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1 Introduction

Finite mixture models include a set of models that describe a heterogeneous population as a mix-
ture of some homogenous but potentially unknown components. These models provide a flexible
approach to modeling unobserved constructs and to explaining population heterogeneity, therefore
are gaining popularity in many disciplines. For example, in diagnostic medicine, the evaluation of
a diagnostic test can be difficult when the true disease status, also called the gold standard, is un-
known due to time or cost constraints, ethics issues or the lack of necessary biotechnology. In such
situation, latent class models (finite mixture models with discrete manifest variables), have been
adopted to study the relation between the test results and the unobserved disease statue [1, 2, 3].
Recent years, the advance in biomarker discovery promoted another family of finite mixture mod-
els, latent profile models (finite mixture models with continuous manifest variables), in biomarker
evaluation without a gold standard. Numerous applications can also be found in psychometrics,
social sciences, economics and other fields whose respective research problems involve entities that
are hard to measure directly.

The popularity of finite mixture models is partially due to their flexible structure, which can be
easily modified to meet the specific need of a research question. This flexibility makes finite mixture
models a powerful tool, but it also renders them vulnerable to problems associated with identifia-
bility. However, this fundamental problem of model identifiability is often ignored in practice while
researchers tailoring complicated model structures. Loosely speaking, a non-identifiable model can
have multiple parameter values that all correspond to the same likelihood, which means that one
cannot identify the true parameter values among these choices based only on the observed data.
Although identifiability is not the same as consistency, estimates from a model lacking identifia-
bility will not be consistent. Thus, establishing identifiability is a crucial issue for establishing the
validity of the study when using a finite mixture approach, and for the interpretation of its results.

1.1 “Label Switching” and Local Maxima

Theoretically, finite mixture models are not strictly identifiable, as they suffer from a “label switch-
ing” problem—that is, the distribution remains identical if the labels of the mixture components
are switched. In a sense, finite mixture models only help researchers to “group” together subjects
that are similar; they cannot further “label” the groups. For this reason, applications in diagnostic
testing often assume that higher test results correspond to more severe conditions [4]. Practically
speaking, this “label switching” problem of the finite mixture models is not an issue of great im-
portance, because it is usually easy to correctly associate each mixture component with its label.
For example, when a finite mixture approach is used in diagnostic medicine to model the diagnostic
test results from subjects with or without a certain medical condition, it is usually apparent in the
results which group is the diseased group and which is the healthy one.

In addition to the “label switching” problem, another difficulty in proving the identifiability of the
finite mixture model is that the likelihood functions of such models usually have multiple local
maxima. In other words, one cannot show that the likelihood is a bijection—a common approach to
establish model identification.
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1.2 Previous Results

Due to the difficulties caused by “label switching” and multiple local maxima, research on the
identifiability issue of finite mixture models has mainly focused on local identifiability [5, 6, 7.
It is important to recognize that the commonly used criterion that the degrees of freedom in the
data must meet or exceed the number of parameters in the model is not enough to guarantee model
identifiability [6, 8]. McHugh [5] proposed sufficient conditions for local identifiability of models with
dichotomous observed variables. Goodman [6] extended these conditions to polytomous variables,
and other work has focused on finding sufficient conditions to guarantee that the Jacobian matrix of
the mixture distribution has full column rank [9, 10]. However, conditions for ensuring identifiability
for more general models, such as models that allow for covariate effects or continuous test results
have not been established.

Moreover, although local identifiability is necessary for the implementation of the model and for
establishing the validity of the asymptotic approximation, it only addresses the problem at an
infinitely small neighborhood in the entire parameter space. No conclusion can be made about the
same model with a different set of parameters. The identifiability of the model for one researcher
cannot be carried on to another researcher who wants to repeat the experiment. Local identifiability
looks at model identification at a given point of parameters. In a sense, it is more specific to a
given problem in which the true parameters are fixed (even though they are unknown) than to an
unrestricted model itself. Additionally, since the true parameters are unknown, current methods
evaluate local identifiability using the estimated parameter values. This means that identifiability
cannot be assessed until after data collection has occurred. However, in many cases the ability to
establish the identifiability before collecting the data is necessary or desirable, as the study may
only be meaningful when the model is identifiable.

