Ji€;+ > Gmem,
m=K+1

we have

0= Tr*,-(@>é+ - 0*7g - 0*)1_)

=Tm.(Q,07 —0".g—0"p
J

=pilen—an)(c;—3) [ (m—m),

m=K+1
which implies ¢, = ¢,. Note that we have obtained g; = g; in Step 3, and we next
define 0% = ¢ep, + gje;. The equality Tp- . (Q, 0" —6*,g — 0")p = 0 still holds and

(E.3) gives

0="Tw.(Q,0"—6"g—0")p (C.15)

:(gh_ahxcj—gj)( > pu)

o atqy,arg;

- (gh—Ch)(Cj_gj)< Z pa>-

a:a%qh,atqj

Since Q1.x,. = Ik, we have that g; and g, in the true @ are distinct basis vectors,

therefore <Za:a¢qh,aiq- pa> > (. Therefore (C.15) leads to a contradiction, and we
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have proved the claim that q; # @y for any 1 < j < h < K. As stated earlier, this

claim naturally leads to the conclusion of Step 3 that Qy.x.. ~ Ik.

Step 5. In this step we prove that after reordering the columns in @ such that
Qr.x = I, we must have q; =q; for j = K+1,...,J. In the following two parts,
we first prove q; = q; for all j € {K +1,...,J} in part (a); and then prove q; = q;
forall j € {K +1,...,J} in part (b).

(a) We next show q; = q; forall j € {K+1,...,J}. We use proof by contradiction,

and assume @; 7 q; for some j € {K +1,...,J}. Then {a: @ = q;, *

q;} = A#and ) pa # 0. Define

0" = Z grer + Cj€y, (C16)

ke[K]: qj,k=1
then T . (Q, 0" —0",g— 0*) =0 and T,- . (Q, 0" -0, 0")p = 0. However,
for any o € A, one has 0,4 = g; and 0 o = ¢ for any k s.t. g = 1, so for

any o € A we have

Tr*7q(Q7 0+ — 0*79 — 0*) — H (Qk,a — gk)(e%a - Cj)
1§k§1§:
4, k=

= H (e = gr)(g; — ¢;) # 0,

1<k<K:
95,61

and hence

T’r*,-(Qa 9+ - 9*79 - 9*)p = H (Ck - gk‘)<g_7 - Cj) Zpa

1<k<K: acA
a5,k=1

;é 0= Tr*,-(Q7 é+ - 0*79 - 0*)ﬁ7
which contradicts (C.3).
(b) Based on (a), we next show q; = g, for all j € {K +1,...,J} using proof by
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contradiction. Since part (a) gives q; = q;, if g; # g, then there must exist
some attribute k& € [K] such that g;, = 1 and g, = 0. This implies q; = ;.
Define

0" = cre;, + gj€e; + Z Im€m,
m>K:m#j

then T . (Q, 6" — 6*,g — 6")p = 0. Since Condition C holds, each attribute
is required by at least one item in the set {m > K : m # j}, which implies

Trra(Q,07 —0",g — 0) # 0 only if & = 1. Therefore (E.3) gives that

0="Tm.(Q,0"—6",9g—6)p

=(ax—a)e—a) I (cm—gmpn,

m>K:m#j

so ¢, = ¢,. Now we further define

0" =cre;, + gje; + Z Im€m,
he[K\{k}
then Ty . (Q, 0" —6",g— 6*)p = 0. However, q; / q; under the true Q, and

(E.3) gives

T (Q 07 —0%9g—0p= (g —a) [] (cw—9n)(c;—G)pa-e
helK]\{k}

where o —e;, = (1, 0 1), so the above display is nonzero. This contradicts

column k

(E.3), and this means q; # q; can not happen. So we have q; = q; for

Je{K+1,...,J}

Now we have proved Q ~ Q. Now that Q ~ @, Theorem 1 in Gu and Xu (2019b)

(Chapter II) gives that Conditions A and B ensure the identifiability of the model

parameters (s := 1 — 0%, g,p). This concludes the proof of the sufficiency of the

conditions.
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In the end we show the necessity of the conditions. By Theorem 1 in Gu and Xu
(2019b), Conditions A and B are necessary for identifiability of the model parameters

(s,g,p) given a known @, so they are also necessary for identifiability of (Q, s, g, p).

C.3 Proof of Theorem I1V.2

Proof of the necessity of each attribute required by > 2 items. Suppose @)

takes the form of
1 of

Q= ;
0 Q
then for any valid (8%, g,p) associated with @, we next construct (9+,Q,p) +
(0", g, p) such that T(Q, 0%, g)p = T(Q, é*,g)p holds. In particular, we arbitrarily
choose ¢; that is not equal to ¢; =1 — s; and set

(Cl/él)paa if Q= 1a

Pa =
Pa + (1 — Cl/él>pa+ela if o = 0.

Then set g = g1, and ¢; = ¢;, §; = g; for j = 2,...J. Then it is not hard to check
that T(Q,0",g)p = T(Q,é*,g)p. Since (8%, g,p) are arbitrary, we have shown
the non-identifiability set spans the entire parameter space and (Q, 0", g, p) are not
generically identifiable. Therefore, this proves that (Q,07",g,p) are not generically
identifiable if some attribute is required by only one item.

In the following we prove part (a), (b), and (¢) when some attribute is required

by only two items.
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Proof of Part (a). Under the assumption of part (a), @ takes the form

0 Q*

Given arbitrary DINA model parameters (8", g, p) under this @, we next construct
another different set of DINA parameters (é+, g,p) # (0", g, p) also associated with
this @, such that

7(Q,0%,9)p=T(Q,0",g)p. (C.17)

In particular, we set ¢; = ¢; and g; = g; for all j = 3,...,J. Under this construc-

tion, (C.17) simplifies to the following two sets of equations

(

D0,e) T P(1,a/) = P(0,a') T P(1,0')>

91P0,a’) T C1P1,0/) = 91D(0,0¢) T C1DP(1,0¢)5
Vo' € {0, 1} o #1,

G2[P0.e) + P1,a)] = G2[D0,00) + P10

G2[91P(0,07) + C2P1,01] = G2(91D(0,00) + CLP(,a));

\

(C.18)

and for o’ =1,

;

D(,1) T P1,1) = P,1) T Pa,1)s

91P(0,1) T c1P(1,1) = 91P(0.1) + C1P(1.1); (C.19)

92D(0,1) T C2P(1,1) = G2P(0,1) + C2P(1,1);

9192P(0,1) + C1€2P(1,1) = §192P(0,1) T C1C2P(1,1)-

The above (C.18) obviously leads to go = go, and the last two equations of (C.18)
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are automatically satisfied if the first two of (C.18) are satisfied. Then the last two

equations of (C.19) can be transformed to

(c2 = g2)pa1,1) = (€2 — 92)P(1 1),

c1(c2 — g2)pa) = C1(C2 — 92)P(1,1);

which gives ¢; = ¢;. Additionally, when ¢ = ¢;, we also have that the last equality
of (C.19) holds as long as the first three equalities of (C.19) hold. In summary, now
there are 2% +2 parameters to be determined, which are {g;, &} U{pa : @ € {0,1}%},

while they only have to satisfy the following 2 x (25871 — 1) 4+ 3 = 25X + 1 constraints,

P,y + P(1,0) = P(0,a) T P(1,a/)5
Vo' € {0, 1}, for o # 1,

J1P0,e’) T C1P1,e0) = G1P(0,00) T C1P(1,a/)5

(

Po,1) +Pa,1) = Po,1) +Paa),

/ — — — —
and for o’ = 1, 91P0,1) + c1Pa,1) = G1P(0,1) + C1P,1)5

92P(0,1) + C2D(1,1) = 92P(0,1) T C2P(1,1)-
\

Since the number of free variables 25 + 2 is greater than the number of constraints
2K 11, there exist infinitely many different solutions to the above system of equations.
This means that the (@, s, g,p) are not generically identifiable. In particular, one

can arbitrarily choose g; close to but not equal to g;, then solve for the remaining
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parameters {po, a € {0,1}*} and &, as follows,

D0,y =D 07a’)(91 - 01)/(§1 - 01),
Vo € {0, 1}, (

D(1,a') = P0,0) T P(1,0/) — P(0,0)}

_— 92[P0,1) — Pro,1)] + c2ap(1,1)
9 = — .
P@a)

This concludes the proof of part (a) of the theorem.

Next we first prove (b.2), i.e. when Q* has two submatrices Zx ;. In this case,
the @ contains a submatrix of the form (Ix, Ix)". The proof of (b.1), i.e. when Q*

satisfies Conditions A, B and C, is combined with the proof of part (c) later.

Proof of Part (b.2). We first give the proof when @ only consists of two Ix’s,
namely Q = (I, Ix)". In this case, we first prove that Q ~ @Q must hold, using an
argument similar to Step 1 of the proof of Theorem IV.1. Suppose T(Q,0",g)p =
T(Q, 9+, g)p. Since Q(x11):2k),. = Ik, we have that for each attribute h € [K], there

is

=0 =1Vk e |K|\{h}.
e =0 Y g e = 1V S IRTA )

Therefore we can apply Lemma C.2 with S = {K +1,...,2K} \ {K + h} and J =
[K]\ {h} to obtain
max gy, 7 Q-
This essentially implies that for an arbitrary h € [K], there must be a m;, € [K]
such that gn,, = 0 and gy, = 0 for all k& € [K]\ {h}. Moreover, the K integers
mi, Mo, ..., mg must all be distinct, otherwise it is easy to see maxges @), % g, would
fail to hold for some h € [K]. So (my,ms,...,mg) is a permutation of (1,2,..., K).
,,,,, ) must be an identity matrix, i.e., QLK’. ~

Q1.x,.. Reasoning in exactly the same way gives Q(K+1);(2K),. ~ Q(K+1):(2K),., and we

274



have Q ~ Q. Now for an arbitrary a = (ay,as,...,ax) = (ay, '), define

0" =g1e1 + cxi1exi1 + Z grer + Z Cr€

k>1:ap=1 k>1: =0

=g1€e1 + Ck11€Kx41 + 0%
then Te 1e,,,(@,8—0",g—6") =0, so

0 :T€1+8K+1(Q7 S — 0*7g - 0*)2_7 = T61+6K+1 (Q’ s — 0*79 - 0*)p

= H (ck — gr) x H (g — cx) x

k>1: =1 k>1: o, =0

[(91 — 91)(9K+1 = CK+1)P(0,00,....ax) T (€1 = G1)(Cx+1 — CK+1)P(1,02,..0x) | -
This implies that for any o = (ay,...,ax) € {0,1}571, we have
(91 — 51)(9K+1 — Ck+1)P0,as,...ax) T (€1 — 1) (CK+1 — Cr+1)P(1,00,....ax) = 0.

Since gx41 — Cxy1 # 0, we have that

(c1 = g1)(ck41 — Cx+1)P(1,a)

91— g1 = = ., for any o € {0,1}%71,
(Cr+1 = gK+1)P0,00)
This equality indicates that if there exists o # a, such that
P(1,e) 4 p(l,a;)’ (C.20)

then one must have

Ck+1 —Ck=1=0, g1 —g1=0.

Redefine 8" = ¢e; + gxi1€x1 + 0%, then following the same procedure as above

one gets that if p satisfy (C.20), then gxy1 — gx=1 = 0 and ¢; — ¢ = 0.
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Similarly as the above procedure for £k = 1, we have that if for any attribute k €

{1,..., K}, there exist two attribute profiles a®!, a®? € {0, 1}*~1 x {0} x {0, 1}£-*-1

such that
Paki1tey 7& pa’“v2+ek7 (C21)
Pak:1 Pak.2
then
Ok =0k, Ck=Cr, JKk+k = 9Kk+ks Cr+k=Ck+r forevery ke {l,... K}.

Now that all the item parameters are identified under (C.21), Equation (C.22) gives
P = p. Therefore other than the measure zero set of the parameter space specified by
constraints (C.21), (Q, s, g, p) are identifiable. This means (Q, s, g, p) are generically
identifiable.

In particular, if @ takes form of the Qox4 in (5.2),

Q2><4 = )

then constraints (C.21) just simplify to

p(lO)%p(u) and p(01)7£p(11)
P(00) DPo1) P(00) P@0)

Y

which can be equivalently written as inequality (4.3) that po1)pao) 7 Pooypa1) in the
main text.

Next we prove the conclusion when () contains other rows besides the two identity
submatrices, namely Q = (I, Ix,(Q*)T)T. Using exactly the same arguments as

previously we have that generically, all the item parameters of the first 2K items
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as well as all the proportion parameters are satisfied. Now for any J > 2K and

a € {0,1}X define 7 = S°F e, and

0" = Z g;€; + Z Cj€j,

1<k<K:arq; 1<k<K:aitq;
then (C.2) implies that

9.  — Tr*-l—ej (Qa 0+ - B*ag - 0*)p _ T’I‘*+8j (Qa é+ - 9*,g B 0*)1_) 0
ne T"‘* (Q7 9+ - 9*79 - 9*)p TT* (Q? é+ - 0*7g - 0*)15 e

This proves that any slipping or guessing parameter associated with item j > 2K is
identifiable under the generic constraints (C.21), and this completes the proof of part

(b.2) of the theorem.

Next we prove (b.1) and (¢) in Theorem 2 in four steps.
Proof of Part (b.1) and Part (c).

Step 1. In this step, we aim to show that if

T,.(Q,s,9)p = T,.,.(Q, 5,g)p for every r € {0,1}/, (C.22)

then Q must take the following form up to column permutation

1 0
Q=1a o |. (C.23)
0 QF

Here (u,v) is a K dimensional binary vector. The structure of (u,v) will be studied
in Steps 2 and 3.

Since the submatrix Q* of @) satisfies Conditions A, B and C, the matrix ) can
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be written as

1 of

1 o'
Q= :

0 Zx_

0 Q**

then follow the same procedure as Step 1 in the proof of Theorem IV.1 one has that,

up to some column permutation, Q takes the form

1 of
_ u v
Q =

0 Zg

b Q**

For notational convenience and without loss of generality, in the following proof we

rearrange the order of the row vectors of @ (and Q) and rewrite them as follows

1 of 1 0oF
0 IKfl — 0 IKfl
Q — , Q = . (024)
1 o' u v
0 Q** B Q**

Now that each column of ()** contains at least two entries of “1” from the assumption
of scenarios (b.1) and (c), following the same procedure as Step 2 in the proof of

Theorem IV.1 we can obtain

c;=2¢, forj=K+2 ..., J

Note that slightly different from Step 2 in the proof of Theorem IV.1, here we do

not have cx,1 = Cx41 due to the fact that the first attribute is required by only two
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items.
Now denote the (J — K) x (K — 1) bottom-right submatrix of @ by @* and the
(J — K) x K bottom submatrix of Q by Q' i.e.,

v 1 o'

Q= . Q=
Q*‘k 0 Q*‘k
and assume without loss of generality that the K — 1 column vectors of Q° are

arranged in the lexicographic order. Specifically, for any 1 < k; < ky < K — 1,

assume Q7 ., <lex @7 5,- This implies that the vector v can be written as

Note that in scenario (b.1), v = 0 and ky = K — 1. where its first k¢ elements are zero
and the remain K — 1 — kg elements are one. So ¢, = (1,v) = (1,0,...,0,1,...,1).

We now use an induction method to prove that
9k =Gk, VEk=2,..., 1+ko (C.25)

A key observation is that if considering the order of the columns of the larger subma-
trix Q' instead of QQ°, then the first column of @', i.e. Ql,’l is of larger lexicographic
order of Ql-,k for any k = 2,...,1 + kg. This indicates that we can follow a similar
induction argument as Step 3 in the proof of Theorem IV.1 by defining 6 as (the

same form as (C.14))

K
07; = Z gneép + Z anen + Z Cchep, (C26)
h=1

h>K:qp =0 h>K:qp =1

for k=2,...,1+ ko one after another, to obtain (E.23).

We emphasize here that if v = 0, i.e. in scenario (b.1) of the theorem, then
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ko = K — 1 and by far we have already obtained g, = gy for all k =2,..., K. So we
can directly go to the next step, Step 2 of the proof, without the local condition to
appear in (C.29) later. That is why in scenario (b.1) of the theorem, we have global
generic identifiability of (@, s, g, p).

Next we consider the case v # 0, i.e. in scenario (c) of the theorem, then ky <
K —1. We will use another induction argument to show g, = gx for k = kg+2, ..., K,
under an additional local condition. First we consider g, and g for k = kg + 2.
Note that Q. >ex @.1, and Q. <jex Q.. for any m = k 4+ 1,..., K. Define
6; the same as in (C.26), then T, .(Q,0" — 0,5 — ;) = 0 and T,-.(Q,0" —

59— 0:)p = 0, 50 T-.(Q,0" — 0,9 — 0;)p = 0. We claim that in the the
vector Th . (Q, 07 — 05, g —0%), denoted by T, . afterwards for notational simplicity,
only contains two potentially nonzero elements corresponding to attribute profiles
oy = Zizlem —e; = (1,...,1,ap = 0,1,...,1) and apxy = a1 —e; = (a; =
0,1,...,1,ax = 0,1,...,1). This is because on the one hand, for any attribute
profile v that lacks some attribute m € {k +1,..., K}, 054 = g for some item
h > K with g, = 0, which makes T« o = 0; and on the other hand, for any
attribute profile that lacks some attribute m € {2,... k — 1}, since we already have
(E.23), Opm = gn = gn for some h € {2,..., K}, which makes T,«4 = 0. Now
Ty+o 7 0 would only happen if @ = (ay,1,...,1,04,1,...,1). However, if o = 1
and a = (aq,1,...,1), then ), o, = ¢, for some item h > K with g5 = 1, which also
makes Ty« o = 0. Now we have proven the claim that 7. . has only two potentially

nonzero elements corresponding to a; and ag,. Therefore we have for k = kg + 2,

0 :T’r*,-(Qv 0+ - 279 - 02)]9

:H(Ch_gh) H (¢ — gn) H (gn — cn)

h>K: h>K:
qp, k=0 ap, k=1

% | (91 = 91)Pawi + (1 = 3P| (91 = 30),
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which further gives

(91 — 91)Pog, + (c1 — §1)pa1k] (9x — gx) = 0 for k = ko + 2. (C.27)

Note that if g = g¢;, then the part in the bracket in the above display becomes
(¢1 — 91)Pa,, Which is nonzero. Therefore, when g; is sufficiently close to the true
parameter g, the part in the bracket in (C.27) would be nonzero. We formally write

it as

for k=ko+2, Vg1 € Ni, (91— G1)Pag, + (€1 = §1)Pay, # 0, (C.28)
where Nk: = {"L‘ << glpaok + Clpalk}'
paok +pa1k

This indicates that in the neighborhood N, of g1, (C.27) leads to g = gy, for k = ko+2.

Then we use induction to prove g, = gi for all k& = ko + 3,..., K. As the

k—1
m=ko+2

for all m = 2,...,k — 1. Then define 8" the same as in (C.26), and deduce in the

induction assumption, assume that when g; € ) N,, holds, we have ¢, = Gm

same way as in proving gr,4+2 = GJk,+2, We have

(91 = 9P + (1 = 3)pan] (96 = 3) = 0,

and further for any g; € N} (more accurately any g; € [ﬂﬁ;lko o Nim] NG, we must
have gy = gi. Here N, takes the same form as that in (C.28). Now by induction, we

have that if
K
ne () Nu (C.29)

m=ko+2
then g, = gy for k = kg + 2,..., K. Combined with the previous results shown in
(E.23), now we have proven that in scenario (c) of the theorem, if the local condition

(C.29) is satisfied, then g = gy for k =2,... K.
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In summary, we have shown g, = gi for k =2,..., K (under (C.29) if in scenario
(c)) and ¢; = ¢; for j = K +2,...,J. Based on these, following similar procedures

as in Step 5 of the proof of Theorem IV.1, we obtain that

Step 2. In this step we show u =1 in (C.23). If u = 0, set

K+3 K+3
0" = cie; + Cres + E grer, T = E €j,
Jj=3 Jj=1

then

Tre (Q,07 —60*.g—60p=0"-p=0,
K+3

T (Q, 07 —0".g—0)p= (91— c1)(92 — &) [[ (¢ — 9)p0r...1) # 0,

J=3

which contradicts Equation (C.3). So « = 1. Now we have obtained

1 o0f 1 of
0 IKfl — 0 IKfl
Q= , Q= . (C.30)
1 o' 1 o'
0 Q** 0 Q**

Step 3. In this step we show v = v. For notational simplicity in the following proof,

we rearrange the order of the row vectors in @ and @ in (C.30) again to the following
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forms

1 of 1 0of
1 o' _ u o'
Q= , Q= ) (C.31)
0 IK—I O IK—I
O Q** O Q**
and our conclusions proved so far are g, = g; for k = 3,..., K + 1 and ¢; = ¢; for

j=K+2, ..., J (under the local condition (C.29) if in scenario (b.1)). Given that
the last J — 2 rows of Q and Q are equal, we claim that (C.22) for response pattern

r can be equivalently written as

Z H9 0o P(R1 > 11, Ry > 13, Ak =’ | Q,0,p) (C.32)

]>2
{o, 1}K Lorj=

= Z H9 0,a) * P(Ry > 11, Ry > 19, Asx =a' | Q,0,p).

a’e J>2
{0,1}K-1 rj=

Here A = (Ay,..., Ak) denotes a random attribute profile following a categorical
distribution with proportion parameters p, and As.x denotes the vector consisting of
the last K — 1 elements of A. The reason for the equivalence of (C.32) and (C.22)
is stated as follows. Since all items other than the first two do not require the first
attribute, we have that for any o’ € {0,1}%71, the two attribute profiles (0, @’) and
(1,a') always have the same response probability 0; .q/) to any item j > 2. This

indicates that the left hand side of (C.22) can be written as

Tr,.<Q;379 Z He 0,&’) * R1>T17R2>7a27 A2K_a ’Qa(-)p)

j>2
{0, 1}K 1 T =1

and this further leads to the equivalence between (C.22) and (C.32). In particular,
when (r1,72) = (0,0), we have P(R; > ry, Ry > 12, Agx = o' | Q,0,p) = po,a) +

P(1,ar)- Now for any J-dimensional response pattern r with (r1,72) = (0,0), then the
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constraint T, . (Q, 07, g)p = T».(Q, 0", §)p simply becomes

Z He,(Oa' +p1a Z H‘ga,(Oa/) +p(1,a/)).