In the special application of finite mixture models to diagnostic tests, more work on the iden-
tifiability issue has been accomplished. For the L-component mixture of independent binomial
distributions, B(K,p;), it has been shown that K > 2L — 1 is both necessary and sufficient for
model identification [11, 12]. Based on this result, with an additional assumption of identically
distributed ordinal or continuous tests, several researchers [13, 14] dichotomized the test results
and concluded that K > 2L — 1 is sufficient for the identification of such models. Hall and his
colleagues [15, 16] studied the nonparametric identifiability of models of K tests with conditional
independence assumptions within each of the M subpopulations, and provided sufficient conditions
for model identification of K > (1 + o(1))6Llog L. Jones et al. [17] discussed identifiability issue
for multiple binary but possibly conditional dependent tests. However, conditions for more general
models have not yet been established.

1.3 Outlines

In this paper, we provide conditions for both local identifiability and global identifiability of a finite

mixture model. We consider general structures of finite mixture models, which allow for 1) ordinal

or nominal latent groups to accommodate disease severity and subtypes; 2) continuous, discrete

or mix-typed manifest variables which can combine information from continuous biomarkers and

discrete test readings; 3) inclusion of covariates in both the structure part (model about the latent
2
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groups) and the measurement part (model about the manifest variables within a latent group) of
the model; 4) general link functions when including covariate effects. The paper is presented as
follows: Section 2 provides a general description of a finite mixture model that we considered here.
Section 3 and 4 establish conditions for local and global identifiability of the model, respectively.
For a clear presentation, the results are first provided for models without covariates and then for
models with covariates. Section 5 concludes the paper with a discussion.

2 Description of a Finite Mixture model

A finite mixture model is characterized by its component distributions, its number of components
and its mixing proportion. Consider a model with L components with label d =0, ..., L—1 (such as
disease severity), and K manifest variables T = (T%,...,Tx) (such as diagnostic tests). Assuming
conditional independence among manifest variables T}, within a given component, we can write the
model as:

. L—1 . L—1 K
P(T) =Y P(T,D)=)_[P(D=d) [] P(TkID = d)],
d=0 d=0 k=1

where P(.) is the marginal distribution function of manifest variable T, P(D = d) is the mixture
proportion of the dth subpopulation, and P(7Tj|D = d) is the conditional probability of T} in
the dth subpopulation, either as a conditional density function fr, p(.) for continuous T}, or as a
probability mass function for categorical 7). For example, when all of the manifest variables are
categorical and take on the values {1,...,Ji}, k = 1,..., K, the model is a latent class model as
follows,

P(Ty=ty,...,Tx = tg) = Z{PD dHH[ P(T, = j|D = d)] "}, (1)

where I[t; = j] is an indicator, which equals 1 if ¢ = j and 0 otherwise.

Model (1) is a finite mixture model without covariates. When covariates are involved, the extended
model can be expressed as

L-1 L—l K
P(T\X,Z)=Y P(T,D|X,2) = P(D = d|Z) H (Ty|D = d, X)],
d=0 d:O k=1

where Z is the set of covariates associated with mixture membership and Z is the set of covariates
associated with manifest variables within each group. The two sets of covariates may be mutually
exclusive or overlapping, and they can include continuous and categorical variables.

Similarly as before, P(Ty|D = d,)? ) can be the conditional density function or probability mass
function. In the latter case, the model is,

- K Ji ‘
P(Ty=t1,....Tx = tx|X,2) = S (PO =d Z) [[[] [P(Ti = jID = 4, )]} (2)
= k=1j=1
3
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3 Local Identifiability

Local identifiability is important for the implementation of the model and the validity of its asymp-
totic approximation. Although, as mentioned earlier, it only address the identifiability of the model
at a given point and thus may not be adequate in some situations; we nevertheless discuss local
identifiability here.

We argue here that for local identifiability, it is sufficient to only consider models with discrete
manifest variables, as is the case in model (1) and model (2). This is because local identifiability
essentially considers the mapping between fixed parameter values in the parameter space and their
induced data sets in the data space. When some or all of the manifest variables are continuous,
their distributions can be modeled empirically on the observed data points, which are discrete. In
other words, the same techniques used to establish the local identifiability of a latent class model
can also be used to establish the nonparametric local identifiability of a finite mixture model with
some or all of its manifest variables being continuous. The parametric assumptions about the
conditional distribution of a manifest variable P(T|D = d) or P(T}, = j|D = d, X), if any, can be
viewed as additional constraints in the estimation procedure.

3.1 Definition

By definition, a function F is locally identifiable at parameter 0y € O if there exists some neigh-
borhood Uy, of 0, such that

F(0) # F(6o) YV 0&Ug, \ {0}

This suggests that F' is a one-to-one map, or locally invertable in Up,.

As argued before, without loss of generality, we consider a situation in which all of the manifest
variables are categorical. Let t, = (th1,---,tnx) be the hth possible in lexicographic order among
(]_[kK:1 Jx) — 1 distinct response patterns of the manifest variables, excluding a reference pattern.
We stacked the probability P(f = t3,) into a vector p of length (Hé{zl Jr) — 1. A given model
specifies a function F', which determines how p is calculated from parameters 0,

p = F(0).

The model is locally identifiable at 6y if F' is invertible in a neighborhood of 63. When the number
of parameters is less than (HkK:1 Ji) — 1, F is potentially invertible, and local invertibility at 6
or

00 lo=0,
inversion theorem, if J(6p) has full column rank, F' is locally invertible at 6y, and thus the model
was locally identifiable at 6.

can be evaluated by examining the Jacobian matrix of F' at 0y, J(0y) = By the weak

3.2 Models without Covariates

In this section we consider local identifiability for models without covariates, using model (1). The
basic idea is to find sufficient conditions that guargntee the local invertibility of the Jacobian matrix
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of the model.
Conditions for Local Identifiability

Let 1 = P(D = d), grja = P(Tx = j|D = d), ¥4 be a vector of length (Hf:1 Jr) — 1,
d=0,...,L—1, with the hth element

K
ban = P(T = t|D = d) = [ ] gktpa-
k=1

Further, let ng = ¥4 — ¥y, d = 1,...,L — 1, and I'yjq be a vector of length (Hszl Jp) — 1
d=0,....L—1,k=1,...K and j =1,...,J; — 1, with the hth element

[I(thk =4) 1k = Ji)(gkja — St gkjd)]

Vrjdh = Ta¥hd
Jkjd Ik Jyd

where I(tpr, = j) is an indicator function that equals 1 if ¢p, = j and 0 if otherwise. Then, we have
the following theorem:

Theorem 1:

The finite mixture model (1) is locally identifiable at parameter 6 = {74, gyja | d =0,...,L—1;k =
1,...K;j5=1,...,Ji} if the following conditions hold.

(i) (Hé(:l Ji) —=1>1Lx ZkK:1(Jk -1)+L-1;

(it) P(T =t,) = S 7atban > 0 Vh, and 74 >0 Vd;

(iii) vectors {ngld = 1,...,L — 1}, {T'yj4/d = 0,...,L — 13k =1,...K;j = 1,...,J;} are linearly
independent.

Proof:

Condition (i) requires that the degrees of freedom in the data are greater than the number of pa-
rameters. Moreover, (Hf 1 Ji) — 1 is the number of rows of the Jacobian matrix of model (1), and
L x Z,If:l(Jk — 1)+ L —1 is the number of columns of the Jacobian matrix. When condition (i) is
satisfied, the Jacobian matrix can potentially have full column rank. Condition (ii) is included to
ensure that the probability of observing every response pattern is positive. It is the third condition
in Theorem 1 of McHugh (1956) [5] that pertains to the local identifiability of latent class models
with binary manifest variables. Here, we only need to prove that Condition (iii) is equivalent to
requiring that the Jacobian matrix of model (1) has full column rank.

Based on model (1), the function between parameter 6 and all possible response patterns of the
manifest variables #j, (excluding a reference pattern) can be expressed as

F({h’e) _th = Z Hgkthkdv 17"'7Ha
d=0 k=1

where H = (Hf:1 Jr) — 1. Since the component probabilities sum up to 1, 7p = 1 — Zd 1 Td-
Therefore

—

F(fy;

*Q'“ML

K
H kthkd+ 1_Z7Td HgkthkOa :17"'3H'
k=1 d=1
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Taking the derivative of F' with respect to free component probability parameters 74, d =1,..., L—
1, we have that

OF( th,
H Gktppd — H Gkty,0 = Yan — Yon-

87Td

Therefore, the first L — 1 columns of the Jacobian matrix of model (1) are,

OF
7:\1’(17\1/0:77(1, dIl,...,L*l.
87Td

Meanwhile, since Z ¥ 9kja = 1, the function I’ can be rewritten as follows,

L—1 K
=5 T ko

d=0 k=1
-1 K Ji—1

Td H{ (the # Jr)Iktppa + L (the = Ji) 1—ng]d] h=1,...,H.
d=0 k=1 7j=1

Taking the derivative of F' with respect to the free parameter gyjq, d =0,...,L -1, k=1,... K
and j =1,...,Jr — 1, we have