Jj>2 i>2
{0, I}K 1 rj_l {0, I}K 1 ’l’j—l

Since the above equality holds for any (rs,ry,...,7;) € {0,1}’72 we claim that,
parameters 0 oo and éj,(O,a’) for j = 3,...,J can be equivalently viewed as all
the item parameters (slipping or guessing) associated with the submatrix Q*, while
grouped proportion parameters p.a/) + P(1,a7) and Po,ar) + P(1,a) can be viewed as
all the “proportion parameters” associated with Q*. Since QQ* satisfy the sufficient
conditions A, B, C in Theorem IV.1 for identifiability, by Theorem IV.1 we conclude
that 6 0.an = 0j0.e) for any j € {3,...,J} and any &’ € {0,1}*~1. This indicates
cg=cpfork=3,...,K+1land g;=g;for j=K+2,...,J.

Then an important observation is that, fix any particular pair of (ry, ;) € {0,1}2,
quantities in (C.32) can be viewed parameters associated with the (J —2) x (K —1)
matrix @Q*, just similar to the argument in the previous paragraph. Specifically,
0; 0,1y and e_j,(O,a’) for j = 3,...,J are item parameters (slipping or guessing) as-
sociated with the Q*, and P(Ry > 71, Ry > 19, Aoy = @' | Q,0,p) and P(R; >
r, Ry > 19, A = o' | Q,0,p) for each o € {0,1}%! can be viewed as the
“proportion parameters” associated with (*. Now because the submatrix QQ* satisfy
the identifiability conditions A, B, C; and Qsz.5. = Q3.5. = Q* and ¢; = ¢;, §; = g;

for y =3,...,J, we must have

Vol € {0,137, P(Ry >11, Ry > 1, Apg =’ | Q,0,p) (C.33)

=P(Ry >7r, Ro >y, Asg = | Q,0,p).

"dl

Now take (r1,75) to be (0,0), (0,1), (1,0), (1,1) in the above (C.33) respectively, we
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obtain

p

Do,a') T P(1,a) = D(0,') T D(1,');

D

01 (0,00) " 0,0y + 01, (1,00) * P10y = 01, 0,01) * Do,ey + 01, (1) * P1,e);

9 02, (0,0) " D0,y + 02, (1,00) * P1,v) = 92,(0,0/) “P0,) T 52,(1@') ‘P, (C.34)

01, (0,002, (0,0') * D0,y + 01, (1,002, (1,0) * P(1,00")

= él,(o,a')éz (0,a) " Po,a) T 91,(1,a’)§2,(1,a’) “D(1,a)-

Next we show v = v. (C.34) implies that,

;

Po,a’) + P,y = ﬁ(O,a’) + p(l,a’)

91P0,a") + C1P(1,a') = 91P(0,a’) T C1P(1,’
VCMIZ’U, a';é'B, (0,a’) (1,a/) 0,a) (1,a)

G2P(0,ar) + C2P(1,0) = G2[P(0,) + D(1,a))

G192P(0,0) + C1C2D(1,00) = G2[01P(0,0) + C1D(1,a))

If v # v, then taking o’ = v in the above equation and doing some transformation

gives

(92 = G2)P,ar) + (€2 = 2)P(1,ar) = 0,
(91 — c1)(92 — 92)P(0,a) = 0.
Since g1 # c¢1, we have gy — go = 0, which further gives ¢y — go = 0. This contradicts

cn > g for any item h, so ® # v can not happen. Similarly ¥ £ v also can not

happen, so v = v.

Step 4. In the final step we show ¢y, o, g1, 92 and p are generically identifiable if
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v # 1. First we show that if there exist o}, o € {0,1}*71 ) # @), such that

P(1,a)P0,ah) 7 P(1,04)P(0,0)) (C.35)

then one must have

After some transformations, the system of equations (C.40) yields

(1 —c1) - (92 — C2) - P,y = (91 — 1) - (G2 — €2) - D0’}
(92 = €2) * P0,ar) + (c2 — C2) - P1,ar) = (G2 — C2) * D(0,a)-
Since we have g; # ¢y, the left hand side of the first equation above is nonzero. And

obviously the right hand side of the second equation above is nonzero. Taking the

ratio of the above two equations gives

(g1 —c1) - (g2 — E2)
(92 — €2) + (ca — C2) - P1,a) /P(0,c')

= (g1 —a) = fla).

The right hand side of the above display does not involve any proportion parameter
p or p. So for o), o) satisfying (C.35), f(a)) = f(a)). Note that the left hand
side of the above equation involves a ratio pg.a/)/po,a) depending on o'. Equality
f(a)) = f(ad) along with (C.35) imply

_\ Paal)

(ca—¢2) - = (ca —G2) -
P(0,a}) P(0,af)

p((),a’l) p(O,a’z)

then since p,a;)P0,a3) 7 P(1,a4)P(0,a)) Dy assumption (C.35), one must have ¢y = ¢s.

By symmetry of the four item parameters g, ¢, go and ¢, in (C.40), equalities (C.36)
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hold as claimed following similar arguments. Now that all the item parameters are
identified, p = p. This completes the proof of part (b.1) and part (c) of the theorem.

The proof of Theorem IV.2 is now complete.

C.4 Proof of Theorem I1V.3

When Condition C' fails and some attribute is required by less than three items,
there are two possible scenarios: some attribute is required by only one item, or only
two items. We consider them separately, and in both cases prove that (@, ®, p) are

not generically identifiable.

(a) If some attribute is required by only one item. Then ) must take the following
form in (C.37) up to column and row permutations, where v; is a binary vector

of length K — 1.

1 o] 117
0 O 0 O

Now for arbitrary model parameters (@, p) associated with @), we also construct
(@, p) associated with the @ in (C.37), such that (C.1) holds. Firstly, for any
item j > 2, set 0 o = 0, for all @ € {0, 1}X then following a similar argument
as in Step 3 of the proof of Theorem IV.2 (b.1) and (c), we have that (C.1) hold

as long as the following constraints are satisfied: for any o’ € {0, 1}%71,

D0,e) T P1,a/) = P(0,a') T P(1,a');

01, (0,00) " P0.or) + 01, (1.00) * P1,ary = 01, (0.00) * Plo.er) + 01, (1,00) * D(1,00)-
(C.38)

For each o € {0,1}*~1, we now still arbitrarily set the value of 6; (o) and
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§17 (1,o), and set the proportions parameters to be

(91,(0,0/) - 9_1,(0,a'))p(0,a/) + (91,(1,a') - 9_1,(0,a'))])(1,a/)

D(l,e) = = =
(Le) 01, (1,ar) — 01, (0,0)

D0,o/) = P0,e) + P(1,0/) — P(1,a/)s

for each o’ € {0,1}%~1. Then (C.38) holds and further (C.1) holds. Since the
choice of the 2K item parameters {01 (0.0, 01,(1,00) : @ € {0,1}¥71} are arbi-

trary, the original ) and associated parameters are not generically identifiable.

If some attribute is required by only two items, then @) takes the form in (C.39)
up to column/row permutations, where v; and v, are vectors of length K — 1

and @Q* is a submatrix of size (J — 2) x (K —1).

1 v/ 117
Q=11 vl |; Q=1 17], (C.39)
0 Q* 0 Q*

Then for arbitrary model parameters (0, p) associated with @), we next carefully
construct (©,p) associated with the @ in (C.39), such that (C.1) holds. This
would prove the conclusion that joint generic identifiability fails. Firstly, for any
item j > 3, set 0, o = 0 for all a € {0, 1}¥, then following the same argument

as in Step 3 of the proof of Theorem IV.2 (b.1) and (c), we have that (C.1) hold

288



as long as the following constraints are satisfied for every o’ € {0, 1}%-1

Po,a") +p(1 al) = (0 %) —I—p(1 a’);

ey

01, (0,0) " P0,ar) + 01, (1,00) * P(1,0r) = 01, (0,0) * P(0,0) + gl,(l,a’) ‘P,

92 (0,&) " P(0,a) + 82 (L&) " P(1,e) 9_ ,(0,a) p(O,a’) + 9_2,(1,11’) ’ ﬁ(l,a’);
01, (0,002, 0,0') * P,y + 01, (1,00 02, (1,0/) - P(1,0)

= 01, (0,102, (0,0) * D0,0) T 01, (1,00)02, (1,0) * D(1,)-

(C.40)

For each o’ € {0,1}~1, arbitrarily choose 01 (g,) and 02, (. from the neigh-
borhood of the true parameter values 0; 0.« and 03 (1 . respectively. Then
set

.
) (101, 1,0y =1, (0,0 (02, (1,0/) =02, (0,0 ]P(1,a")
01, (1.0r) = 010,00 5 5

102, (0,a/) =02, (0,a")]P(0,a’y T 02, (1,a/) 02, (0,a")]P(1,0) ]

) [‘92 1,a/) 02, (0, }[91 (1,a/ _91 0,a")P
2] | + (1,a) 0,a’ o) 0,2)1P(1,a’)
2, (1,a) 2,(0,a’) [91 (0,a)~ 01 (, a/)]p(o a/)+[91 (1,a/)~ 91 (, a/)]p(l a/) (C 41)

_ _ 165, 0,01 =02 0.0 P0.01) F 102, (1.0 =02, (0.0 PG.a)

9

02, 1,0y~ 92, (0,a")

D0,e’) = P0,e) T P(1,0/) — P(1,a/)-

Then one can check that (C.40) holds and further (C.1) holds. Since in the
above construction the choice of the 2X item parameters {0, 0,0, 02, 0,0y -
o' € {0,1}X71} are arbitrary, we have proved that the @) and associated model

parameters are not generically identifiable.

C.5 Proof of Theorem 1V.4

We prove this theorem following a similar argument as the proof of Theorem 7 in

Gu and Xu (2020a). Assume Q takes the form Q = (Q/,Q,,(Q*)")", where Q; and
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(> have all diagonal elements being 1. Assume

K K K-1
Oja =1 (5;'70 ) Btiran+ Y D Biww (@iren) (@pan) + -
k=1 k'=k+1 k=1

+ B2k H(Qj,ka.IC))a
k

where f(.) is some link function and when f(.) is the identify function, the model
is the GDINA model. We first show that under Condition D, the 2% x 2% matrices
T(Q1,0¢,) and T(Q2,Oq,) both have full rank 2% generically. It suffices to find

some valid © (i.e., ©¢) that gives

det(T(Q1,Oq,)) # 0,  det(T(Q2,Bq,)) # 0. (C.42)

The reason is as follows. (C.42) would imply the polynomials defining the two matrix
determinants are not zero polynomials in the Q-restricted parameter space. Therefore
for almost all parameters, T(Q1,®¢,) and T(Q2, ©¢,) would have full rank. Next
we only focus on T'(Q1, O, ). For every item k =1,..., K, we set Spp =1, fppr =0
for any k' # k, and set all the interaction effects to zero. Then T'(Q1, ®¢,) becomes
identical to T'(Ik, 2) 1) under a Q-matrix [x with associated item parameters e) Ix
defined as follows: é\ek,o = B0, and gek,ek = (9\6“ = Bro+Pei for ke {1,..., K} Itis
not hard to see that T'(/, @IK) can be viewed as a T-matrix under the DINA model
with the ()-matrix equal to Ik, and guessing parameters [, slipping parameters
1—Bro—Brifor k=1,..., K. Therefore T'(I, @IK) has full rank as argued in Step
1 of the proof of Theorem IV.1. So T'(Q1, ©¢,) has full rank generically.

We next prove that if Condition E holds in addition, then any two different
columns of T(Q*, ©¢-) are distinct generically. For e, @’ € {0, 1} and e« # &/, they
at least differ in one element. Assume without loss of generality that oy =1 > 0 = o

Then Condition E ensures that there is some item j > 2K with ¢;, = 1. Under the
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general RLCM, this implies 6,4 # 0; generically. By Kruskal (1977), a matrix’s
Kruskal rank is the largest number I such that every set of I columns of the matrix
are independent. When a matrix has full rank, its Kruskal rank equals its rank. By
this definition, T'(Q*, ®¢+) has Kruskal rank at least 2 generically, and T'(Q1, ©Og, ),

T(Qq,©¢,) have Kruskal rank 25 generically. Then for generic @¢, we have

rankx {T(Q1, ©g, )} + rankg {T(Qq, Og,)} + rankx {T(Q*, Op+)} > 2 x 2K + 2.
(C.43)

Applying Corollary 2 of Rhodes (2010) to this 2¥-class latent class model, we get
T(Q,0) = T(Q,0) and p = p up to column permutation. This proves generic
identifiability of (@, ®,p) in the model. Moreover, we also have the following form

of the identifiable set

19@ \ Bron = {(®va) : det(T(Ql’ @Q1)) 7é 0, det(T(QQv ®Q2)) 7é 0,

T(Q*,0¢+) - Diag(p) has column vectors different from each other}.

This is because when (Q¢, p) € ¥¢g \ Ppon, the rank condition (C.43) is satisfied and

joint identifiability of (Q, ®¢, p) follows.

C.6 Proof of Theorem IV.5.

We prove the theorem in two steps. In the first step, we show that if () is not
generically complete, than it must take the following form (up to column/row per-

mutations) for some k > m,
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Q1,1 Ce qu, k... ok

Q _ Qma1 " Gmpk | * 0 0k _ QH Q12 — Ql . (C44)
0 . 0 LRI 3 Q21 | Q22 @2
0 0 |* *

The bottom-left submatrix Q21 = 0(j_m)xx- Any entry not in (J2; can be either 0
or 1. We introduce some definitions first. Given a (-matrix (), define a family Sg
of K finite sets Sg = {Ay, Ay,..., Ax}, where Ay, = {1 < j < J: ¢ = 1} for
each k. Then A denotes the set of items that require attribute k. For the family
Sg, a transversal is a system of distinct representatives from each of its elements

A, ..., Ax. For example, for

110
=101 11,
1 0 1

we have So = {A; = {1,3}, Ay = {1,2}, A3 = {2,3}}. Then (1,2,3) is a valid
transversal of Sg, and so as (3,1,2); but (1,1,2) is not a transversal. Now it is not
hard to see that, the assumption that () is not generically complete is equivalent to

the following statement H*,
H~*. Given @, the family Sy does not have a valid transversal.

Then by Hall’'s Marriage Theorem (Hall, 1967), the nonexistence of a transversal
indicates the failure of the marriage condition. So there must exist a subfamily

W C Sq such that |[W| > |U 4ep Al- More specifically, this means there exist some
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liloy...,lke{l,...,K} and W ={A,,..., A, } such that

W] =k> A, U---UA | <Lm.
In other words, we have shown that there exist some attributes, the number of which
(e.g., k) exceeds the number of items that require any of these attributes (e.g., m).
This is exactly saying that @ has to take the form of (C.44) with k£ > m after some
column /row permutation.
In the second step, we show that if @) takes the form of (C.44) with k£ > m,
then (@, ©, p) under general RLCMs are not generically identifiable. Now we define

another potentially different Q as

= Qll QIQ Ql _
Q = = s where Q12 = 1m><(ka)-

Q21 | Q22 Q2
Then given arbitrary (©,p) associated with @, we set ;o = 0;4 for every j =
m+1,...,J and every a € {0,1}¥. Because Qy; is a (J — m) X k zero matrix, we
claim that under the current construction, the original 27 constraints in (C.1) are

satisfied as long as the following constraints are satisfied

Vo = (apsr, - o) € {0,175 Ve = (ry, ) € {0,137,

Z Tr’, (a*,a) (Ql: GQl) : p(a*,a’) = Z Tr/, (a*,a’)(@la @Q1) : p(a*,a/)-

a*e{0,1}k a*e{0,1}¢

This claim can be shown following a similar argument as that in Step 3 of the proof of
Theorem IV.2 (b.1) and (c). Then the above system of equations contain 25-% x 2m

constraints, while under the general RLCMs the number of free variables in (O, p)
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involved is

{Pa 0 € (0,13} Jbja:de{1l,....m}, a e {0,1}*}
_ 9K | oKk (Zmzij,ﬁ---ﬂj,k) > 9K | 9Kk o
j=1
Under the assumption m < k, we have that the number of constraints 25=% x 2 ig
smaller than the number of variables to solve (which is lower bounded by 2K =% x (2% +
m)), because 2™ < 2F +m. So there exist infinitely many different sets of solutions of

(@, p) associated with @ such that T(Q,®)p = T(Q, ©)p. Therefore (Q, O, p) are

not generically identifiable and the proof of the theorem is complete.

C.7 Proof of Proposition I1V.4

We show the conclusion following a similar argument as the proof of Proposition
1 in Xu and Shang (2018). To establish the bound (4.7) in the proposition, we
check the technical conditions in Theorem 1 in Shen et al. (2012b). We first define
some notations. For a family of probability mass functions F, define H(.,F) to
be the bracketing Hellinger metric entropy of F. We call a finite set of function
pairs S(e,n) = {(fL, f4), ..., (fL, f4)} a Hellinger e-bracketing of F if the L, norm

-7

such that f! < f < f* The bracketing Hellinger metric entropy is defined to be

< efor all i = 1,...,n; and further fur any f € F, there is an ¢

the logarithm of the cardinality of the e-bracketing with the smallest size, namely
H(.,F) =logmin{n : S(e,n)}. We next argue that the size of the parameter space
of (®,p) is well controlled under the Hellinger metric. Recall S is defined in the
main text before Proposition IV.4, and we define Bs = Fg N {h(n,n°) < 2¢} as
the local parameter space with n = (B, p) denoting general model parameters and

n’ = (BO, p°) denoting the true model parameters. According to the argument in the
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proof of Proposition 1 in Xu and Shang (2018), in the considered scenario with fixed J
and K, for any € < 1 and any t € (¢/2%, ¢), there is H(¢, Bs) < clog(J25)|S] log(2¢/t);
indeed, there is H(t, Bs) = O(log(2¢/t)) uniformly for any S, € and ¢.

With this upper bound on the Hellinger bracketing entropy, we can apply Theorem

1 in Shen et al. (2012b) to obtain

P(Q # Q%) <P@ #70°) < crexp{—c1 NCynin(€°, p°)},

where Ciyin(©°, p°) = inf,. |sj<m.s5, 1(1,m°). The above display is the desired (4.7)
in the proposition.

Next we show that when the proposed sufficient conditions for joint strict iden-
tifiability hold, the Ciin(©°, p°) in (4.7) is bounded away from zero by some pos-
itive constant. When the proposed conditions for joint strict identifiability (such
as Conditions A, B and C under DINA model are satisfied), the (B",p°) here are
strictly identifiable. The consequence is that there exists a constant ¢ > 0 such that
h*(n,m°) > §, where the m denotes the number of free parameters under the Q° and
the RLCM specification. Therefore,

Rmn°) o 6

Cmin 607 0 > 1
( p) = 7:1S|<m,S+#£S50 2m — 2m

>0,

SO C’min(GO, p°) > ¢y for some positive constant ¢y holds. This proves the conclusion
that under the proposed strict identifiability conditions, the finite sample error bound

IP’((:) # Q") has an exponential rate. This completes the proof of the proposition.

C.8 Simulation Studies for Chapter 1V

In this section, we provide more simulation results to verify the developed identi-

fiability theory. In Section C.8.1, we perform simulation studies to verify Theorems
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1 and 2 for the DINA model. In Section C.8.2, we perform simulation studies to
verify Theorems 3 and 4 for the GDINA model. The Matlab code for performing the
simulation studies are available at https://github.com/yuqigu/Identify_Q.