- . T
OF (th;0) _ ﬂd¢hd[I(thk =j) Al = Jp)( - 7 Gkja + Gkja — 1)]
3gkjd 9kjd IkJid
B It =5)  L(twk = Jo)(grja — X051 grja)
= Tq¥hd| — ]

9kjd kJyd
Thus, the last L x Zle(l]k — 1) columns of the Jacobian matrix of model (1) are,

a—Fer, d=0,....L—1, k=1,...K, j=1,...,Ju — 1.

agkjd

Therefore, the Jacobian matrix of model (1) is a (Hf:1 Jr)—1by L x Zle(l]k — 1)+ L —1 matrix
J(0) with columns (771, ceosnn—1, 11, e FKJK_lL_l). As a result, condition (iii) is equivalent to
requiring that the Jacobian matrix of model (1) has full column rank, which in turn guarantees that
the finite mixture model (1) is locally identifiable at parameter 6 = {7q, gxjq | d =0,..., L —1;k =
1,...K;j=1,...,J5}. O

More on Condition (iii)

Conditions (i) and (ii) in Theorem 1 are relatively straight forward to examine, condition (iii)
requires more attention. Some efforts have been made to provide equivalent but simplified condi-
tions to condition (iii) with additional model specifications, such as constraining all of the manifest
variables to be binary.

It is worth noting that having Wy, ..., Wp being linearly independent is not sufficient for the Ja-
cobian matrix of model (1) to have full rank, in contrary to some previous believes. For example,
consider the situation where all but one of the manifest variables are totally non-informative about

the latent subgroup membership. 6
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Without loss of generality, we assumed that the last manifest variable is the only informative one.
Let gkq be the vector of probability mass of this last manifest variable in subgroup d,

T T
gKd — (P(TKZ1|D=d>,...,P(TK:JK|D=d)) = (gKld,...,gKJKd) y dZO,...,L—l.

Suppose that Jx > L and vectors gko, - - -, 8k (1,—1) are linearly independent. Additionally, suppose
that all other manifest variables are uniformly distributed among the subgroups, and are thus non-
informative about subgroup membership:

PTy=4ld=0)=...=P(Ty=jld=D), Vk=1,...,.K—1; j=1,...,J,
or equivalently, Gkjo = - = Gkj(L-1) =Gk 70, Vhk=1,..., K—-1; j=1,...,Jk.

Then the first Jx elements of ¥y is

P(ji =01, 1) [ D=d (Hg:_f Gk1)9K1d
P(T: (1a17"'72) | D:d) (Hk:_ll gkl)gKQd Kﬁl,
: = : = (1 o)k
: : k=1
P(T=(1,1,...,Jx) | D=d) (Tt i) 9k rca
Because Hf;ll gk1 # 0 and gko, - - -, 8K (1) are linearly independent, we have that
K-1 K-1
vectors (H Tk1)EKO 5+ -5 (H Jk1)8K (1) are linearly independent. (3)
k=1 k=1
With more elements appended below each vector in 3, the extension groups Wo,..., ¥ _y) are

linearly independent.

Consequently, if having Wo,..., ¥ _1) being linearly independent is sufficient for the Jacobian
matrix of model (1) to have full rank, the above example suggests that having only one “good”
manifest variable with several non-informative manifest variables is sufficient to achieve local i-
dentifiability. This is certainly not the case. Otherwise, in diagnostic testing settings with binary
disease groups, for example, this would mean that one informative binary test with two random
guesses is sufficient for model identifiability. However, the only informative test needs to provide
estimates for disease prevalence as well as for its own sensitivity and specificity. There are three
parameters but only two degrees of freedom for the results of the first binary test. Therefore, the
model is not identifiable.

In fact, let m be the disease prevalence and Sep and Spi be the sensitivity and specificity of the
kth binary test, respectively. The Jacobian for model (1) with a binary disease group and 3 binary
tests is a 7 by 7 matrix with determinant:

|J| = 73 (m — 1)3(Sey + Spp — 1)2(Sey + Spa — 1)2(Ses + Sps — 1)2. (4)
When a test is non-informative, we have that
Se=P(T+|D+)=P(T+|D-)=1- Sp.

Consequently, it is easy to see that when one or more of the tests are non-informative, Jacobian 4
is singular. However, by the same construction d?escribed above, we still have that Uy and ¥ are
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linearly independent as long as one test is informative.