To better illustrate the identifiability or non-identifiability phenomena of ()-matrix,
in some of the following simulation studies, we conduct exhaustive search of all pos-
sible @-matrices of a certain size 5 x 2. Specifically, consider the set of all the 5 x 2
binary ()-matrices other than those containing some all-zero row vectors. If treating
two @Q-matrices that are identical up to permuting the two columns as equivalent (be-
cause they are indeed equivalent in terms of model identifiability), then there are in
total 121 types of Q-matrices. We denote such a set of Q-matrices by Exhaus(Qsxs),
and denote its elements by Q', Q?, ..., Q'!. For example, the first three and the last

three @-matrices in Exhaus(Qsx2) are

01 01 01
01 10 ‘ 11
Q=10 1|; @=|o0o 1|; @=|o 1]; -
01 01 01
01 01 0 1
11 11 11
11 11 11
QW=111l; @ =1 1]; Q%=1 1

01 0 1 11
10 11 11

The complete list of the 121 @-matrices in the set Exhaus(Qsx2) is available in the
Matlab file Q_aa.mat at https://github.com/yuqigu/Identify_Q.

In the exhaustive-search scenario, to illustrate the identifiability /non-identifiability
phenomenon, we will generate data using some particular ()-matrix, and fit the
dataset using all the 121 candidate @-matrices in Exhaus(@sx2) and plot the log-
likelihood values corresponding to all these 121 @-matrices. Investigating whether

the true data-generating ()-matrix achieves the maximum of the likelihood would
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help gain insight into whether this true @-matrix is identifiable in the considered
practical setting. We will see from these simulations how the developed identifiability

theory matches the practice.

C.8.1 Two-Parameter SLAM: DINA Model

In this section, we carry out four simulation studies.

Study I: When @-matrix satisfies the necessary and sufficient conditions
A, B and C for strict identifiability.

In this simulation study, we choose those @-matrices from Exhaus(Qsx2) that
satisfies the proposed necessary and sufficient identifiability conditions A, B and C' in
Theorem IV.1 in Chapter IV. In particular, after rearranging rows, there are exactly
two forms the 5 x 2 @-matrix that satisfies A, B and C. Their representatives are

Q" and Q' as follows,

QlS — Q15 _

O === O
—_ O = =
|
O === O
— OO R —

Note that Q'® contains only on identity submatrix I», while Q'® contains two copies
of submatrix I5. As introduced prior to this section C.8.1, we generate datasets with
sample size N = 10° with true Q-matrix being Q'® and Q'°, respectively; and for
each case, we run EM algorithm with several random initializations to fit the dataset
with all the 121 @-matrixes in Exhaus(Qsx2) and obtain their log-likelihood values.

Figure C.1a and C.1b present the log-likelihood plots, with z-axis denoting the
indices of the 121 candidate @-matrices in Exhaus(Qsx2), and y-axis denoting the
log-likelihood values. Each blue triangle denotes a candidate ()-matrix; the red star
denotes the true data-generating (-matrix, and the purple square denotes the Q-

matrix that achieves the largest likelihood.
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We can see from these two plots in Figure C.1 that when the true data-generating
Q-matrix (Q' and Q'®) satisfies our proposed conditions A, B and C, it indeed
achieves the largest likelihood compared to all other possible candidate ()-matrices.
Therefore for any algorithm seeking the maximum likelihood estimator of (Q, 87", g, p),
the true @Q-matrix can be identified and any other ()-matrix will not be confused with
the true Q. Another observation from Figure C.la and C.1b is that, for Q'° that
contains one more identity submatrix I, than Q'®, the true @) can be relatively better
distinguished from the other )’s due to the larger gap in the likelihood values. This
phenomenon might imply that the more identity submatrices the true data-generating

(Q-matrix contain, the easier the estimation for the true structure would be.

Figure C.1: DINA: exhaustive search in the set of 5 x 2 @-matrices with a true
@-matrix satisfying Conditions A, B and C in Theorem 1.

5
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* T T T T T
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-3.156 at mm the Q with largest likelihood | |
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T
I

-3.16 1
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log-likelihood values
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(a) true @) containing one Iy: Q'° = <1 110 1

298



x10°

-3.2 T
t true Q
* the Q with largest likelihood
-3.205 - 1
n
g 3.21 A
= 321 N i
g A A m
8
O -3.215 1
£
0]
= A
T L A 4
8, -3.22 a N N AL
- A A A
-3.225 - A Aa N . . b
™S A R a
303 ML A AA Ataasts Apasass A0 as ash a0h Ada a0 4 Aadp
0 20 40 60 80 100 120
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01110)T

L. S 15 _
(b) true @ containing two I3’s: Q™ = <1 100 1

Study II: When (-matrix does not satisfy all of Conditions A, B, C' but
satisfies conditions in Theorem 2 for generic identifiability.

In this simulation study, we take the data-generating Q-matrix from Exhaus(Q5x2)
that do NOT satisfy some of Conditions A, B and C, but satisfy the conditions
in Theorem 2 for joint generic identifiability of (Q,0",g,p). In particular, for the
considered case of K = 2, the only possibility for (global) generic identifiability
is scenario (b.2) described in Theorem 2, where Condition C' is violated and some
column of () contains only two entries of “1”7. After rearranging the rows of @, it is
not hard to see that there is only one possible case of the form of @) leading to generic

identifiability, and the following Q° is a representative,

(C.45)

QO

ot

I
OO ) = O
—_ 0 O -

The log-likelihood value plot is presented in Figure C.2. One can see in this generically
identifiable scenario, with randomly generated true parameters, the true ()-matrix

@Q® achieves the largest likelihood and hence can be identified from data. We point
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out that although only the result of one simulated dataset is presented here, the
generically identifiable Q-matrix (as the true @-matrix) generally can achieve the
largest likelihood among all the candidate ()-matrices, based on our experience in

various simulations.

5
-3.26 10 : ; ; ; ;
* t true Q
the Q with largest likelihood
8327 am 1
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(]
= A
© A A
> -3.28 A N i
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o
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=
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Adad A Aaa e Adas 4 At 4 Assasaians A0t 4 e i asan Al
. A
L L

-3.31 J : J '
0 20 40 60 80 100 120

indices of candidate Q-matrices

Figure C.2: DINA: exhaustive search in 5 x 2 -matrices with a true Q-matrix Q° in
(C.45) generically identifiable, corresponding to scenario (b.2) in Theorem 2.

Study III: When ()-matrix does not even lead to local identifiability.

In this simulation study, we take the data-generating Q)-matrix from Exhaus(Q5x2)
that do not even lead to local identifiability. That is, under such true -matrix, even
in a small neighborhood of the true parameters, there exist infinitely many different
alternative parameters that are not distinguishable from the true one.

Consider the following three different forms of ()-matrices from the set Exhaus(Qsx2),

0 1 0 1 0 1
10 21 55
0 0 1 11 0 1
=10 1]; @ =10 1|; @°=1]0 1],
10 11 0 1
0 1 0 1 0 1

where Q' contains only one entry of “1” in one column, Q?' is incomplete (i.e., lacks

1), and Q% contains an all-zero column. Their corresponding log-likelihood plots in
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the exhaustive-search scenario are presented in Figure C.3a, C.3b and C.3c. One can
see from these plots that in these no even locally identifiable settings, the true data-
generating ()-matrix does not achieve the maximum of the likelihood. Instead, many
other alternative (Q-matrices would have larger likelihood, and a wrong ()-matrix will
be selected as the maximum likelihood estimator.

Figure C.3: DINA: exhaustive search in 5 x 2 (Q-matrices with a true ()-matrix not
even locally identifiable, corresponding to scenario (b.1) in Theorem 2.
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(c) true @ not even locally identifiable: Q%° = (1 111 1

Study IV: Verifying necessity of Condition A “completeness”.

We verify the necessity of Condition A “completeness” of the Q-matrix for iden-
tifiability. Consider two settings of incomplete Q-matrices, Q1 with (K, J) = (3, 20)
and @y with (K,J) = (5,20). For i = 1,2, for the matrix @ = @Q; and arbitrary
DINA model parameters (6%, g, p), we follow our theoretical derivations to construct
two alternative Q-matrices ' = @} and Q" = @7 and corresponding parameters
(0+,, g,p) and (9+”, g".p"). Then we compute the marginal probabilities for all the
possible 220 ~ 10° response patterns under each of the @, Q' and Q”, which charac-
terize the distribution of the 20-dimensional binary vector R. We give visualization
plots to show how these different ()-matrices and different model parameters lead to

exactly the same distribution of the observed responses R.
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(C.46)
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20%x5
(C.47)

10 0 0 0
01 0 0O
0 01 0O
00 010
0 0001

100 00
1 1 0 0 0
1 1 1 0 0
1 1 1 1 0
0 00 01

10 0 00
110 0 0
11100
11110
111 11

1 00 0O
1 1 0 0 0
1 1 1 0 0
1 1 1 1 0
1 1 1 11

20x5

10 0 0 0
01 0 0O
0 01 0O
00010
0 0111

1 00 00
1 1 0 0 0
1 11 0 0
1 1 1 10

1 1.0 00
111 0 0
1 11

0

1

1 1 1 11

1 00 00
1 1 0 0 0
1 11 0 0
1 1 1 10
1 1 1 11

20x5

10 0 00
01 0 0O
001 0O
0 0 010
11111

100 0 O
1 1 0 0 0
1 1 1 0 0
1 1 1 1 0
11111

10 0 0

1
1

1 00

1

1 1 1 10
1 1 1 11

100 0 O
1 1 0 0 0
1 1 1 0 0
1 1 1 1 0
1 1 1 11

First, consider the following @1 with (K, J) = (3,20) in (C.46), which is incom-

plete because its row vectors does not contain the unit vector (0,0, 1). For arbitrarily

/

generated parameters (07, g, p), weset 0% =07 =0 and g =g = g and set the

1

!

1"
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proportion parameters as follows,

1" _

Proory = pl(/on) pl(llll) =0,

(

p/(on) =0, pl(looo) = P(000) T P(001)5

Ploioy = P(o10) + P(o11), Plo1oy = P(010) + P(o11), (C.48)
| P = Pa; Y 7 (011), (010); Pl110y = P(10) + P(i),

Pl = pa, Ya = (100), (101).

We define a notation I'(Q)) to briefly explain the rationale behind the above con-
structions. The T'(Q) is a J x 2K binary matrix defined based on Q. The columns
and rows of I'(Q) are indexed by the .J items and the 2% possible attribute patterns,
respectively; and the (j, a)th entry of it is defined to be I'; o(Q) = I(a = g;). An
important observation is that, due to the forms of @), @' and )", the unique col-
umn vectors in I'(Q)) form a subset of those of I'(Q)); and further the unique column
vectors of I'(Q)’) form a subset of those of I'(Q)”). Therefore, to construct p’ such
that (Q,0",g,p) and (Q',0", g, p') that are non-distinguishable, we only need to set
pl, = 0 for those o whose corresponding column vector in I'(Q)') does not appear as
the column vector of I'(Q); and let the proportions (in vector p’) of other attribute
patterns to absorb the proportions of these a’s in the vector p’. The proportions p”
under ()" are constructed similarly. This is exactly how Equation (C.48) are derived.
For the @2, Q) and Q5 defined in (C.47), we construct the proportion parameters p’
under @, and p” under @)} following the same rationale; the details of defining them
are omitted but their values are later revealed in Figure C.5(c).

In Figure C.4, we visualize the non-identifiability phenomenon of );. In Figure
C.4(a), we plot the differences of proportions parameters under the alternative models

and the true model with ;. The red dotted line with “x” plots the values p’ —p =

/ / / / / / /
(Pooo — Pooos Poor — Poots Poio — Poios Porn — Poit, Proo — Proos Phor — Piots Piig —
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P110, Pii; — p111) correspondent to the 8 attribute patterns; and the green dotted line
with “4” plots p” — p. Despite these three sets of parameters are quite different, the
220_dimensional vector of marginal probabilities of R are exactly the same, as shown
in plots (b) and (c) of Figure C.4. In particular, in plot (b), the z-axis presents
the indices of the response patterns in » € {0,1}7, the y-axis presents the values of
P(R=1r|Q,0", g p), where the blue circles denote those under (Qy,p), red “x”
for (@}, p'), and green “+” for (Q7,p"). Plot (c) of Figure C.4 is a zoomed-in version
of plot (b), by only showing those marginal probabilities in [0.2 x 107%,2 x 107],
which contains around 7 x 103 response patterns. One can roughly see from both
plots (b) and (c) that the three underlying parameters yield identical distribution of

the response vector. Indeed, the computation carried out using Matlab yields

e P(R=7|Q1,0%,9,p) —P(R=7[Q},6",g,p")| =217 x 107",
re{0,1}2

max ‘IP’(R =7r|Q,0",g,p) —P(R=r| Q'l’,9+,g,p”)} =4.34x 107",

re{0,1}20

which are both smaller than the machine epsilon (machine error) of Matlab 2.22 x
10716, This confirms that @ defined in (C.46) is not identifiable.

Figure C.5 shows the analogous results for Q)5 of size 20 x 5. Plot (a) in Figure
C.5 shows the difference of the 2° = 32-dimensional proportion parameters under
alternative and true Q-matrices, and plots (b) and (c) give marginal probabilities of

R. The computation using Matlab gives

max [P(R=r1|Q,,0%,g,p) —P(R=7[Q 0%, g,p)=217x107",

re{0,1}20

X IP(R=7Q20",9,p) —P(R=7]Q5,6",g,p")| =651 x 107",
re{0,1}2

which are also both smaller than the machine error 2.22 x 10716 of Matlab. This

verifies the non-identifiability of @)y defined in (C.47).
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Figure C.4: DINA: true @)-matrix of size 20 x 3 is not complete and hence not
identifiable.
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Figure C.5: DINA: true @-matrix of size 20 x 5 is not complete and hence not
identifiable.
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C.8.2 General SLAM: GDINA Model

In this section, we design simulation studies to verify the proposed identifiability
conditions under the GDINA model introduced in Example 1.3. In Study V, we
use exhaustive search within 5 x 2 @)-matrices to verify the sufficient conditions in
Theorem IV.4. In Study VI and Study VII, we verify the necessary conditions in
Theorem IV.3.

Study V: When (-matrix satisfies Conditions D, F for generic identifia-
bility.

Within the set of 5 x 2 @Q-matrices Exhaus(Qsx2), if @ satisfies the sufficient
conditions D and E for generic identifiability under the GDINA model, then other
than the all-one Q-matrix Q'?! which corresponds to the unrestricted latent class
model, ) can take the forms of Q¥, Q'8 Q*", @*!, and Q¥ (up to rearrangement
of rows and columns). When using some ()-matrix to generate data, we also set
the sample size to N = 10° and randomly set the true parameters which satisfy the
monotonicity constraint (1.3) in the main text. In plots (a), (b), (c¢), (d) and (e) in
Figure C.6, we present the exhaustive search results when the true data-generating
Q-matrix is Q'°, Q*®, Q%", Q**, or Q¥'. We point out that for GDINA model, in each
scenario, we did not plot all the 121 @)-matrices’ log-likelihood values, although we fit
all the 121 ones to the simulated data. Instead, we only plot those (Q-matrices under

which the estimated parameters satisfies the stringent monotonicity constraint

9]'701 > 9]‘70‘/ if o O) qj - Ofl O) qj. (049)

This constraint is stronger than requiring merely (1.3), and it is often imposed in
practice when fitting the general RLCM that models the main and interaction effects
of the latent attributes; for example, see the LCDM proposed in Henson et al. (2009).

So each blue triangle in each plot of Figure C.6 corresponds to a ()-matrix with
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estimated @ satisfying (C.49). We can see from the five plots in Figure C.6 that when
the generic identifiability conditions D and E are satisfied, the true data-generating
(Q-matrix achieves the maximum of the data likelihood compared to all the candidate

()-matrices of the same size.

Figure C.6: GDINA: exhaustive search in 5 x 2 @)-matrices with a true @) satisfying
Conditions D and FE.
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Study VI: When ()-matrix does not even lead to local generic identifiability.

(e) GDINA: generically identifiable: Q%! = < 1

We now use the not even locally generically identifiable Q-matrices Q', Q?, or Q?
to generate the data, and perform the exhaustive search among Exhaus(Qsx2). The
log-likelihood plots along with the forms of the data generating matrices Q*, Q?, Q3
are presented in Figure C.7. Similar to the previous Study V, here in each scenario
we only plot those @)-matrix whose estimated ® parameters satisfy the stringent
monotonicity constraint (C.49). One can see from the plots in Figure C.7 that these
Q', Q?, @3 do not maximize the data likelihood, implying severe non-identifiability.
Note that for Figure C.7(b) corresponding to Q?, there are only two Q-matrices
satisfying the constraint (C.49) among the 121 Q-matrices fitted to the data; these

two (Q-matrices are the true Q-matrix @Q? and another Q-matrix Q%,

Q

o

I
OO o= O
el T = e B

Q

B

1)

I
_— o O = O
_ = O

Note that even there are only two ()-matrices satisfying the monotonicity constraint

(C.49), the true Q* used to generate the data is not the one that has the larger
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likelihood, according to Figure C.7(b). This illustrates the non-identifiability of Q.

Figure C.7: GDINA: exhaustive search in 5 x 2 (Q-matrices with a true ()-matrix
which leads to a not even locally generically identifiable model.
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Study VII: Construction of many alternative sets of parameters when true
()-matrix violates the necessary condition for generic identifiability.

In this study, we verify Theorem IV.3, i.e., verify the necessity of Condition C'
that each attribute is required by at least two items in the (Q-matriz for joint generic
identifiability. We consider two cases with (K, J) = (3,20) and (K, J) = (5, 20).

First, for (K, J) = (3,20), consider the following Q-matrix )3 and an alternative
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1 10 1 11
1 01 1 11
0 1 O 0 1 O
0 0 1 0 0 1
0 1 1 0 1 1
0 1 0 01 0
0 0 1 0 0 1
0 1 1 0 1 1
01 0 01 0
0 0 1 ~ 0 0 1
Q3 = 001 1 Q3= 001 1 (C.50)
01 O 0 1 O
0 0 1 0 0 1
0 1 1 0 1 1
0 1 0 0 1 O
0 0 1 0 0 1
0 1 1 0 1 1
01 0 01 0
0 0 1 0 0 1
0 1 1 0 1 1
20x3 20x3

We first construct true parameters (©,p) under (J3. For each attribute pattern c,
we set its population proportion p, to be 1/2K. For each item, set the baseline
probability, the positive response probability of the all-zero attribute profile o = 07,
to be 0.2 and the positive response probability of & = 1T to be 0.8. And we take all
the main effects and interaction effects parameters to be equal.

For the defined true parameters (@, p) under ()3, we next construct 70 alternative
sets of parameters (C:)g,@e) for £ = 1,2,...,70, all under the alternative ()-matrix
Qs3, that are non-distinguishable from the true parameters. Following the proof of
Theorem V.3, we first set éjya = 0;q for any j > 2 and any a. Then we randomly
generate the values of the (:)1;2,1;4 (the first four elements of the first two rows of @)
from the neighborhood of their true values, and enforce the monotonicity constraint

(1.3). Specifically, for each alternative set (the ¢-th set) of parameters, there is
O, =©,; +U(-0.1,0.1), i=1,2 j=1,2,3,4 (=1,2,....70.

where U(—0.1,0.1) denotes a uniformly distributed random variable between —0.1
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and 0.1. Next we just use Equation (C.41) to get the remaining item parameters
(:)i:z,s):s and p’,

Figure C.8 presents the constructed 70 other parameters sets ((:)Z, p’) under the
alternative @3, by plotting the values of difference between the alternative param-
eters and the true parameters. In particular, In Figure C.8(a), the black solid line
with dots is the reference line at zero, and each of the 70 colored dotted line with
“47’s represents one particular set of alternative parameters. For each colored line
corresponding to the fth set of parameters, the following 16-dimensional vector of

parameter difference is plotted,

4 Y4 Y4 Y4
(01,000 = 01,000, 01 001 — 01,010, 01 010 — 01,010, 01 011 — 01,011,

N’ N’ nt 0t
91’100 - 01,1007 917101 - 91,1107 017110 - 91,110; 017111 - 01,1117

¢ ¢ ¢ ¢
92,000 — 62,000, 92,001 — 0,010, 927010 — 02,010, 02,011 — 02,011,

4 4 4 4
0 100 — 02,100, 02,101 — 02,110, 05 110 — 02,110, O3 171 — O2,111)-

Similarly, in Figure C.8(b), for each colored line corresponding to the fth set of
parameters, the following 8-dimensional vector of parameter difference is plotted,
(Phoo — Pooos Poor — Po10s Poro — Poros Porr — Poits Pioo — Proos Dior — Prios DPiyg —
P110, DLy — pi11). In summary, a total number of 70 colored lines corresponding to 70
alternative sets of parameters are plotted in Figure C.8.

The (O, p) and all the ((:)g, p'), £ =1,...,70 give the identical distribution of R.
Specifically, from the computation in Matlab, we have

max max |]P’(R =r|Q;0,p) —P(R=r| Qg,@e,pg)} =1.30 x 1078,

1<0<70 7e{0,1}20

which is smaller than the Matlab machine error 2.22 x 10716, This verifies that despite

the underlying parameters are different from the truth, they all lead to the identical
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distribution of responses. So (@3, ®, p) are not identifiable. We emphasize that under

this )3, for any true parameters, one can similarly construct arbitrarily many such

alternative parameter sets under Qs.

o
i

difference between alternative and true parameters

-0.15

Q N
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indices of item parameters

(a) K =3 and J = 20, 70 alternative sets of parameters
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0.06

difference between alternative and true parameters
o

! | I 1 | |

p001 p0‘10 p011 p100 p101 p1‘10 p111
indices of proportion parameters

(b) K =3 and J = 20, 70 sets of parameters

Figure C.8: GDINA: true @ is Q3 with (K, J) = (3, 20); each of the 70 colored line cor-

responds to one set of alternative parameters under ()3; all sets non-distinguishable.
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For (K, J) = (5,20), consider the following Q4 and an alternative Q,

11000 11111
10100 11111
0100 0 0100 0
0010 0 0010 0
00010 00010
0000 1 0000 1
0100 0 0100 0
0010 0 0010 0
00010 00010
0000 1 ~ 0000 1

Q=10 10 0 0 Q=10 10 0 0 (C.51)
0010 0 0010 0
00010 00010
0000 1 0000 1
0110 0 0110 0
01010 01010
0100 1 0100 1
00110 00110
0010 1 0010 1
0001 1 000 1 1

20x5 20x5

We set the true parameters under 4 similarly as those under )3, and also use (C.41)
in the proof of Theorem IV.3 to randomly construct 70 sets of parameters under
the Q. Figure C.9 (a) and (b) plot the values of difference between alternative and
true item parameters (of the first two items), and that between alternative and true
proportion parameters, respectively. Despite the differences in parameter values, our
computation in Matlab shows the maximum difference between marginal response

probabilities is

_ _ _ = A ~19
@go%%mm—r|Q4,@,p> P(R=7|Q4,0"p")| =542 x 107",

also smaller than the Matlab machine error 2.22 x 1076, This illustrates the non-

identifiability of Q4.
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Figure C.9: GDINA: true @ is Q4 with (K, J) = (5, 20); each of the 70 colored line cor-

responds to one set of alternative parameters under ()y; all sets non-distinguishable.
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APPENDIX D

Appendix of Chapter V

This is the appendix to Chapter V and it is organized as follows. Appendix D.1
presents the proof of Theorem V.1 and Corollary V.1. Appendix D.2 presents the
proof of Theorem V.2 and Corollary V.2. Appendix D.3 gives the proof of Corollary
V.3. Appendix D.4 presents the proof of Theorem V.3 and Proposition V.1. Appendix
D.5 presents the proof of Theorem V.4. Appendix D.6 presents some additional

numerical results.

D.1 Proof of Theorem V.1 and Corollary V.1.

We aim to prove that if T’ := 4 of size J x Ly (Lo = |Ag|) satisfies Conditions
A and B, then for any binary matrix I' also of size J x Ly, which can be viewed
as a constraint matrix imposing restrictions on the parameter space of the J x Ly
item parameter matrix ©, and for any Lo-dimensional vector p := (p1,. . .,Dz,) with
pr > 0 and ZZL:O1 P = 1, which can be viewed as a population proportion vector giving

proportions of the Lg latent classes, if

TT,0)p=T(T,0)p (D.1)
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holds, then (T, ®,p) = (', ©, p) up to a label swapping of the latent classes. If this
is proved, then combining Condition C' that any column vector of I is different
from any column vector of ['A6, we would have the conclusion that the identified T4
uniquely maps to the true set of attribute patterns Ay.

We add a remark here that given (D.1), the columns of the I' do not necessarily
have the interpretation of representing some K-dimensional binary attribute patterns;
instead, these columns just correspond to L latent classes. And after we obtain
(I,0,p) = (I,0,p) up to a label swapping, we would have the conclusion that I'
equals I' up to column permutation; Then with Condition C, the I' would have the
interpretation of being the constraint matrix for the attribute patterns in .4,. Because
of this, in the following proof, we sometimes will also ignore the interpretation of the
columns of the true I, and simply denote the columns of it by the column index
integer [, i.e., I has columns F“f"‘l) forl=1,..., L.

For notational simplicity, we denote I'®~40) by T for 4 = 1,2 and I'((51U92)%40)
by T3, We also denote item parameter matrix @140 @240 4pq @((51V52)%A0)
by ©!, ®% and ©3, respectively. So each ®' has the same size as I'" and respects
the constraints specified by I'*. Without loss of generality, suppose I' takes the form
LT =[(THT,(T?)7, (') 7], where each I'" is of size J; X Ly and J; + Jo + J3 = J. For
any item j, by the definition of SLAM we have all those @ with ng = 1 have the
same highest value of item parameter. For simplicity, we denote this value of the item

parameter by 0; i, where “H” stands for “highest” level item parameter for item j.

We first show T(I'*,®") and T(I'2, ©%) both have full column rank Ly, and that
p > 0foralll € {1,...,Lo}. By Proposition 3 in Gu and Xu (2020a), Condition
A ensures that T(I'', ©") of size 27t and T(I'?,®?) of size 2”2 both have full col-
umn rank Ly, since I''! and I'? are both separable. Moreover, in the proof of that
conclusion, an invertible square matrix W; of size 2/t x 27t as well as L, response

patterns 71, ..., vz, € {0,1}* were constructed such that the row vectors in the
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transformed W, - T(I'', ®'), which are indexed by the chosen 7y, ..., 7r,, form a
Lo x Ly lower triangular matrix with nonzero diagonal elements. In other words, in
the 2/t x Lgy rectangular matrix W,T(I'", ®'), there is a Ly x Ly submatrix that is
lower triangular and full-rank. For notational simplicity, we denote this submatrix by
{wyT (T, @1)}”%. Similarly, there exists W, and 71, ..., 7} € {0,1}%° such that
there is a L x L full-rank submatrix of W,T'(I'?, ©*) with rows indexed by 74, ..., L
which we denote by {WoT(I'%, ©%)},.

Based on the above constructions, there exist two invertible square matrices U,

and U, such that Uy - {WAT(I'", @)}y, = Ir, and Uy - {WoT(1%, 0%}, = I,

’
TI:LO

Denote the C row vectors of Uy by {w;", | € [Lo]}, then we have that for any [ € [Ly],

ulT.{WlT(Fl,Gl)}mO:(O,\1/,0). (D.2)

column [

Next we prove by contradiction that {W,T (T, (:)1)}T1;L0 and {W,T(T'%, (:)2)},,/1:LO must
also be invertible. We focus on {W,T(I'2, @2)}7"1 Lo and conclusion for the other is
the same. If {W,T (T2, (:)2)}74110 does not have full rank, then U, - {W,T(T'?, (:)2)}7./1:L0
also does not have full rank, so there exists a nonzero vector * = (xy,...,zr,) such
that

x' - Uy - AW,T(1?,8%)},,, =0

Note that & - U, - {W,T(I'2,0°)} = « from the previous construction of Ws.

’
TI:LO

Since & # 0, suppose without loss of generality that x; # 0 for some [, then we have

(g AT, O}, | @ (2" - Uz - {WRT(T%,0%)} |- p=aip #0,

[ug - (T[T 0"}y, ] O [ - Vs - (RT(%,07) )y, 1P =0,

which contradicts (D.1). Here a ® b denotes the elementwise product of two vectors

a and b of the same length. Therefore {W,T(I'?, e’ »~  must have full rank C,
1:Lg
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and so as {W T ('}, @1)},,1:%.
Based on the above conclusion, we next show that p; > 0 for any | € [Lo|. Suppose
this is not true and p; = 0 for some [, then there exists a nonzero vector y =

(yh s )yL())T such that
=2 A2
y' - {WLT(I? 6 )}T/M0 =, 1 ,0).

Since {W,T (T2, @2)},4/“0 has full rank and y # 0, we have y " - {W,T (T2, 92)},4/“0 +#
0. Without loss of generality, suppose the [*-th column of this product vector is
nonzero and denote the nonzero value by b;«, then using the u-vectors constructed

previously in (D.2), we have

[was - T, 0}, | O ly" - {WLT(T%, 0%}y, |- = biepis #0,
[uge - T, O} ] O [y - {WRT(T%,0%)},, |- =0,
which contradicts (D.1). This shows that p; > 0 must hold for all [ € [L].

We next show that for any j € (S; U S5)¢ and any [ € {1,..., Lo}, 0;; = 0;,0),
where o(+) is a permutation map from {1,..., Lo} to {1,..., Ly}. There must exist a

permutation map o : {1,..., L} — {1,..., L} such that for each [ € [L],
Foy = [w - {WiT(T", O}, oy # 0.

This is because otherwise there would exist | € [Lg] such that {U;-T (T, @1)}.,1 equals
the zero vector, which contradicts the fact that both Uy and {W,T(I, 0"}, L, are

invertible matrices. Given the permutation o, there exists a Ly X Ly invertible matrix
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V' with row vectors denoted by {v;, [ € [Lo]} such that for each o € A,
T M2 92 _
v, - {WLT(I*, O )}’“'1:LO =0, _1 ,0). (D.3)
column o (1)

Then we have

[ AT, 0}, ] O [v) - {WLT(T%, 0%}, |2 = fimi, (D.4)

[ - AT (T, 0"}y, © 0] - {W2T(f27@2)}rg%] P = fowPoy #0, (D.5)

where f; = [v, - {WLT(T?, @2)}7,/1: |- Now we have fip; = ﬁ,(l)ﬁa(l) # 0. Next further

Lo

consider an arbitrary item j € (57 U S3)¢. Equation (D.1) indicates that

T.,.I,©)© (D4) T, .(I'6)06([D.5)
(D.4) B (D.5)

01 = = 0j.00)-

We next show that for any j € 51 USy and any [ € {1,..., Lo} such that I';; =1,

00 ="0;m = H_j,a(l) = _j7H. We introduce a lemma before proceeding with the proof.

Lemma D.1. Under the assumptions of Theorem V.1, the vectors {v;, | € Ay}

constructed in (D.3) satisfy that

{v] - {(WoT (1%, @2)}7«’1% b =0, Yoy 3s, oy under T,

Proof of Lemma D.1 If {v/ - {WQT(F2,®2)}T/1:LO b = zy # 0, then similar to
(D.4) and (D.5) we have

[y AWIT(TY, 0"}, ] © [v) - {WRT(T2,0%)},, |- P = 2000 #0,

=1 Al co &2 _ i
[wy - (WAT(TY,0)},,,,] O [vg - {WLT (2,0 Ver, 1P = fowPow,
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and further we have 6;, = Q_j,g(l) = 0;, for j € (51U S3)°, which contradicts condition

(C2). This completes the proof of the lemma. O
We proceed with the proof. For any [ € [Lo], define 6" = >, o 1 _  On1€s.
With 6%, the row vector corresponding to r* = Zh€S1:Fhl:0 ey in the transformed

T-matrix satisfies that

b i= Ty (T, O — 017 £ 0; (D.6)

Tpe (T, ©'-61") =0, Vay £s, a; under Ao,
The proof of Step 2 as well as Lemma D.1 ensures

fi=lv) AWLT (T 0%}y, 1 #0; (D.7)

[0 - {WT(1%, %)}y, v =0, Veuw =<s, ay under T4,

Consider any j € S; U S, such that I';; = 1, then obviously e; is not included in the
sum in the previously defined response pattern r*, because r* only contains those
items that «a; is not capable of, i.e., those j s.t. F;‘lo = (0. The above two equations

(D.6) and (D.7) indicate

T,..(I',0' — 0°17) @ [v] - {WoT(I%,0%)}] = (()T, w,0T>, (D5)

column [

Toore, (I, = 0°17) @ [v] - {WRT (T2, ©?)}] = (oT, 000y fi, oT). (D.9)
~——

column [

Similarly for (@, p) we have

T (©-61T) o {v 70} = (0", [ Bhow —0m).,07),  (D.10)

heS1:T'y, ;=0

J/

~
column o (1)
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Those, (O —0°1T) 0 {v] - T(O%)} = (01 O [T Orow — Onn): oT).

heS1: Ty ;=0

[ S/
-~

column o (1)

(D.11)

Equation (D.1) implies (D.8)-p = (D.10)-p. By (D.1), the above four equations give

that

D9-p OI)-p . |
0. — 0., = - =00 =0y, VjE S
J.H Jsl (DS) p (DlO) P g0 (1) J.H J € O2

Note that the above equality 0; 5 = Q_j, g holds for any [ and any item j such that

[;; = 1. Therefore we have shown 6, i = 0, iz holds for any j € S; U S,.

We next show that for any j € S;U Sy and any [ € {1,..., Ly} such that I';; = 0,
01 = éj,g(l), and show p; = p,q) for any [ € {1,..., Lo}. We use an induction method

to show for any [ € [Lo,
Vi € 51 US,, 9]‘,1 = gj,o(l)a D1 = Do(l)- (D-12)

We first introduce the lexicographic order between two binary vectors of the same
length. For two vectors @ = (ay,...,ar) and b = (by,...,by), we say a has smaller
lexicographic order than b and denote by a < b, if either a; < by, or a; < b; for
some integer | < L and a,, = b, for all m = 1,...,1 — 1. By Condition A, T'(%:40)
has distinct column vectors for ¢ = 1,2, so without loss of generality, we can assume

the columns of it are sorted in an increasing lexicographic order, i.e.,
S1,A S1,A
F(.,ll 0) <lex *°t <lex F&io O). (D13)

Firstly, we prove (D.12) hold for [ = 1, where from (D.13) we have F(,il’AO) has the
smallest lexicographical order among the column vectors of I'(¥1-40)  We claim that

F(”’qf’AO) has the smallest lexicographical order among the column vectors of T'(52-40)
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because otherwise ¢ =g, =>g,” under Ay will not hold. For [ =1 we define

0= >  Onnen

hESlCF}LJ:O

and consider the row vector of the transformed T-matrix T(© —6*1") corresponding
tor=>,. s,.T, 1—0 € has only one potentially nonzero element in the first column,

ie.,

TT,.(F,@—9*1T):( T i —Ons). o,...,o>

heS1:T'y,1=0

Then similarly for parameters (@, p) we have

Tr’.(f‘,é — 0*1T) :(07 ooy 0y H (9_;170(1) - Ohyﬂ), 0,... ,0)

heSlzl“hJ:O
-

J/

~
column o (1)

and

H (01 — Onm) #0, H (01 — ) # 0.

heS1:I'y, 1=0 heS1:I'y 1=0
Now consider 6;; for any j € Sy and I';; = 0. The row vectors of T(I',® —0*1")

and T(T',® — 6*17) corresponding to the response pattern r + e; are

Trie, (1,0 — 6°17) = ( I 01— Onm)- 050 0,... ,0), (D.14)

heS1:I'y, 1=0

and

Tpio, (0,0 —617) = (0, 00 TI Ono = Onm) - 5000y, 0,...,0),

hESlZF;LJ:O

[\ J/

~
column (1)

(D.15)

respectively. The only potentially nonzero term in the first column of (D.14) is indeed
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nonzero, because we have ), 1 < 0y, gy for h € 51, I'y,; = 0. Now Equation (C.1) implies
that
T'r'-i—ej,-(ra ©-61")p Tr—&-ej ( ,0—-6"1")p

01 = = i — 0
T T,e—601)p .T,e—e1)p W

for any j € Sy and I';; = 0. Similarly we can obtain 0;; = 0; (1) for any j € S; and
Fj,o(l) - 0
After obtaining these H_N(l) = 0, for j € (S1US,) and I'j; = 0, the previous

equations (D.14) and (D.15) just become the following,

Trie, (1,0 — 0°17) = ( I (w1 —6nm) 050, 0,... ,o), (D.16)
heS1:T'y,1=0
Tf,-+ej’.<1:" (:) — 0*1T) = (O, R ,0, H (ehﬂ(l) — 9}17]_[) . 9]"0(1), 0, R ,0) .
heS1:I'y, 1=0

N

Vv
column o(1)

(D.17)

Therefore (D.16) - p = (D.17) - p just gives p1 = Po(1)-

Now as the inductive hypothesis, we assume for an [ € [Lg],
Yoy s.t. oy =s, Oy, Vi e SiUS,, (9]'71/ = éjﬂ(l/), Dv = Po(l)-

Recall that oy <g, oy if and only if ay <g, a; under Ay. Define 8™ as

0" = Z O men + Z On1en,

hESthJZO h€S1:FhJ:1
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then for r*:= ), ¢ e, we have

T,,.*7.<F, @ — 0*1T>p = Z t’r’*,l’ s P (Dlg)
oy =g, oy
+ H (O — On,mr) H (Ong — On1) - p1,
heS1:I'y ;=0 heS1: Ty ;=1
T,-.(I,© - 6"1")p = Z tre (') * Do () (D.19)
oy =g, o
+ H (éh,o(l) — On.m) H (éh,o(l) — 1) - Do)
h€S1IFh’l=0 h65121—‘h7121

where the notations ¢ and ¢, are defined as

Lpe pp = H (Ony — Onmr) H (Ong — On1),

hESlCFh’lZO heSl:Fh,lzl
e =[] Gnowy—0nt) ] Onowy—0n1).
heSyF;,,,l:O heSlehJ:l

Note that by induction assumption we have 0}, = é,w(l/) for any !’ such that ay =g,

oy under Ay. This implies t,« y = t, oy and further implies

Dooteror= Y oy Pow):

al/jslal al/jslal

So (D.18) = (D.19) gives

H (Ony — Onmr) H (Ons —On1) -0 (D.20)

heS1:T'y ;=0 heSy: Ty ;=1
= H (Onoq) — Onmr) H (Onoy = On1) - Doy
h€S1:FhJ:0 ]’LESlZthlzl

and the two terms on both hand sides of the above equation are nonzero. Now

consider any j ¢ S; and similarly Ty, .(I,0 — 017 )p = Ty, .(T,© — 6°17)p
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yields

i1 H (Ona — On,mr) H (Ona = On1) - i (D.21)

hESlCF}L’lZO heslil—‘hJZ].
- éyya(l) ’ H (éh,o(l) - Qh,H) H (éh,a(l) —0h1) “Do(l)-
heSleh,l:O hESl:FhJ:l

Taking the ratio of the above two equations (D.21) and (D.20) gives 0, = 0, ,0), Vj ¢
S1. Redefining r* := ZhESQ ey, similarly as above we have 0;; = Q_N(l) for any 7 € 5.
Plug 0,;, = éj,g(l) for all j € Sy into (D.20), then we have p; = p,). Now we have

shown (D.12) hold for this particular {. Then the induction argument gives
Vi€ Ly, Vj€SiUSy 0;1=0,,0p, D= Doq)-

Now we have shown for any item j and latent class index [, 0;; = éj,a(l)a which we
denote by © = ¢(®). We claim that this result also indicates that the permutation

o is unique. This is because U; - {W,T(T', @1)}TLL0 = I, implies that
Uy - AW T[T, )}y, = Uy - AT (T, O}y, - o(1) = o (1),

which means given U; constructed from (', @), the form of U; - {W,T(T, (:)1)}1*1:%
explicitly and uniquely determines 0. Now we have shown I' =I' = I'** and (©, p) =
(©, p) must hold up to the column permutation o.

As stated in the beginning of the proof, combining Condition C' that any column
in T4 is different from any column in I'49, the identification of I'*° uniquely identifies
the set of true patterns Ay. The proof of both Theorem V.1 and Corollary V.1 is

complete. O
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D.2 Proof of Theorem V.2 and Corollary V.2.

The following proofs of Theorem V.2 and Corollary V.2 use a similar proof idea
as that of Allman et al. (2009); see also proofs of Theorems 4.2 and 4.3 in Gu and

Xu (2020a).

Proof of Theorem V.2. We need to introduce the definition of algebraic variety, a
concept in algebraic geometry. An algebraic variety V is defined as the simulateneous
zero-set of a finite collection of multivariate polynomials {f;}", C Rz, za, ..., x4,
V=V(fi,....fn) ={x € RY| fi(x) =0, 1 <i < n.} An algebraic variety V is
all of R? only when all the polynomials defining it are zero polynomials; otherwise,
V is called a proper subvariety and is of dimension less than d, hence necessarily of
Lebesgue measure zero in R?. The same argument holds when R is replaced by the
parameter space 0 C R? that has full dimension in R%. For the structured latent

attribute model, we consider the following parameter space,

0={(0,p): V), max O = min Oia> b, V0 =0}

a j,azl (X:F]',azl

On €2, altering some entries of zero to one in the I'-matrix is equivalent to impose
more affine constraints on the parameters and force them to be in a subset Q* of
). Condition A* guarantees that, there exists a 2* such that Condition A holds for
model parameters belonging to this %, the proof of Theorem V.1 gives that the matrix
T(T(SiA0) @(5i40)) has full column rank C for i = 1,2 for (@540 pAo) € O*. Note
that the statement that 215! x C' matrix 7'(I'(%i+40), @(Si’AO)) has full column rank is
equivalent to the statement that the map sending 7'(I'(%-40), G(Si’AO)) to all its (2?‘)

possible C' x C' minors A}, Aj, ..., A, yields at least one nonzero minor, where
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ALUAL L ,A;Sil are all polynomials of the item parameters ®g,. Define

218l
v=U {N{©.p) ca: @) =0},

then V is a algebraic variety defined by polynomials of the model parameters. More-
over, V is a proper subvariety of €2, since the fact T'(I'(%40), @(Si’AO)) has full column
rank C for i = 1,2 for one particular set of (@,p) € Q* ensures that there exists
one particular set of model parameters that give nonzero values when plugged into
the polynomials defining V. This indicates that the polynomials defining V are not
all zero polynomials on 2. Then restricting parameters to Q* and proceeding in the

same steps as the proof of Theorem V.1 proves the conclusion of the proposition.

Proof of Corollary V.2. Consider a @-matrix in the form of (5.5). We denote S =
{1,...,K}, Sy ={K+1,...,2K}and S; = {2K+1, ..., J}, which are item sets corre-
sponding to Q1, Q2 and ()’ respectively. According to the proof of Theorem 4.3 in Gu
and Xu (2020a), since the two submatrices (); and @5 have all the diagonal elements
equal to one, the 2% x 2K Timatrices T(I'51al) @51al)y and T(T(S2al) @(S2:al)
are generically full-rank. Furthermore, the matrix 7'(I'(5s1D) ©Ssall)y. Diag(p™!) has
Kruskal rank at least two. This means generically, any two columns of 7(I'(53:21) e 3’BLH))-
Diag(p*!) are linearly independent.

Now consider an arbitrary set of attribute patterns A, C {0,1}, we have the
conclusion that T'(I'(140) @140y and T(I'(5240) @(5240)) have full column rank
generically. This is because for i = 1,2, the T(I'(5:40) @(5i40)) ig just a submatrix of
7T @ial)) whose columns are a subset of different column vectors of the lat-
ter matrix. Therefore columns of T/(I'(5:40) @5-40)y must be linearly independent,
and hence the matrix must have full column rank generically. Also, the columns of
T(D(53-40) @(53:40)) . Diag(p) can also be considered as a subset of different columns

of T(I'532) @320y . Diag(p!) up to a resealing of the columns. Therefore the for-
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mer matrix must have any two different columns linearly independent generically and
hence has Kruskal rank at least two. Now by Kruskal’s conditions for unique tensor
decomposition, a probability distribution of R with 7'(I'(5i+40) @(Si’AO)), 1 =1,2,3
having the above properties uniquely determines 7'(I'(5i+40), G)(Si’AD)) and also p°
generically. Therefore (FAU,@AO,pAO) are generically identifiable. Then combined
with Condition C', we have the conclusion that A is generically identifiable. This

completes the proof of the corollary. n

D.3 Proof of Corollary V.3.

Under our definition of A™P and also Condition C', this matrix must have distinct
column vectors, and each of its column corresponds to an equivalence class. We
define ®™" to be item parameters corresponding to the representative patterns in
AP, We further define the proportion parameters of the equivalence classes V™ =
(V[ael], - Vay,,]), Where Viay,) > 0 and Yoy Via,,) = 1. Note that each v, ] is a sum
of population proportions of the attribute patterns that are in the same equivalence
class of ay,. Since """ also satisfies Conditions A and B by the assumption of the

corollary. So Theorem V.1 gives that A™P is identifiable. m

D.4 Proof of Theorem V.3 and Proposition V.1.

We use L = |Ainput| to denote the number of attribute patterns as input given
to the penalized likelihood method, then L = 2 if there is no screening stage as
preprocessing. We denote the true proportion parameters by p = (pa : @ € Ainput )
where p, > 0 for ¢ € Ajppye and Zae Ajnpu P = 1. Denote the number of true

attribute patterns by |Ag|. We now consider the following log likelihood with penalty
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parameter Ay for some v > 0,

£(p.© NZlog{ > paH9j”1— )il

ae-Alnput
A
+ WN Z [logpa “I(pa > pn) +log py - I(pa < PN)] .
aEAinput
log;;(p)

For a given Ay, denote the estimated support of the proportion parameters p by .Z,
namely A= {1 <1< L:pa > pn}. We denote the true and the estimated |Aipput |-
dimensional proportions by P9 = (pa, @ € Apmpus : Pa > 0 if and only if a € Ap)
and fofuu = (Do, @ € Ainput © Do > pn if and only if a € A ). Denote the oracle
MLE obtained assuming Ag is known by (:)O = (:)AO and p° = f)A“, and denote
7’ = (@O,ﬁo). Note that for A # A, the event {EAN(AA) > (%)} implies the

following event

ZaeAOpaHj(9§’, JRia (1 — 00, )1 Fs

1ng N Pfuu ]'ng N (ﬁfu(l)l) } .

N ~ i, 1-R;
1 et Pa 0.27(1— 9 i
N : : [ G-Amput HJ Js ( ) ] (D22)
=1

In the case of | A | > |Ao| (which we call the overfitted case), the right hand side (RHS)
of (D.22) regarding the difference between the penalty terms has order O(N ! Ay] -
| Ao| - |log pi|). In this overfitted case, we now consider the left hand side (LHS) of
(D.22),

LHS of (D.22) Zlog > paHQJ — 0 o)

aeAmput

__Zlog ZPaH ha) 9 ( j,a)l_Ri’j =1 — 1o,

acAy

333



where the [; part can be written as

o 30 5 T80 =Bt + Ol o)

O‘GAmput
Pa>pPN

log | > paH(gj i)'~ | + OV, (D.23)

O‘EAlnput
Pa>pPN

oy

I I

2= ==
||Mz ||Mz

where the last equality follows from the assumption |Aipu| - pv = O(N7%) in the

theorem. So we further have the LHS of (D.22) equal to

—[0—%ilog[ Z paHH At 13”1
i=1

aeAmput
Pa>pPN

N Z log | 3 7t H o) (1= 00)' | + (V).

acAy

Note that other than the last term O(N~%) in the above display, the difference of the
first two terms also has order O,(N~?) from assumption (5.11), so LHS of (D.22)=
Iy — Ip = O,(N7%). In order to have selection consistency in the overfitted case, we
need the event described in (D.22) to happen with probability tending to zero, so the

|An| needs to be sufficiently large such that
N < O(N‘1|)\N| | log pN|>. (D.24)

Note that by (5.10), we have py < N~? for some d > 0. So if § < 1, i.e., if the
convergence rate is slower than the v/N rate, then Ay must go to negative infinity as
N goes to infinity since 0 < 1. Specifically, we obtain the following lower bound of

the magnitude of the penalty parameter Ay,

An| = N0/ |log p|
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would suffice for (D.24) to hold.

We now prove the conclusion of Proposition V.1. A further implication of the
above discussion is that, with py =< N~% as assumed in (5.10), just imposing a proper
Dirichlet prior with a positive hyperparameter would fail to select the true model
consistently. In particular, with a proper Dirichlet prior density with hyperparameter
B = Ay + 1€ (0,1), Equation (D.24) instead becomes N'=° = o(log N). However,
when 0 < § < 1, N'79/log N — oco. So (D.24) fails to hold, and one can not have
consistent selection in the overfitted case. So if we denote the set of attribute patterns
estimated by maximizing (5.9) by A*. Then for any {Ay} C [~1,0), P(A* = Ay) 4 1
as N — oo. This proves Proposition V.1.

Now we consider the random set {& € Ainput © Pa > pn} = A appearing in I,
in (D.23). With probability tending to one, the cardinality of this set is smaller than
| Ao|. This is because if ‘A\’ > | Ap|, the log-penalty term corresponding to A would
be smaller than that corresponding to Ay by N~ Ay| - |log px| which has order at
least N7°. Recall that the right hand side of (D.22) has order Op(N~?), which means
when |.Z| > | Ag| the extent that the log-penalty part favors the a smaller model 4,
would dominate the extent that the likelihood part favors a larger model A in the
proposed penalized likelihood. Therefore any larger model A with [A| > |Ao| would
be favored over Ay with probability tending to zero. Therefore we have the conclusion
that P(A # Ag) 4 0 could only happen for |A] < |A4|. So in the following discussion
we will focus on the case where | A| < |Ag| and prove consistency in this case. Namely,

we aim to bound

IP’( sup. [eAN(nfT)—eAN(nAO)]>o). (D.25)
[A|<[Aol, A# Ao

Next, we consider the upper bound of the magnitude of the penalty term. In order

to have selection consistency in the case of |A| < |Ag| and A # Ay, the log-penalty
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term can not be too large such that the extent that the penalty part favors a smaller
model does not dominate the extent that the likelihood part favors the true model.
We follow a similar argument to Shen et al. (2012a). Specifically, considering the
term —e3, — 0 in the large deviation inequality (D.28) below; for a small constant
t > ey, we need that the difference of the penalty part of the true and any alternative

smaller model to be less than ¢2, i.e.,

x| - [log pi| /N < 22, (D.26)
Equation (D.26) would hold if

[An| = o(N/[log pn]). (D.27)

We next show that such Ay can guarantee selection consistency. So we have a sample-
size dependent Ay that penalizes the overfitted mixture and constrains the support
size of the proportion parameters to be less than the true support size |Ag|. As said,
with such Ay it suffices to consider the case |A| < |A|.

In order to bound this mis-selection probability, we need to introduce the notion
of bracketing Hellinger metric entropy H(t,B4). Let h(n*, n) denote the Hellinger

distance between the probability mass functions of R indexed by n* and n?°, i.c.,

1

) = (Y [P(R=7] 04 pY): —P(R=r| 0% pP)i])".
re{0,1}/
Consider the local parameter space B4 = {n* = (04, p4) : |A| < |Ao|, h*(n*, n™) <
263}, the H(t,B4) is defined as the logarithm of the cardinality of the ¢-bracketing
of B4 of the smallest size. More specifically, following the definition in Shen et al.
(2012a), consider a bracket covering S(t,m) = {f}, fi,..., fL, f*} satisfying that

Maxj<;<m ||fJ“ — f]l-H2 <t and for any f € B4 there is some j such that fjl. <f<f
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almost surely. Then H(t,B,4) is log(min{m : S(¢t,m)}). The H(t,B4) measures the
complexity of the local parameter space. The next lemma gives an upper bound for

the bracketing Hellinger metric entropy H (¢, B4) for |A| < | Ay.

Lemma D.2. Denote Ny(t,B4) = exp(H(t,B4)). For the considered structured la-
tent attribute model, denote the item parameter space of the £-th attribute pattern by

Fo. For|A| < |Ao| and any 2% < t < ¢, there is H(t,B4) < |Aollog | Ainput | log(2¢/t).

By the assumption of the theorem there is log | Ajnput|/N — 0, so if we take

EN = \/I/N‘AO| log |Ainput|7

there is ex = o(1). We next verify the entropy integral condition in Theorem 1 of
Wong and Shen (1995) is satisfied with this ey, in order to obtain a large deviation
inequality to bound the mis-selection probability. With Lemma D.2, the integral of
bracketing Hellinger metric entropy in the interval [278¢%;, v/2¢y] satisfies the follow-

ing inequality

V2en V2en
/ H'Y?(t,Ba)dt < / \/|A0| 10g | Ainput | log(2€n /t)dt
27862, 2782,

= \/|AO‘ log ’Ainput’ / 4€NU2€_U2dU
log v2

log 29
€N
= \/|A0‘ log |-Ainput| . 2€N / \/ﬂe_“du 5 \/NE?V
log v2
~—_——

bounded as e ny—0

So the entropy integral condition in Theorem 1 in Wong and Shen (1995) is satisfied
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and the large deviation inequality there holds. In particular, we have

p( s [ - @] > )

n2@A nA0)>e2
1 2 1
<P sup [—é(nA) — —f(nAO)] > —e?\,) <exp(—Ney). (D.28)
w1 N

where n0 = (@4, p4) denote the true parameters. Indeed, Theorem 1 in Wong

and Shen (1995) guarantees the inequality (D.28) holds with ey replaced by any

t > eny = /| Ao|log | Ainput|/N. This large deviation inequality will be used later to
bound the mis-selection probability in the case of |A| < |Ag|.

We next further look at the Hellinger distance between n° := n° and n* for
|A| < |Ap|, and investigate how the distance between a set of true patterns A, and
an alternative set relate to identifiability of Aj.

()
max(|Ag \ Al, 1)
=< max( A\ AL Y (S RR=r 0t A= a)pﬁ)m—

re{0,1}7 acA

(Y er=r|eba=ape) "]

acAy
= [max(| A\ AL 1] Y (ZTM (O = 3 Tra(@%) )
re{0,1}7 «acA acAy

= [max(|A \ Al )] |[T(T4, ©@4)pA — T(140, ©4)p o |7

To proceed with the proof, we need to use Theorem V.1 to establish an identifiability
argument. Theorem V.1 and Corollary V.1 state that if the true constraint matrix I’
satisfies conditions A, B and C, then (I, ©4° pA) are jointly identifiable. This
implies that given the set of true attribute patterns Ay, for any other set A # Ay,
|A| < |A|, and model parameters defined by A must lead to different T(©4)p*

that is different from T(@AO)pAO. Moreover, consider the parameter space B =
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{(©4,p") : |A| < |Aol, pa > pn Vo € A}. Then (@4, p) € B and for any
(04, p*) € B with A # Ay, either some elements in ©* differs from those in
©*° by a nonzero constant, or some elements in p? differs from those in p by a

A

nonzero constant. Since T4(@)p* is a continuous vector-valued function of the model

parameters, we must have [max(|Ay \ A[,1)]7 ||T4(©)p* — TAO(@)pAOHZ > Oy for
some Cy > 0. By the conditions of the theorem €% = o(1), so we have obtained for

some small constant ¢ > ey,

Conin(n”) = inf { P, ™) } > Co 212 > e (D.29)
nA: A% Ao, | AI<| Ao | max(|Ag \ A, 1)

Finally, with the Ay of the previously specified order, we use the large deviation
inequality (D.28) and also the (D.29) to bound the false selection probability (D.25).
The following argument uses a similar proof idea as that of Theorem 1 in Shen
et al. (2012a) which establishes finite sample mis-selection error bound of the Lg-
constrained maximum likelihood estimation. Consider [A N Ag| = m < |A4o| — 1, by
(D.29) we have h%(n, n%) > (|Ag| — m)Chin(n°). So

Loav Ay Lo
_osup | (T) = SO ()| > 0
|A|<[Aol, A# Ao

Pl Ly ] - [ Aol - | 1og o

P

/N

IN

h2(nA nA0)>
(1491 =m) Ciyin (n9)

< Y r( s [ )] > ) (o (D21)
m=0 j=1 [ANAo|=m
[Ao|—1 [Ao|—m 1 ~ 0 0
< > S (s [emh) - )] > (Al = m)Cuin(n®) by (D.29))
m=0 j=1 [ANAg|=m
[Ao|—1 |Ag|—m
Aol 0 [ Ainput| — [Aol
< 2 ( >exp<—cgN(|A0\—m)Cmm(n) ; ( i ) (by (D.28))

< cgexp ( — caNCiin(n°) + 2 log (| Ainput| + 1)),
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where the last but one line above uses the large deviation inequality in (D.28), and
o, c3 are some constants. And the last line follows from the calculations in the proof
of Theorem 1 in Shen et al. (2012a) using some basic inequalities about binomial
coefficients. Since Ciin(n°®) > Cp, and log |Aipus| = o(N) by the assumption of the
theorem, the right hand side of the above display goes to zero as N — oo. Therefore
P(AM £ Ay, [AMW] < |Ao|) = 0 as N — co. Combined with the previously shown
result P(AM # Ag) 4 0 could potentially happen only for [ A | < | 4|, we have the

conclusion ]P’(.Z’\N # Ag) = 0 as N — oco. The proof of the theorem is complete. [

D.5 Proof of Theorem V .4.

Denote 9 = 0;p and 0 = MaXqyq, 8;.« for each j. Since the screening algorithm
is developed for the two-parameter SLAM introduced in Example 1.1, for each item
7 there are exactly two estimated item parameters, and we denote them by 5;7 and
éj—. We claim that it suffices to prove that for any a € Ay, there exists a response

pattern 7® € {0, 1}/ such that as K — oo,
PR=r% A=a|O)>P(R=7r% A=a|0), Va#a. (D.30)

For a € Ay, define r* = (r{,...,7%) to be r® = I(a = q;) =[], o”". For a general
structured latent attribute model, consider the joint distribution of observed response

vector R and latent attribute pattern vector A is

P(R=r, A:a|®):exp{i[ <Haq9k10g€j 1—H0ijk logejfa)—k
(1—ry) (Haq]"log (1—-67)+ 1—Haqj’“ log(1 — 0 a))]}
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Therefore

P(R=7r% A=a| @):exp{i [l_lozq]k<1_[cvq”“logH;-r 1—Hozq]k 10g9;a>+
1—H&q““ (Haq““log (1—-67)+ 1—Haq” log(1 — 6 ))]}
[Haqﬂ“logﬁj 1—Hozq““ log(1 — 6; a)]}

M-

P(R = r®, A:a|®):exp{

1

J

Then for any o # a,

logP(R=7r% A=a|0)—-logP(R=7r% A=a|0) (D.31)

> mln {log 05 — log 0, log(1 — 0 o) —log(1—67)} >d>0.

.....

That the above probability is bounded away from zero follows from the second part
of assumption (5.12). So the claim (D.30) is proved. We next bound the probabil-
ity of failure of including all the true patterns in the screening stage. First, since
Ar, . Ay 5 Multinomial(N, (pa, o € Ap)), then |{i € [N] : A; = a}| denotes
the number of subjects in the random sample whose attribute pattern is . By the

concentration inequality of the multinomial distribution, for any a € Ay,
]P’(’{i €[N]: A =al| > Npa — 2\/Nt) > 1 — oMol exp(—22), Wt > 0.

Because of (5.12), we have Np, > Nc¢y — oo for all a € Ay. Assume that gf — 5]7 >
d > 0 for each 7 € [J]. This constraint can be incorporated into the screening

procedure or checked a posteirior: after screening. So with probability at least 1 —
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2140l exp(—2t2) for a suitable ¢,

P(Aereen 2 Ao) < Y P(A; £ a Vi € [N] st A; = o)

acAy
< Z []P)(Ri =7 da # a,

N(pa—Qt \/N)
)

IP’(R:ra,A:a)>]IAD(R:T",A:5¢)’AZ-:Q 0,

as N — oo. Here P refers to the probability measure of R and A given the estimated
~+ ~—

item parameters @ and 0 . This is because the probability inside the bracket in the

above expression is strictly less than 1 due to (D.31); we denote this quantity by Cs

since it depends on §. Therefore there is

P(Asercen 2 Ao) < Y C7 ) = N exp[—N(pa + 0(1)) log(1/C5))]

acAy acAy

S |AO| eXp<_Nﬂmin)a

where Suin is a positive constant which can be taken as ¢y/2log(1/Cs). The last
inequality above results from p, > ¢ for @ € Ay in (5.12) and that C5 < 1. Now

we have obtained P(Agcreen 2 Ao) > 1 — |Ap| exp(—N Buin), S0 the sure screening

property holds and the proof is complete. O

Proof of Lemma D.2. Following the proof of Theorem 2 in Genovese and Wasser-
man (2000), the overall bracketing entropy of the mixture distribution over |.A| mix-
ture components (latent attribute patterns) can be bounded by the entropy of the

|A| — 1 dimensional simplex multiplied by the product of the entropy of the item pa-

[Ainput |)

rameter space for each mixture component. Since there are a total number of ( A
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possibilities of choosing |.A| components from | Ai,put| Ones, we have

lA|

Ain u _
Ny(t, Ba) < (’ |;‘t’)N[1(t,T'A' DT Nac/3. 7).
=1

Next, Lemma 2 in Genovese and Wasserman (2000) gives the following bracketing
entropy bound for the simplex, Nj(t, 7M7) < | A|(2re)I/2 /tMI=1 . Since we consider
the local parameter space around the true parameters (with squared Hellinger distance
between the alternative model and the true model not greater than 2¢?), the 1/t in the
above display can be replaced by €/t. Also, Nyj(t/3,F;) < Cye/t since the Hellinger
distance is bounded by the L, distance and the ¢-bracketing number under the Lo

norm is bounded by O(e/t). Therefore we have

|Ampm|> Alzme A ey Ay

H(ta BA) < log { ( |.A| A1 Z
S [Allog | Ainpus| + log [ A] + |A[ log(e/t)

S [Aol1og [Ainput | log(e/1).

where [A| < |A4y| and an elementary inequality (}) < a’ are used. O

D.6 Additional Experimental Results for Chapter V

Impact of the value of the pre-specified ¢ in Algorithm 1. In Algorithm
1, there is a pre-specified constant ¢ > 0 when updating the A;’s. This constant ¢
should be small, ideally close to zero. In all of our experiments in Section 6.4, we
take ¢ = 0.01. Next we examine how the value of ¢ impacts the selection result of
Algorithm 1. Since the performance of Algorithm 1 is the focus here, we choose the
simulation setting with K = 10 such that screening can be omitted. Under sample
sizes N = 150 and N = 500, the plots of the two accuracy measures versus c are

presented in Figure D.1. We observe that the results of Algorithm 1 are generally
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not that sensitive to the choice of ¢, though smaller ¢ gives slightly better results
for both accuracy measures under a small sample size N = 150. For N as large as
500, for all the values of ¢ € {0.001,0.005} U {0.01 x ¢ : ¢ = 1,2,...,10}, the two
accuracy measures are very close to one and do not have much variation. In practice,

we recommend fixing ¢ to a value no greater than 0.01.

1—————— o 1 - -
| B = . e A SN + %= ++ . .
08 | + J + | % ‘} ¥ "‘} 1 0.8 T I
0.6~ 1 0.6r
e &
= L
0.4+ 1 T 04
0.2+ 1 0.2¢
0 0 ‘o ‘1/ ‘b b< ‘o Q) ’\ ‘b °.>
s ‘lf‘bb‘%@’\‘b‘b'\ 0"00000000005
QQQQQQQQQQQQQQQQQQQQQQQQQ ST P TS Q
threshold ¢ threshold ¢
(a) TPR versus ¢ in Algo. 1, N = 150 (b) 1-FDR versus ¢ in Algo. 1, N =150
1, == 8 8 8 8 8 8 8 8 B 8 1.,T!=!!,,,j,
0.8¢ 9 0.8
0.6 1 0.6+
x a
= L
0.4+ T 04r
0.2+ 8 0.2
0 ‘ <o N “o : ’\ 0 ‘o ‘ ‘?/ o) b< ) 6 A ‘b ()
QIO > ‘b N
0000 SFTFFTEFS TP o SFFFT L LETL T
threshold ¢ threshold ¢
(c) TPR versus ¢ in Algo. 1, N = 500 (d) 1-FDR versus ¢ in Algo. 1, N = 500

Figure D.1: Performance of Algorithm 1 across various values for threshold c. Setting
is K =10 and 1 — G;F =0, = 0.2. In each scenario 200 runs are carried out, and the
error bar is within one standard deviation of the mean accuracy.

Algorithm 1’s performance on estimating the actual proportions of pat-
terns. Other than the two accuracy measures for pattern selection presented in

Table 5.2, we also evaluate how well the algorithms perform on estimating the actual
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proportions of the latent patterns. We use the simulation setting of the two-parameter
SLAM with K = 10, |Ag| = 10, Q = (Q{,Q,,Q3)", with parameters p, = 0.1 for
aec Aand 1 — G;L = 0; = 0.2. This is the same setting as that of Example V.4.
We vary the sample size N € {150, 300, 600,900, 1200} and compute the Root Mean
Square Errors (RMSEs) of estimating the true proportions of latent patterns. The
randomly generated 10 true patterns in 4, are presented in Figure D.2(a), where
each row represents a K-dimensional binary pattern. For each N, the RMSE of each
proportion p,, @ € Ag is computed based on 200 runs; and in each run, we first
perform pattern selection by using EBIC to choose A € {—0.2 xi:i=1,2,...,20}
in Algorithm 1 and then estimate the proportions based on the selected set of pat-
terns. The results of RMSEs are presented in Figure D.2(b). As can be seen from
the figure, under a small sample size N = 150, the RMSEs of patterns are rela-
tively diverse. In particular, the largest RMSE is around 0.06 and corresponds to
pattern 10, ap = (0010000010), which is the pattern consisting of most “0”s; while
the smallest RMSE is less than half of the largest and corresponds to pattern 3,
a3 = (1110011111), which is the pattern consisting of most “1”s. Interestingly, this
observation implies for a very small sample size and a sparse ()-matrix (each row hav-
ing at most three entries of “1”s), those attribute patterns possessing fewer attributes
are harder to estimate while those possessing more attributes are easier to estimate.
While as N increases, the RMSEs of all the proportions decrease and their difference
become not discernible. For N = 1200, all the RMSEs are around 0.01.

Evaluating the screening procedure under the multi-parameter SLAM.
In the multi-parameter setting, we also evaluate the performance of the approximate
screening procedure that is developed based on the likelihood of the two-parameter
model. The results of the coverage probabilities are presented in Figure D.3. The fig-

ure shows that despite being an approximate procedure, the screening Algorithm 4 has
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pattern 1 ¢
pattern 2
pattern 3
pattern 4 -
pattern 5
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pattern 9

pattern 10 -
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(a) patterns in Ag: white for 1, black

Figure D.2: Root Mean Square Errors (RMSEs) for estimating the true proportions
of patterns decrease as sample size N increases. Results are based on 200 runs for

each N.

excellent performance for the multi-parameter SLAM that covers the two-parameter

model as a submodel.

K = 20, the approximate screening procedure almost always has a 100% coverage

probability for N = 500 and N = 1000.
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(a) K = 15, multi-parameter SLAM

Figure D.3: Coverage probabilities of the true patterns, from the approximate screen-
ing procedure under the multi-parameter SLAM. Boxplots are from 200 runs in each

scenario.
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Specifically, Figure D.3 shows that for both K = 15 and
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(b) K = 20, multi-parameter SLAM
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Sizes of the set of finally selected patterns under scenarios in Table 5.2.
We present the results of the number of patterns that are finally selected by the pro-
posed methods, corresponding to simulation scenarios in Table 5.2. Denote the set
of patterns selected by the PEM algorithm and that selected by the FP-VEM algo-
rithm by jl\pEM and ,Zl\pp_VEM, respectively. As shown in Figure D.4, in the relatively
strong signal setting with 1 — 0;7 = Qj_ = 10%, the sizes of ﬁpEM and ./Zl\pp_VEM almost
always equal 10, the number of true patterns. Combined with the accuracy measures
presented in Table 5.2 in the main text, in most cases these selected 10 patterns are
indeed exactly the true ones in Ay. And in the relatively weak signal setting with
1 — 6] =605 =20%, the sizes of Appy and Appyvey can be slightly larger than | Ao

but still close to it.
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N N N N

(a) K = 15, noise (b) K = 15, noise (c) K = 20, noise (d) K = 20, noise
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Figure D.4: Sizes of the finally selected patterns ./zl\pEM and ﬁpp_VEM under the two-
parameter SLAM. The “noise” refers to the value of 1 — 9;7 = 60; . The number of
true patterns is |Ag| = 10.

TIMSS Data: Attribute structures corresponding to different Y’s. For the

TIMSS data, we obtain those different attribute structures corresponding to different
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Y’s in the FP-VEM algorithm. The results are presented in Figure D.5. Apart
from the five structures shown in Figure D.5(a)—(e), the two patterns selected when
T € [0.70,0.74] are the all-zero and the all-one patterns, which do not result in
any structure among the 13 attributes. Note that the structure in Figure D.5(d) is

equivalent to the structure selected by EBIC in Figure 5.10(b).

11 1 13 1 13 3 11 13
RS ¢ wt e e 17236 7 8 1011112/13

5 9 6 7 10 12 ‘18

5 9 @ @ N AT/ NN YV
4 2 3 ; 1 2 8 5 9 1 2 8
1 8
1 8 4 4 4 4 5 9
() T=090 (b)) T=08  (c) T =086 (d) () T € [0.76,0.78]

T € [0.80, 0.84]

Figure D.5: Different attribute structures corresponding to various Y’s in Algorithm
2. Plot (d) here is equivalent to Figure 5.10(b), the attribute structure selected by
EBIC.
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APPENDIX E

Appendix of Chapter VI

This is the appendix to Chapter VI and it is organized as follows. Section E.1
presents the proof of the main theorem, Theorem VI.1. Section E.2 includes some
further details on computation, with details of EBIC in Appendix E.2.1, algorithms
handling missing data in Appendix E.2.2, and details on the experiments in Section 6.4
of the main text in Appendix E.2.3. Appendix E.3 includes simulation results on large
noisy binary matrix factorization/reconstruction and structural matrix estimation.
The Matlab codes for implementing the algorithms and reproducing the experimental

results are included in another zip archive.

E.1 Proof of Theorem VI.1

There is one basic fact about any attribute hierarchy £ and the resulting A: the
all-zero and all-one attribute patterns Ox and 1 always belong to A that is induced
by an arbitrary £. This is because any prerequisite relation among attributes would
not rule out the existence of the pattern possessing no attributes or the pattern
possessing all attributes.

The proofs of part (i) and part (ii) are presented as follows.
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Proof of part (i). We first show the sufficiency of Conditions A, B and C for
identifiability of (I'(Q,.A), 87, 8~, p). Since Condition A is satisfied, from now on
we assume without loss of generality that

QO

Q= o] N(Q"A) =TIk, A). (E.1)

We next show that if for any r € {0,1}7,
T,.(Q.0%.6 )p=T1,.(Q.07.6 )p, (E2)

then I'(Q, A) = I'(Q, A) and (87,87 ,p) = (6",0~,p). We denote the submatrix of
@ consisting of its first K row vectors by Q°, and the remaining submatrix by Q*, so
Q=) @)

For any item set S C {1,...,J}, denote 8% =" __.60Te;, and denote Oy, é;, and

JES 7 J

0 similarly. Consider the response pattern r* = 5 jes € and any 0" =>" jes07€,
then
T (Q, 08 —0%,05 — 0")p =T .(Q, 05 —6*,05 — 6")p. (E.3)

When there is no ambiguity, we sometimes will denote Ty« .(Q, 0% — 6*,05 — 0*) =
T« . for notational simplicity.

We prove the theorem in 6 steps as follows.

Step 1. In this step we show if (E.2) holds, the Q° must also take the following

upper-triangular form with all-one diagonal elements, up to column permutation.

1 * *
01 *

Q' - (E4)
0 0 . 1
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We need the following useful lemmas.

Lemma E.1. The following statements about Q, Q*% and Q*C hold.

(a) If Q satisfies Conditions A with the first K rows forming the Q°, then for any

k,h € [K] and k # h, q, = q;, happens only if k — h.

(b) If Q satisfies Condition B, then any row vector of the modified Q*B defined in
Condition B represents an attribute pattern that respects the attribute hierarchy.
Namely, for any j € {K +1,...,J}, there is qf e A. Similarly, if Q satisfies
Condition C', any row vector q]C in the modified Q*¢ respects the attribute

hierarchy.

(c) Suppose Q satisfies Condition B. If k — h under the attribute hierarchy, then

the QB defined in Condition B must satisfy fo - Qf’f.

Proof of Lemma E.1. For part (a), we call the type of modification of ) described
in Condition A by “Operation” A, which sets every g;x to zero if ¢;, = 1 and k — h.
Denote the resulting matrix by Q4. If there exists some q, = q, for some k /4 h,
then Operation A would not set g to zero, and the first rows of @4 would not be
an Ir. So q, = q;, happens only if & — h. The proof of part (b) is straightforward; it
is true by the definition of the attribute hierarchy. For part (c), if & — h, then under
Operation B there is Q*,f >~ Q*f Since Condition B states that Q*” has distinct

B B
columns, there must be @77 = Q7.

Lemma E.2. Suppose the true @ satisfies Conditions A and B under the attribute

hierarchy. If there exists an item set S C {K +1,...,J} such that

max¢mp =0, maxg,; =1VjeJ
meS meS
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for some attribute h € [K] and a set of attributes J C [K]\ {h}, then
Vieg G_lj % qy.

Proof of Lemma E.2. We use proof by contradiction. Assume there exist attribute
h € [K] and a set of attributes J C [K]\ {h}, such that Vc7 q;  @;; and that there

exists S C {K +1,...,J} such that max,,cs ¢mp = 0 and max,,es ¢m ; = 1. Define

J J
0" = é:eh+ze_;ej + Z 0 €en, T = eh—l—Zej + Z em,
jeg m=K-+1 jeg m=K+1
and we claim that T, . (Q, 0" —-6%,6" — 0) is an all-zero vector. This is because for
any a € {0, 1}, the corresponding element in Ty o(Q,0" — 6*,8~ — 6*) contains a
factor Fy = (Oh.0 — 05)) Hjej(éj,a — 5]’) While this factor F, # 0 only if 0,4 = 0,
and 0; o = 9} for all j € J, which happens if and only if a % @, and o > q; for all
J € J, which is impossible because Vje7q; = g, by our assumption. So the claim

T . (Q, 0" — 0*,0" —0*) = 0 is proved, and further T, . (Q, 0" — 0”.0

—9"p = 0.

Equality (E.3) becomes T+ . (Q, 01 —6*,0~ —0")p = T, .(Q, 6" —6",00 -0 )p=0,

which leads to

0="Tm.(Q,0"—6%0" —0")p=pi(6] —6)) [[(6] —0;) [] (6 - 6,).
JjeJ m>K

which is because for any a # 1, we must have a ¥# g, for some m > K under
Condition C, and hence the element Ty o(Q,0" — 6*,0~ — 6*) contains a factor
(0,, — 6,,) = 0. Since 6, — 6, > 0 for m > K and 6] — éj_ # 0, we obtain 0; = 0.

We remark here that 6, = é,f also implies @, # 0, because otherwise we would
have 0, = 6,7 = 07, which contradicts the 0, < 6, < 0 proved before the current
Step 1. This indicates the Q;.x,. can not contain any all-zero row vector, because

otherwise g; = g, for the all-zero row vector g,,, which we showed is impossible.
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Consider the item set S in the lemma that satisfies S C {K +1,...,J} such that

MaXpes ¢m,p, = 0 and maxm,eg gm; = 1 for all j € J. Define

0" =0fen+> Ore;+> 0 en
jeJ meS

Note that 6;" = 7. The RHS of (E.3) is zero, and so is the LHS of it. The row vector

Tr.(Q,07 —0*,6 — 6) has the following property

T o(Q,0 — 0,607 — 67

O =) I Ler(0F = 0) [Luesbh = 0,), @ qy a>ay a=gg;

0, otherwise.

Note that {a € {0,1}* : a % q,, ¢ = @7, = qg} = {a: a  q,, a =
gs}t = AL # 9, because ¢gy = 0 and ¢gg = 1 hold. Furthermore, we claim that
> aea, Pa > 0 under the specified attribute hierarchy. This is because Lemma E.1
ensures q,, € A for the considered m > K, and hence the attribute pattern a* = q,,
belongs to the set A; and also belongs to the set A. This ensures po~ > 0 and

Zae A, Pa 2 Dar > 0. Therefore we have

T (Q,00 — 0,67 —6")p

= (07 = 05)(0; =065, = 0,)( D pa) =0,

acA;

which leads to a contradiction since 8, — 8 # 0, 67 — 0, # 0, 6} — 0. # 0 and
Y ac 4, Pa > 0, i.e., every factor in the above product is nonzero. This completes the

proof of Lemma E.2. O

We now proceed with the proof of Step 1. We first introduce the lexicographic order

between two vectors of the same length. For two binary vectors a = (ay,...,az)"
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and b = (by,...,br)" both of length L, we say a is of smaller lexicographic order
than b and denote a < b, if either a; < by, or there exists some [ € {2,...,L}
such that a; < b; and a,, = b, for allm =1,...,1 — 1. Since Q* contains K distinct
column vectors, the K columns of * can be arranged in an increasing lexicographic

order. Without loss of generality, we assume that

Qj(l <lex QTQ <lex ** =<lex QTK (E’5>

We use an induction method to prove the conclusion. First consider attribute 1.
Since () has the smallest lexicographic order among the columns of *, there must

exist an item set S C {K +1,...,J} such that
qSJ:O, qS’g:1V£=2,...,K.
Based on the above display, we apply Lemma E.2 to obtain

ViLd, 7 ;.

This means there exists b; € [K] such that the b;-th column vector of Q° must equal
the basis vector

( 1 ,O)T = €1,

column 1

i.e., we have QY, = e;.
Now we assume as the inductive hypothesis that for h € [K] and h > 1, we have a
distinct set of attributes {my, ..., my_1} C [K] such that their corresponding column

vectors in Q.. satisfy

Vi=1,...,h—1, Qugs = (,....%, 1 ,0,...,0)" (E.6)

column 7
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Now we consider attribute h. By (E.5), the column vector Q% has the smallest lexi-
cographic order among the K —h — 1 columns in {Q% ;,, @% .1, - .-, Q% g}, therefore
similar to the argument in the previous paragraph, there must exist an item set

SC{K+1,...,J} such that
quhzo, q574:1W:h+1,...,K. (E?)
Therefore Lemma E.2 gives

K _ _
Viin@e 7 @,

which further implies there exists an attribute b, such that

Gy, = 0 q =1. E.R
Ze{gﬂi{}(}%bh y  Ghby, ( )

We point out that b, & {bi,...,b,_1}, because by the induction hypothesis (E.6) we
have @pp, =0 fori=1,...,h—1. So {by,...,bs_1,b,} contains h distinct attributes.

Furthermore, (E.8) gives that

column h

which generalizes (E.6) by extending h—1 there to h. Therefore, we use the induction

argument to obtain

Vk € [K], Q97bk:(*,...,*, 1 ,0,...,0)",
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which essentially means

1 x *

~0 01 ... %

Q'v(bl 77777 bK) = . . . X 9 (Eg)
00 1

and the conclusion of Step 1 in (E.4) is proved.

Step 2. In this step we prove éj = 9; forall j € {K +1,...,J} in the same way as
Step 2 of the proof of Theorem 1 in Gu and Xu (2020b). The fact p; > 0 under any

attribute hierarchy is used.

Step 3. In this step we prove 0, = 0, for all k € {1,..., K} and Q.x. S Ix. We

use an induction method here.

Step 3.1. First consider those attribute k for which there does not exist another
attribute h such that Qih < vak; and we first aim to show 9_,; = 0, for such k. By
part (c¢) of Lemma E.1, we have that k£ /4 h for any attribute h # k. For this k,

define
K
0°=> e+ > bie;+ > bl (E.10)
j=1

I>K: I>K:
45,k =0 95,k =1

then T,,*V.(Q,éJr —6%,0° — 0*) = 0. Further, we claim T,-.(Q,07 — 6*,6~ — 6*)

would equal zero for any e # (1,...,1, 0 ,1,...,1) =: a*, so the only potentially

column k
nonzero element in 75« . is Ty« o+. More specifically,

T a(Q,07 —0".67 —6%) (E.11)
) O = 0) [Tz (67 = 67) o, (6 —07) [T, (65 = 0), a=a%
0, a # ok
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The reasoning behind (E.11) is as follows. Consider any other attribute pattern
a # o with o = 0 for some h # k. Since for k we have @fyk * @f,h for any h # k,
there must exist some item j > K s.t. ¢z = 0 and ¢;, = 1. For this particular
item j, we have T, o contains a factor of (6,4 — 6]_) = (QJ_ — HJ_) =0, 80 Tprq = 0.
This shows that T o # 0 only if aj, = 1 for all A # k. Further more, we claim that
T 1, = 0 also holds; this is because there exists j > K s.t. ¢;r = 1, and for this

particular item j we have 6,1, = 6 so T,

; 1, contains a factor of (9;r — 0?) = 0.

Now we have shown (E.11) holds. Equation (E.3) leads to

0= ) Traba=TraPar (E.12)
acAy
=6, —0) [T =6, T &7 =6 1] 6; =6, )pas-
g i’ it

We claim that a* respects the attribute hierarchy so p,+ > 0. This is true because we
have shown earlier k 4 h for any attribute h # k. Therefore in (E.12) the only factor
that could potentially be zero is (6, — 6, ), and we obtain 6, = 6, . This completes

the first step of the induction.

Step 3.2. Now as the inductive hypothesis, we consider attribute k& and assume
that for any other attribute h s.t. Qf’h < Qf’k, we already have 0, = 6,. Recall
Hy = {h € [K]\ {k} : k — h} denotes all the attributes that have higher level in
the attribute hierarchy than attribute k. By part (c¢) of Lemma E.1, this implies for
any h € Hy, we have é; =0, . Also, by Condition C in the theorem, there exist two
items ji,jo > K s.t. ¢, = 1 and gj, , = 0 for all h € Hy, for i = 1,2.

Before proceeding with the proof of §, = 6, , we need to introduce a useful lemma.

Lemma E.3. Under the conditions of theorem, if Ve @, = q,, for some K C [J],
some m € [J]\ K and #[(KU{m})N{K +1,...,J}] <1, then 8} = 6.
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Proof of Lemma E.3. Define

0" = E 0, en+ 0} en+ E 0, e,
hekC I>K:
1gKU{m}

then Tma contains a factor fo, := Hheic(éh,a — 5,:)(9_”“1 —0:+) because of the first two
terms in the above display. The f, # 0 only if & = Vyex @, and  q,,. However,
since Vipex q@j, = @,,, such a does not exist and f, = 0 for all & € {0,1}%. Therefore
Tye. =0 and T,-.p = 0, so the RHS of (E.3) is zero. Hence the LHS of (E.3) is
also zero. Condition C' implies Zj: k41 Tk = 2 for all attribute k. Under Condition
C and the condition #[(K U {m})N{K +1,...,J}] <1, the attributes required by
the items in the set {{ > K : I € KU {m}} must cover all the K attributes. because

of the term ) >k 6, e; in the defined 8", we have Ty o # 0 only if & = 1. So

1gKU{m}

0 = RHS of (E.3) = LHS of (E.3)

= T1wr -0 -5 T 0F =6 .

hekx I>K:
lgKu{m}

which implies 67 — 6 = 0 since any other factor in the above display is nonzero.

This completes the proof of the lemma. O

Note that by Condition C, there exist two different items j;,jo > K s.t. ¢, =1
and gj,, = 0 for all h € Hy, for i« = 1,2. We next aim to show that in Q, we must

also have q;, ,, = 0 for all h € Hy, for i = 1,2. We prove this in two steps.

Step 3.2 Part 1. First, we use proof by contradiction to show the g, satisfies that,

for any attribute m - h the following holds,

max( max @y @) % o (E13)

Le[K],
Q% Q%
., “m
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where the max operator applied to vectors of the same length means taking the
element-wise maximum of the vectors and obtaining a new vector of that same length.
Suppose (E.13) does not hold, then applying Lemma E.3 we obtain 6 = 6. Note

that we also have 0_,: = 0, by the inductive hypothesis. Define

O =bOent Y OrectOien+ Y. Ore, (E.14)
L<K: I>K:
Q% A9 L 5,m =0

then with this 8*, we claim that the RHS of (E.3) is zero, T~ .p = 0. This claim is

true because T,,*ya contains a factor f, of the following form

fa=Ona—0,) [] (Ora—"0;)Omna—0%)#0 onlyif
Q7 AQT

o= maX(Qf%l%iim 4, ) and a ' q,,
which is impossible because of (E.13), so fo = 0 and T,+ o = 0 for all . Therefore
by (E.3) we have Ty« .p = T, .p = 0. Note that §, = ;" and 6}, = 0} and now we
consider the term 7T+ o. Then due to the last term in 8" defined in (E.14), we have
Treo # 0 only if a = q; for all j > K s.t. g;,, = 0. We claim that such a must also
satisfy a0 = g, for any £ < K s.t. @7, A Q7 ,,. This is because for any £ < K s.t.
Q% A Q7 ,,, there must exist an item j > K such that g;,, = 0 and ¢;, = 1, then

the fact that o = g; for this j ensures ay = 1 and a = g, (recall g, L ei). Therefore

we have
. O =01, e (07 = 0,)(0 = O2) I1 rc, (67 = 67), if @ € Ay;
* o = L34 e.m J,m
0, otherwise.
(E.15)
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where

Al={acA:axq;st ¢jm=0a=q,; atq,}

={acA:qp=1forallst Q7 ,AQ:,,; an=1; a, =0}

We claim that there exists some attribute pattern in A; that respects the attribute
hierarchy, i.e., there exists a* € A; with po~ > 0. This can be seen by noting the
following two facts: first, the assumption m 4 h in the beginning of the current Step
3.2.1 yields that an a with o, = 0 and «, = 1 does not violate the attribute hierarchys;
second, an « satisfying ay = 1 for all £ s.t. @7, A Q% ,, also does not contradict
@ = 0 under the hierarchy, because by part (c) of Lemma E.1, if Q% , A Q% ,, then
m - h. Now we have proven the claim there exists a* € A; with po~ > 0. Combined

with (E.15), we obtain

6 =6 TI 6 =000 TT 6 =) ( X pa) =05

I<K: J>K: acA;
Q% A9 2j,m="0

*.m

and Za e, Pa = Par > 0. This gives a contradiction because each factor in the above
display is nonzero. Now we have reached the goal of Step 3.2.1 of proving (E.13).

We remark here that (E.13) has some nice consequences. Considering the K x K
matrix Q?,(bl,-..7b;<) in (E.4) shown in Step 1 and the particular attribute h, we actually
have obtained that for any m -4 h, the m-th column of Q?,(bl,m,bl{) not only has the
last (K — m) entries equal to zero, but also has Q%bm = 0. Equivalently, considering
the columns of Q are arranged just in the order (by, ..., bx) without loss of generality,
we have

Gn.m = 0 for any attribute m 4 h. (E.16)

Step 3.2 Part II. In this step we use proof by contradiction to show that for i = 1
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and 2 there is

max (egg{l:agih , qji) z Q- (E.17)

Suppose (E.17) does not hold for i = 1, i.e., max(max/<k.s-n qy, q;,) = q,- Then by

Lemma E.3 we have 6" = 6,". We define

0" =0fen+ Y O es+0e;,+ > brej, (E.18)
L<K: J>K:j#41,
L—h qj7h:0

and note that the item 75 is included in the last term of summation above since
¢jp.n = 0. With 8% defined as in (E.18), we have T\« o = 0 for all a because of the
first three terms in (E.18) and the assumption that max(max,<x.e—n @y, @j5,) = Q-
So (E.3) gives Ty .p = Tpe.p = 0. Consider Ty« o, then Ths o # 0 only if o % g,
and a = q;, because of the terms 6, e, and 0,ej, included in " defined in (E.18).
Further, because of the last term in 8" defined in (E.18), we have T, o # 0 only if a

satisfies a, = 1, ay, = 0, and
Qm = 1 Vm s.t. El] > K7 j 7& jla qdjh = 07 qjm = 17
or equivalently,
Oém - ]_ vm S.t. Qijlym 74 QileL. (E.]_g)
We claim that any such e satisfying ay = 1, a;, = 0, and (E.19) also satisfies & = g,

because of the reasoning as follows. We next show oy, > g;, , for all attribute b. Define

0" =6"in (B18)+ Y  bye, (E.20)

b<K:kAb,

* *
Q—jl,b<Q—]'1,h

and with this 0 and its corresponding response pattern r**, we still have T,,**y. p=20

361



and hence Ty« .p = 0. The T+ o # 0 only if « satisfies

(
C(kzl, OthO,

U = 1Vm st Q% 0 A QY s (E.21)

ap=1Vbst. Q% , <Q%; , and k /4 b.
\ : :

We denote the set of attribute patterns having the above properties by A = {a €
{0,1}% : a satisfies (E.21)}. Note the following two things: (i) first, Q*,; ,, £ Q*; ,
implies m # h, because otherwise by Lemma E.1 there is Q7 ,, < (7, and hence

Cim = Q% 3 (i) second, k /> b implies h /> b, since otherwise h — b and k — h
would imply £ — b. And we have the conclusion that there exists some a* € A, that
respects the attribute hierarchy with p,+ > 0, because a5, = 0 does not contradict
any ay = 1 as specified in (E.21) according to (i) and (ii). We next show that for
a € Ay, oy > g, for any b must hold. To show this we only need to consider those b
such that ¢;, , = 1 and show any o € A, must have a;, = 1 for such b. By Condition
C, qj,p = 1 implies b & Hy (i.e., k /4 b). Then for such b, if Q*; , A Q" ,, then
by (E.21) we have a; = 1; and if @*,; , < Q*; ,, combining the fact that k / h, by
(E.21) we also have a;, = 1. So the conclusion that o € As, o > ¢j, for any b is
reached.

Now we have obtained for e € Aj there is a = g;,. This results in a = gq; for
any j > K s.t. gjn = 0, l.e, @ = maxjsg.q,,=0q; We further claim that for any
a € Ay, the a = q, for all £ — h must hold. This is because by Condition C, for
any ¢ — h there exists j > K such that ¢;;, = 0 and ¢;, = 1. And combining with

the previously obtained e = max;>x.; ,=0¢q;, we have the conclusion that o, =1

and a > gq,. Therefore a > g, for all { — h. Considering the T, .p = 0 with 8
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defined in (E.20), we have

0, -0 TL6: -0 —0,) TI @ —6)( > pa) =0.
/zzg_)[;: j>qj;bjjgl, acAs

This leads to a contradiction, since every factor in the above display is nonzero. Now
we have reached the goal of Step 3.2.2 of proving (E.17) for ¢ = 1, and using the
exactly same argument gives (E.17) for i = 2.

Combining the results of Step 3.2.1 (in (E.13)) and Step 3.2.2 (in (E.17)), we

obtain an important observation that
G;p =0V heH,i=12 (E.22)

This is true because Step 3.2.1 reveals g, can potentially equal one only for those
¢ that is the prerequisite of attribute h (i.e., gny = 1 only if £ — h); and further,
Step 3.2.2 establishes that taking the element-wise maximum of the vector max;_,;, q,
and the vector g, still does not give a vector that requires all the attributes covered
by @;. Therefore g;, , must equal zero. Precisely, (E.13) in Step 3.2.1 implies g, —

maxe<k:—hr g = (0,...,0, ~1 0,...,0). And Step 3.2.2 further implies gj, , = 0,
column h

since otherwise max <man§ K t—h Qps (_in) >~ q,, would happen, contradicting (E.17).

Step 3.2 Part III. In this step we prove §, = 6, based on (E.22). Define

0" =0, + Z 0. e+ Z 0 e; + Z 0 ej, (E.23)

K:m#k i>K:q; =1 i>K:q; =0
mQ'Hk 7> 95,k 7> 95,k

and we claim that T, .p = 0 with this 8" defined above, because of the following
reasoning. First, due to the first two terms in (E.23), Ty- o # 0 only if a satisfies
ar = 1 and «a,,, = 1 for any attribute m ¢ {k} UH,. Note that in Step 2 we obtained

0F =07 forall j > K, then Tpe o Z O only if o € {: @ 2 q; ¥V j > K sit. g =
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1} =: A;. However considering the item j; with the property ¢;, x = 1 and ¢j,, =0
for all h € Hy, then such item j; must be included in the third term in (E.23) (i.e.,
> sk g =1 05 €5), and we have shown (E.22) in Step 3.2.1 and 3.2.2 that g;,» = 1
only if h & Hy. This implies that for all @ € A3, there must be a = g, and 0,0 = 5;’
So we have shown that for any a € {0, 1}¥, there must be Tma = 0, and the claim
that T, .p = 0 is proved. And we have Tp.- .p = 0.

Next, we consider Ty . Due to the last two terms in (E.23), Ty« o # 0 only if

o € A, with A, defined as
Ai={a:a=q;Vji>Kst qr=0 afq;Vj>Kst q¢p=1}.

We claim that for any a0 € Ay, there is a > gq,,, for all m & H,. This claim is true
because a € Ay implies o, = 1 for all attribute m such that Q7 ,, A Q7% ;. Recall our
inductive hypothesis made in Step 3.1 that 0, = 6 for all attribute m that satisfies
Q% < Q% then we have T;.« o # 0 only if a further belongs to the following set
As,

As ={a: a,, =1Vm e [K] s.t. QF,, £ Q% (due to the last two terms in (E.23));
oy =1Ym e [K]st. Q7,, < Q7 and m & H;
(due to the 2nd term in (E.23))}

={a: a,=1Vm e [K]|st. m & H},

where the last equality uses Lemma E.1 that Q7 , A Q7 implies k /4 m. From
T o # 0 only if o € Aj, we have that for all o € Aj, there is o > q,, for any
attribute m ¢ Hy, and hence 0,, o = 0.

Furthermore, we claim that if Ty« o # 0 (which implies & € Aj), we have a 7 g,

for the following reason. For v € Aj, there is a,, = 1 for all m ¢ Hy. Consider the
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item j; with ¢;, » = 1 and ¢;, , = 0 for all h € H;,, and for this j;, there is
ar=q; —(0,...,0, 1 ,0,...0) (E.24)

Then since 9;; e;, is included in (E.23), in order to have T, o # 0 we must have
ot q;,- Combined with the above (E.24), we obtain a; = 0 and 0 o = 0, . Denote
As = As N {a : ap = 0}, and we have Ty« o # 0 only if a € Ag. Importantly, any
a in Ag does not violate the attribute hierarchy since oy, = 0 does not contradict
a,, = 1 for m & Hy, as specified in As. Therefore p, > 0 for all a € Ag under the
attribute hierarchy.

Finally, with (E.23), we conclude that

Tr*,a -

(O — 0;) Tmciconie (08— 0) i sergy o105 = 09 Mg, 00 = 07), € Ag;

mgHp,

0, otherwise.

and further

OZTT*,-p
=0 -0 II ¢h-00 TI @ -6 TI @ =6)( X pa).
m%ﬂ’;ﬁ;#’“ J>K:q; k=1 J>K:q; =0 acAg

Then since in the last paragraph we have shown ) . 4 Pa > 0, the only potentially
zero factor in the above display could only be (6, — 6,). Now we have obtained

9,; = 0, , and the proof of Step 3.2.3 is complete.

Step 3.3. Now we complete the inductive argument in the current Step 3 and
conclude 0, = @, for all attribute k € [K]. By completing the induction, we have

obtained one more useful byproduct in the proof of Step 3, which is (E.16) that
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Gnhm = 0 for any attribute m - h. This exactly means under the true attribute
hierarchy and the induced attribute pattern set A, the first K items of Q is equivalent

to the identity matrix Ix. Namely, we obtain
Qur,. ~ Ik. (E.25)

Step 4. In this step we prove Q L . Without loss of generality, we assume the
columns of ) is arranged in the order (b1, b, ..., bx). Recall that A C {0, 1}¥ denotes
the set of attribute patterns that respect the specified attribute hierarchy. For each

je{K+1,...,J}, in the following two parts (i) and (ii), we first prove
A, ={acA:a>q,atq} =0

in (i); and then prove
Aw ={acA: atq,ar-q}=0

in (ii). Together, these two conclusions would imply g £ q;.

(i) We use proof by contradiction and suppose A, = {a € A: a > q;, a’f q;} #

@ for some j € {K +1,...,J}. Then Y ., pa > 0. Define

0= Y  rert0je;, (E.26)

k<K: ;=1
then Ty« o = 0 for all @ € {0, 1} and hence T,- .p = 0. Based on Step 2 and
3, we have 07 = 0 and 6,; = 6, for the j and any k with g;;, = 1 used in
(E.26). Therefore, due to the first summation term in (E.26), Tp» o # 0 only if
a satisfies ap = 1 for all k s.t. g = 1 (i.e, @ = g;); and due to the second

term 9;_6]' in (E.26), Ty+ o # 0 only if 6, 4 = 0; (le, a %t q;). In summary,
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T # 0 only if a € A,, so

T..p= [[ (0 —0,)0; —9;*)( > pa> #0,

k<K:q; =1 acA.
which contradicts 75« .p = 0. This contradiction means A, = & must hold.

We also use proof by contradiction and suppose A, = {ac € A: a q;, o=
q;} # @ for some j € {K +1,...,J}. Then there exists o € A with o = g;
but a # g, which implies there exists some attribute k € [K] s.t. g, = 1 and
¢;x = 0. Based on the above relation, we apply Lemma E.3 to obtain g = 0.
Define
0" =0.¢e;+0} e+ Z 0. em, (E.27)
mek:
kAo
then based on the first two terms in (E.27), we have Ty« o = 0 for all a €
{0,1}%X. So Ty«.p = 0 and further T, .p = 0. Now consider Ty~ o, then

Ty+ o # 0 only if o belongs to the set A; defined as
A ={a € A: a,=0; o, =1V k4 m}, (E.28)

then this A; # @ because the a* = (af, ..., aj) defined as follows belongs to
A7. The o takes the form o = 0, of = 0 for all £ = ¢, and o}, = 1 for all
k # m. The a* also satisfies a* = g, for the following reason. Since g;; = 0,
then under the attribute hierarchy this g, is equivalent to a q; with gj = 0
and ¢ = 0 for all £ s.t. & — €. Therefore for the defined a* € A that respects
the attribute hierarchy, there must be a* > aj Since Lemma E.1 establishes
that we can consider without loss of generality the case where each row vector

of @) respects the attribute hierarchy, we have the conclusion that equivalently,

367



a” = q;. And further there is ZaeA7 Pa = Par > 0. Now we have

0= Tp— (6 )6 ~5) T] 05— 03 ( 3 1),

m<K: acAy
kAm

which leads to a contradiction since each factor in the above term is nonzero.

So we have proved the A,, defined earlier must also be an empty set.

As stated before, based on the (i) and (ii) shown above, we obtain q; 2 q; for
every item j € {K +1,...,J}.

In summary, by far we have obtained 0, = 6, for all k € [K], 0} = 6 for all
je{K+1,...,J} and Q £ Q.
Step 5. We next show 0 = 6 for all k € [K] and §; =6 forall j € {K+1,...,J},
and p = p.
Step 5.1. In this step, we show 6 = 6, for all k € [K]. By Condition C, there

exists some item j > K s.t. ¢j; = 1, and we denote this item by j,. Define

0°=> Orent0,e;,+ > be, (E.29)
h<K: I>K:
h#k i

then T« o # 0 if and only if & = 1. This is because considering the the last term of
summation in (E.29), we have T« o # 0 only if a = q; where J := {K +1,...,J}\

{jx}; and by Condition C' there is g, = 1x. Specifically,

Tpea, = [[OF = 0065 —06;,) T] 6 - 6;),

h<K: I>K:
Htk ik

and there is Tpe.p = Tr1,.p1, # 0. So by (E.3) we have T, .p # 0. Further,
the element T« could be potentially nonzero only if e = 1x. This is because

considering the first two terms (Y n<x: 0; e, and Q_j_k e;.) in 0" defined in (E.29), there
htk
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is Tpe o # 0 only if @ = max(maxn<x. 5, q;,); and since gj, x = 1 there must be
htk

max(maxna<x: gy, q;,) = 1x. Therefore we have
htk

Step 5.2. In this step we show 9_; =0, for all j € {K +1,...,J}. Consider an
arbitrary j > K, then there exists an attribute k such that ¢;, = 1. Define 8" = 6, e,
and note that in Step 5.1 we obtained 6’_: = 6, and in Step 3 we obtained 0_,; =0,.

Then with this 8%, there is

040 =00( > pa) =Tep=Top= 0 —0)( Y 5a).

acA:atq, acA:afq,

and note that for any o # qy, there must be a # q; since ¢;x = 1. Now consider the

item 7, we have

97._ _ Tr*+ej,-1_7 _ TT*+€j,°p

J

J

Tr*,-p Tr*,-p
Since j is arbitrary from {K + 1,...,J}, we have obtained éj_ = 0 for all j €
{K+1,...,J}.

Step 6. In this step we show that for I'(Q, .A) and the alternative I'-matrix T' (also
denoted by I'(Q,.A) where A is the set corresponding to those columns in I’ with
nonzero proportion parameters in p), the column vectors in I'(Q, A) that correspond
to P > 0 are identical to I'(Q,.A); furthermore, pr) = pa for a € A, where

7: A— Ais a one-to-one map. For an arbitrary a € A, define

0" = Z 0. exr + Z 0 e (E.30)

E<K: m<K:
a=qp atqm,

Then for any a* € A, the Ty o+ # 0 (equivalently, Ty o+ # 0) if and only if a* = «,
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because Q° = Q1.k.. 13 Ix. Then Ty« .p = Trn-l_) gives

[T @ —60) T 0 — 00 = TT O —05) T] 0m — 0)ra.

kE<K: m<K: kE<K: m<K:
ap=1 am=0 ap=1 am=0

and we obtain pr(a) = pa, Since Zae{ﬂ,l}K Pa = Y aeaPa = 1, the equality po = pa
for any o € A also implies po, = 0 for all @ € {0,1}5¥ \ A. So I'(Q, A) = T(Q, A)
also holds. This completes the proof of Step 6.

Now we have shown (Q, A) = T'(Q, A), 8" = 0", g = g, p = p. This completes
the proof of the sufficiency of Conditions A, B and C'.

We next show that Condition A is necessary for identifying (I'(Q,.A), 8,07, p).
We use proof by contradiction and assume that Condition A does not hold. Recall
that the type of modification of ) described in Condition A is “Operation” A, which
sets every ¢; to zero if ¢j, = 1 and k — h. Denote the resulting matrix by Q4.
If Condition A fails to hold, then Q% lacks an identity submatrix Ix. Without loss
of generality, suppose Q“ does not contain any row vector in the form ey for some
h € [K]. Combined with the definition of Operation A, this means for any g-vector
with ¢;, = 1, in the original @) there must be ¢;, = 1 for some ¢ /4 h. Then the
following two attribute patterns in A will lead to the same column vectors in I'(Q, A):
a; = 0 and oy := (ag1,...,a0 k) Where agy = 1, agy = 1 for all k& — h, and
age = 0 for all £ A h. The fact that I'. o, = 1", o, directly results in that ps, and pa,
can be at best identified up to their sum, even if all the item parameters 8 and 6~
are identified and known. This proves the necessity of Condition A.

As for the last claim in part (i) that Conditions A, B and C are necessary and
sufficient for identifiability of (Q,p, 8%, 0 ) where there is no hierarchy (i.e., po > 0
for all a € {0,1}%), it directly follows from the result in Theorem 1 in Gu and Xu

(2020D).
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Proof of part (ii). We first show that if Q) contains a submatriz Iy other than
satisfying A, B and C, then (A, 07,07, p) are jointly identifiable. Based on the con-
clusion of part (i), it suffices to show that if () contains an I, then A are identifiable
from I'(Q,.A). That is, we will show that if I'(Q,.4) = I'(Q,.A) with both @ and
@ containing a submatrix I, then A = A. Note that when @ contains an I, the
J x 25 matrix I'(Q, {0,1}¥) has 2% distinct column vectors Gu and Xu (2020a).
Without loss of generality, suppose the first K rows of @ and @ are both Ix. Then
[.x.(Q, A) = T'.k.(Q, A) exactly implies A = A, due to this distinctiveness of the
2K ideal response vectors of the 2% latent patterns under an identity matrix.

We next show that in order to identify an arbitrary A, it is necessary for Q to
contain an Ix. Suppose ) does not contain an [g, then based on the concept of p-
partial identifiability in Gu and Xu (2020a), certain patterns would become equivalent
in that they lead to the same column vectors in I'(Q, {0, 1}%), hence there must exist

some A that is not identifiable. O

E.2 Computational details for Chapter VI

E.2.1 Details of Extended Bayesian Information Criterion (EBIC)

Consider the objective function (6.6). For a A € (—o0,0), denote the estimated
set of patterns by Ay = {a € Acanai : Da > PN, (@,f)) = argmaxe p (2" (©,p)}.
Here py > 0 is the threshold for selecting latent patterns, and we take a sample size
dependent py = 1/(2N) in all the experiments. The EBIC proposed in Chen and
Chen (2008) has the form

Acan i
BIC,(Ay) = —2((p™, ©) + |A,|log N + 27log <| |A (|Jl |),
A

where a larger EBIC parameter v € [0,1] would encourage a more parsimonious

model (i.e., fewer selected latent patterns). We take v = 1 for the greatest amount
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of parsimony. Then Ag,, is taken to be the particular A, that achieves the smallest

EBIC value.

E.2.2 Structure learning with missing data and binary matrix completion

When there exists missing data in a HLAM, what is observed is not a complete
N x J binary matrix R; instead, it is R with missing entries. Denote by ) C
[N]x[J] the set of indices of the observed entries. Then the original objective functions
presented in (6.5) and (6.6) should be replaced by the following two objective functions

2nd,0 .
0155 and €3" respectively:

glst,Q(Q’ A, © | R) — Z [7"2]<Haq1klog9+ 1—Haqﬂk logej_ﬂ

(4,5)EQ

+ (1 =7 ) <Haq““log 1—6+ 1—Haq”“ log(1 ))],
£"%p @ | R, Q) :ZIog{ S pe I Gu0-60 0+
i—1

aEAcandi 7:(4,5)€EQ

A log,(pa)- (E.31)

ac Acandi

With missing values in R, the ADG-EM Algorithm 4 and the PEM algorithm in
Gu and Xu (2019a) should be replaced by the following Algorithm 5 and Algorithm
6.

The algorithms for structure learning with missing data can be also used for binary
matrix completion. Note that even if not all entries of R are observed, the entire N x K
matrix A and the entire J x K matrix () can be estimated from Algorithms 5-6, as
long as there are at least some observed entries in each row and each column of R.

Then naturally, based on the estimated A and @, a complete N x J matrix R= (75.)
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Algorithm 5: ADG-EM with missing data: ) estimation and dimension re-

duction

Data: Responses R with the set of indices of observed entries Q2 C [N] x [J].

Initialize attribute patterns (a;x)nxrx € {0, 1}V*5;

(¢k)sxx € {0, 13775,
Initialize parameters 87 and 8~. Sett=1, A* =0
while not converged do

A*«—0, @<«+0.
for r € [2M] do
for (i,k) € [N] x [K] do

L Draw a;;, ~ Bernoulli <0<Zj:(m.)eQ 4k Hm# i %J))
if r> M then A+ A+ A ;
AP LAYM o+ (1 3)A™ te i+l

for r € [2M] do
for (j,k) € [J] x [K] do

if r> M then Q° <+ Q°+Q ;
Q = I(Q*/M > 3) element-wisely; I™° = (Hk{aave}qj k)

for j € [J] do
+ Zz (4,9)€Q T J]ave — Zz (1,5)€Q Ti:j(]' ]la}/e)
ej = Jave ’ 0]' = — Jave ;
Zz (4,4)€EQ 71,3 Zz (i,j)GQ( 1,j )

A =T(A™ > 3) element-wisely.
Output: Acangi, which inclu/(jes the unique row vectors of A, and binary
structural matrix Q).

and structural matrix

L Draw ¢;, ~ Bernoulli (0( > (i’j)EQ(l —a;k) Hmi,C fjn;” m));

for (i,j) € Qdo 1 1 log[H;“/Gj_] + (1 — 1 ) log[(1 — 9;)/(1 —07)] ;

Then (@, Acanai) are fed to the PEM with missing data to maximize (6.6) and

obtain Agpal.

with no missing entries can be reconstructed, by setting 7; ; equal to

~ - ~ 1 .
riji=1 ((9J+ . F;ij’ai +(9j (11— Fajﬁi) > 5) . (i,7) € [N] x [J].

(E.32)

which is the integer (0 or 1) nearest to the posterior mean of (i, j)th entry of R.
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Algorithm 6: PEM with missing data: Penalized EM for log-penalty with
A € (—00,0)
Data: Responses R with the set of indices of observed entries €2 € [N] x [J],

and candidate attribute patterns Acang;-
Initialize A = (Ago), LAY ).

’ |Acandi|
while not converged do

for (i,1) € [N] X [|Acanai|] do

Al - exp { Zj:(i,j)EQ |:Ri,j 10%(9]‘,0@) + (]_ — Ri,j) 10g(1 — ej»al)j| }

Qpi,al -

for I € [|Aenail]] do Ay = max{c, A+ 32N pia, }; (¢ > 0 is pre-specified) ;

o B exp{ X yen | Fig 108(05a,) + (1 = Rig)log(1 = ba,)] |

OUtPUt: {al € Acandi ¢ Poy > p}

E.2.3 More details on the experiments in Section 5 of the main text

Denote the output of the ADG-EM Algorithm 4 by (@, Acanai)- The definition of
acc[@]* in Table 6.1 is

acc|Q* = L Y I(Tga#Tqq). (E.33)
() elJ]x A
That is, since an A gives an equivalence class of Q-matrices, the accuracy of estimating
(@ should be evaluated by the accuracy of estimating the ideal response structure
{lg,.a 1 @ € A} under the true A. More specifically, as long as the J x |A[ ideal
response matrix is estimated accurately, the () is already identified in the correct
equivalence class.

We next present the statistical variations of the results in Table 6.1 of the main

text. We choose to present the inter quartile range (i.e., difference between the 75th
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P A/ A);
for j € [J] do
g+ — Zz (4,5) €N Za, Ri,jrqj,az%,al 0 — Zz (i,7) €N Za, R ;(1— qu,az)%',a
! Zz (i,5)eQ Zal F‘]j:al Pi,cq , ! Zz (4,5)€Q Eal (1 o qu,al)gpi,al
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and the 25th percentiles) as a measure of variation as it is more robust to outliers.

See Table E.1 for details.

Table E.1: Statistical variations of results presented in Table 6.1 in the main text. The

“IQR” stands for the inter quartile range of the three accuracy measures: acc|@Q]”,

A

TPR, and 1-FDR and that of the size of Ag,.. All results are based on 200 runs.
In each scenario, the IQR is presented below the original number of the accuracy or
the size of Ag,a in parenthesis.

(N, J) = (1200, 120)

(N, J) = (1200, 1200)

25| Ag| noise
acc[Q*  TPR  1-FDR |Agua| acc[@Q* TPR  1-FDR  |Agpall
20% 1.00 1.00 0.96 10 1.00 1.00 1.00 10
o TQR(0000) (0.000) (0.091) (1)  (0.000) (0.000) (0.000) (0)
30% 1.00 1.00 0.96 10 1.00 1.00 0.68 15
. IQR  (0.000) (0.000) (0.091) (1)  (0.000) (0.000) (0.089) (2)
20% 1.00 1.00 0.95 15 1.00 1.00 1.00 15
. IQR(0.000) (0.000) (0.063) (1)  (0.000) (0.000) (0.000) (0)
30% 1.00 0.99 0.94 16 1.00 1.00 0.80 19
IQR  (0.003) (0.000) (0.118) (2)  (0.001) (0.000) (0.132) (3)
20% 0.98 0.91 0.90 10 0.99 0.99 0.97 10
o IQR (0.002) (0.000) (0.000) (0)  (0.000) (0.000) (0.000) (0)
30% 0.99 1.00 0.88 10 0.97 0.94 0.62 15
s IQR  (0.007) (0.000) (0.000) (0)  (0.000) (0.000) (0.126) (2)
20% 0.99 0.96 0.95 15 1.00 1.00 0.99 15
. IQR(0.001) (0.000) (0.000) (0)  (0.001) (0.000) (0.000) (0)
30% 0.99 0.99 0.89 15 0.99 0.98 0.71 21
IQR  (0.006) (0.000) (0.063) (1)  (0.000) (0.000) (0.123) (3.5)

As illustrated in Example V1.2, a set of allowed patterns A C {0, 1}* would give

an equivalence class of @-matrices, each of which would lead to identical I'(Q,.A).

More generally, the structural matrix ) and the attribute pattern matrix A are cou-

pled together, such that fixing one of them would allow identifying the other up to

an equivalence class. However, there is indeed a way to uniquely determine an A

from I'(Q, A) if we impose one constraint on the structural matrix Q: to require ) to

contain a submatrix /5. This fact is shown in the part (ii) of Theorem VI.1. In partic-

ular, if for instance we constrain 1., = I, then A is uniquely determined from the

K x | A| ideal response matrix I'(Q1.x,,.A). As discussed in the main text after The-

orem VI.1, this phenomenon is analogous to the identification criteria for the factor
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loading matrix in factor analysis models, where the loading matrix is often required to
include an identity submatrix or satisfy certain rank constraints (Anderson, 2009; Bai
and Li, 2012). Therefore at least theoretically, in estimation, one needs to enforce the
constraint that () contains a submatrix [k to uniquely determine A and the attribute
hierarchy. In particular, in the simulation scenario (N, J, K') = (1200, 120, 8) in Table
6.1, we enforce such a constraint after running the ADG-EM algorithm, and then
use the Acang; and the constrained @ as input to the second stage PEM algorithm.
Interestingly, we observe that practically, this constraint is not needed when estimat-
ing more large-scale problems. For instance, for all the other simulation scenarios
in Table 6.1 and Figure 6.3 with (N, J) = (1200,1200) or K = 15, we directly run
PEM without such a constraint and the structure learning results presented there are
indeed accurate.

For the experiment with the Austrian TIMSS 2011 real data that has (N, J, K) =
(1010,47,9), a tentative (Q-matrix is provided in the R package CDM. This tentative
@ has all the row vectors being unit vectors, i.e., for each j € {1,...,47}, there is
q; = ey, for some k € [K]. To learn the attribute hierarchy from this dataset, we run
Algorithm 5 and Algorithm 6 presented in Section B.2 of this supplementary material
to handle the missing entries in R. In particular, we use the tentative () provided in
the R package as the initial value for Algorithm 5 and enforce @ to contain an identify
matrix after running Algorithm 5 to obtain @ and Acangi. Finally, with the Acanai
and the enforced @ as input, we run Algorithm 6 and obtain the results presented in

Figure 6.4 in the main text.

E.3 Large noisy binary matrix factorization/reconstruction

A nice byproduct of the proposed ADG-EM Algorithm 4 is a scalable algorithm
for large-scale noisy binary matrix factorization/reconstruction and latent structure

estimation. As discussed in the previous section, if there exists attribute hierarchy, the
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(Q-matrix can be identified up to the equivalence class determined by A. The emphasis
of the experiments in the main text is to estimate A; while in the current experiments,
we focus on the estimation of the structural matrix (), and the reconstruction of the
ideal response matrix based on the estimated Q).

We use Algorithm 4 to decompose the N x J large noisy binary matrix R generated
under the AND-model. Specifically, R ~ A oQ", where the “o” denotes the “AND”
logical operation between each pair of @; = (a1, ..., a;x) and q; = (g;1,- - -, ¢jx), as
introduced in (6.1); while the “~” allows for item level noises as quantified by 1 — H;F

and 0; in (6.2). In matrix form, we have

) ' ] qu oo qJ71
~ el ... o o | (E34)

. CILK e e CIJ,K
N1 ottt TN a1 : aNk

We perform simulations in the scenario (N,.J, K) = (1000,1000,7), where the
true ) vertically stacks J/(2K) copies of submatrix /i and the remaining .J/2 rows
of @ vertically stacks an appropriate number of another K x K submatrix Q? in the

following form,

11000
01100
00110

Q=100011 (E.35)

o o o O
o o o o O

1 00 00 01
X7

The ground truth 1000 x 7 matrix () is visualized in the bottom-right plot in Figure

E.2, with color yellow representing value “1” and color blue representing value “0”.
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Then under this structural matrix (), we generate response data R using noise param-
eters 1 — G;F = ¢, = 30%, and proportion parameters p, = 1/128 for all @ € {0, 1}7.
In the current scenario we would like to keep track of the estimation accuracy of @)
itself, so we set A = {0, 1} to be saturated such that [Q]* contains only one ele-
ment: () itself. For each of 200 simulated datasets, we apply our ADG-EM Algorithm
4 alone to estimate () and reconstruct the ideal case R using expression (E.32). The
initializations {Qi,; }’s are obtained from randomly perturbing about one third entries
in the true @ in each run. Instead of specifying a stopping criterion based on the con-
vergence of the objective function, in the current experiment we just run exactly 10
stochastic EM iterations in Algorithm 4; we record the number of entry-differences
between the estimated () and the true (). along each EM iteration, and present
the corresponding boxplot in Figure E.1(b). In addition, we record the number of
entry-differences between (¢, and the initial value ();,;, which is given as input to
the algorithm, and present the boxplot based on 200 runs in Figure E.1(a).

The two boxplots in Figure E.1 show the superior convergence performance of
the proposed ADG-EM algorithm. For each boxplot, the central mark denotes the
median, and the bottom and top edges of the box are the 25th and 75th percentiles,
respectively. The whiskers extend to the most extreme data points that are not
considered outliers, and the outliers are plotted with the ‘4’. Out of the 1000 x 7 =
7000 entries in the structural matrix, although the initialization of @) differs from the
true one by more than 2000 entries on average, after just one stochastic EM iteration,
the number of entry-differences between Qjter. 1 and Qirye decreases to less than 300
entries in most cases. After just 3 stochastic EM iterations, for a vast majority of
the 200 datasets, the Qe is perfectly recovered and remains unchanged in further
iterations of the algorithm. Indeed, after 10 iterations, for each of the 200 datasets,
the Qe 1s exactly recovered! Considering the relatively high noise rate 30% in R

(i.e., 30% of the entries in the ideal response matrix are randomly flipped to form the
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observed R) and the suboptimal initializations, such performance on latent structure

estimation is impressive.

2340

O
o
- =g+

a
o
T

N
w
o
o
NN W W
o
o

o
o
T

e

3]

o
T

-
=)
S
:

+ - -

2220

3]
o
T

# entry-differences from the true Q

Nt ¢ K. K. g NE. N
L 1 L f i L f L 1

iter. 1 iter.2 iter.3 iter. 4 iter.5 iter.6 iter.7 iter.8 iter.9 iter. 10
number of ADG-EM iterations

o
T

# entry-differences from the true Q
N
[¢2]
o

2180+

at initialization
(a) # entry-differences
between Qini and Qirue (b) # entry-differences between Qjiier and Qe

Figure E.1: Boxplots of entry-differences between estimated Qi (or Qiyi) and the
true structural matrix Q¢,ue, with size 1000 x 7. Results are based on 200 independent
runs.

To obtain a better understanding of the performance of the ADG-EM algorithm,
we next present two specific examples that visualize the intermediate results of the
algorithm. Still in the setting described above, we simulate a 1000 x 1000 matrix R
with noise rate 30% = 0, =1- 9}. In the first example, we use randomly perturbed
initialization for (@, A), which is the same setting as the 200 runs behind Figure E.1.
We present the results of Algorithm 4 together with its intermediate results along the
first 4 iterations of the stochastic EM steps in Figure E.2. The 6 plots in the first row of
Figure E.2 show the reconstruction of the data matrix R, and the 6 plots in the second
row of Figure E.2 show the estimation of the structural matrix (). Specifically, after
the t-th iteration, based on the @iter, +, the IA%iter, ¢ is reconstructed following Equation
(E.32). The ground truth for R is just the N x.J ideal response matrix in the noiseless
case Rye = (1}'), where 7 = Uga = Hszl agﬁ;’“ . Along the first 3 stochastic EM
iterations, the matrix ) change 2246, 275, 11 entries, respectively. Then from the

4th iteration to the 14th iteration when the stopping criterion is reached, we observe

that all the entries of () remain the same during the sampling in the E step. In the
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last several iterations the item parameters (8%, 07) continued to change slightly and

recons

i57°") denote the observed noisy data matrix and the

converge. Let (r{%™) and (r
reconstructed data matrix in the end of the algorithm, respectively. Corresponding

to the trial in Figure E.2, there is

1
—— 3 I(rime £ pgheere) = 0.2905,

4] 4]
() €[N] % [J]
1 rue recons -
o > I £ ) =5.21 x 1077,
(i-5)€[N] % [7]

In the above display, the 0.2995 reflects the noise rate in the observed data matrix
corresponding to 1—6F = 6 = 0.3 for each j € [J]; and the 5.21 x 10~° represents the
error rate of reconstructing the N x J ideal response matrix, which is far smaller than
the initial noise rate by several magnitudes. Indeed, there is no discernible difference
between R, 4 and Ry, based on the two rightmost plots in the first row of Figure
E.2.

R: observed

500 500

= 1000
500 1000

Q: EM iter.1

(.

0 1000 1000 1000 1000
1234567 1234567 1234567 1234567 1234567

x X

MQM W MG‘Y ,’eb

3 ~
(53 ) o Qe m = Ty
€ntries © €ntries cH? Ntries cH® Catry hon® Ctly recov®

Figure E.2: Noisy binary matrix factorization and reconstruction with randomly per-
turbed initialization. Color yellow represents value “1” and color blue represents value
“0”. Only 3 stochastic EM iterations suffice for perfect estimation of the structural
matrix Q.

In the second visualization example, we use entirely random initialization to ob-

tain the (Qini, Aini) as input to Algorithm 4. The results of Algorithm 4 together
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Figure E.3: Noisy binary matrix factorization and reconstruction with entirely ran-
dom initialization. Color yellow represents value “1” and color blue represents value
“0”. Only 4 stochastic EM iterations of the proposed ADG-EM Algorithm 4 suf-
fice for almost perfect decomposition and reconstruction. The stochastic @) after 4
iterations is identical to the true @) after column permutation.

with its intermediate results along the first 4 iterations of the stochastic EM steps
are presented in Figure E.3. Along the first 4 stochastic EM iterations, the matrix
(@ changed 2312, 1746, 400, 141 entries, respectively. Then from the 5th iteration to
the 18th iteration when the stopping criterion is reached, all the entries of () remain
the same during the sampling in the E step. With this entirely random initialization
mechanism, we observe that the ADG-EM algorithm is not trapped in some sub-
optimal local optimum; instead, the finally obtained @ only differs from Que by a
column permutation. This column permutation is the inevitable and trivial ambigu-
ity associated with a latent attribute model with a structural matrix (Chen et al.,
2015). The proposed ADG-EM algorithm also succeeds in this scenario. For Figure

E.3, the reconstruction result for the data matrix R with noise rate 0.3 is

N_J Z ( true 7£ ,rrecons) — 790 x 10~ 5

(6,7)€[NIx[J]

One can also see from the above high reconstruction accuracy that estimating ) up

to a column permutation does not compromise the reconstruction of R at all and
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that the reconstruction error is still at the magnitude of 1075.
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