An Algebraic Geometry Point of View
It is interesting to revisit this problem from an algebraic geometry point of view. Model (1) can be
expressed as follows,

L—1
p=FO)=> ma¥a. (5)

d=0
Therefore, p is a linear combination of vectors Wy,..., ¥y 1. It may be natural to consider that
if Ug,..., ¥y are linearly independent, it becomes a basis of its span over the real field. Thus,

the decomposition is unique and the model is identifiable. In fact, this is the essential idea of
Yakowitz and Spragins [18], when they studied the identifiability of finite mixture models. However,
they required that the component distributions belonged to a pre-specified family F, and that all
elements in F were linearly independent over the field of real numbers. For example, as they
showed, the exponential family and the Gaussian family are such families.

However, their results do not apply when considering the identifiability of model (1), where all
manifest variables are categorical and are not constrained as reasoned below. In this case, com-
ponent distributions belong to a multinomial family. For any m variate multinomial family, the
probability mass function can be expressed as a factor with m — 1 elements. Therefore, at most m
such vectors will be linearly dependent. Meanwhile, there is an infinite number of such m element
probability vectors in the m variate multinomial family, so the multinomial family does not satisfy
the conditions set forth in [18].

Another way to understand this problem is by directly examining equation 5. In this model,

Uo,..., V71 may only expand a subspace in F, and therefore is not its basis, and even if it
were, this is not the only basis of the vector space of F(). In fact, any simultaneous rotation
of Wy,..., ¥y 1 along vector p can lead to a different decomposition of p while maintaining the

necessary property for probability mass that the sum of all of the elements is equal tol.

For example, one can consider the problem in a 3-dimensional space for simplicity. Define the length
of a vector @ = (a1, as,a3) as |@| = a1 +as+as. Then, as vectors of probability mass, ¥y, Uy, U3 are
all unit vectors with nonnegative elements, suppose that they are linearly independent and that,

D= F(Q) =mV¥ + mW¥y + m3W¥s.
A rotation of angle ¢ along vector p = (p1, p2,p3) has a rotation matrix as follows:
R(¢) =
[cos+p1(1—cos )2 [y/pipa(l —cosd) — Pasing]> [/pips(l - cosd) + \/Pasin g2

[v/P1P2(1 — cos ) + \/ps sin ¢]° [cos ¢ + p2(1 — cos ¢)]? [/P2p5(1 — cos ¢) — \/p1 sin ]
[v/P1ps(1 — cos§) — /pasing]®  [\/paps(1 — cos §) + \/prsin ¢ [cos ¢+ p3(1 — cos )]

Note that R is different from the rotation matrix of angle ¢ along vector a = (a1, az, as) in Euclidean
space

cos ¢ + a3(1 — cos ¢) araz(l —cos¢) —agsing ajaz(l — cos ) + agsin g
aras(l —cos @) +agsing  cosd + a3(1 — cos ¢) asas(l — cos @) — aq sin ¢
aras(l = cos @) —agzsing  azaz(l — C038¢) + a1 sin ¢ cos ¢ + a3(1 — cos ¢)
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because of the different definition of length .

Then, for any angle ¢ € [0,2), we have that,

p=F(0) = m¥i(¢) + mW5(¢) + m3V3(9),

where V7 (¢) = R(¢)¥y, k = 1,2,3, remain unit vectors with nonnegative elements, and thus are
vectors of probability mass.

This example further illustrates that having W, ..., ¥;_1 being linearly independent is not in itself
a sufficient condition to guarantee the identifiability of finite mixture model (1).

3.3 Models with Covariates

Now we will consider local identifiability for latent class models with covariates, model (2), as
follows:

K Jg ‘
P(Ty=t,....Tx = tx|X,2) = S {P(D =d Z) [[ ] [P(T: = jID = 4, X)] "7},

k=1 j=1

we further assume that the covariate effects are linear under certain pre-specified transformations,
such as under a logit transformation. For example, one may use polytomous regression models for
both the latent group membership and the manifest variables, as both are categorical,

T
ﬂd(ZTad):P(Di:d| Z‘ZE), longz_’fad d=1,...,L—1
mo(Z; o

) > kjd(ZT; Brjd
9kja(Z" Brja) = P(Tiy, = j|D; = d, X; = &), log M
9r0,d (T Brad)

d=0,..,L—1; k=1,....K; j=1,....Jpy — 1.

e
=Z; Bra

Under the linear covariate effect assumption, model (2) can be rewritten in the following form:

K Ji
P(T=1|X,2)= de Tag) [T T g X7 Brja) =, (6)
k=1j=1
where wd<ZTad>=P<D=d\Z>, 9rja(XT Brja) = P(Ty, = j|D; = d, X).

We can see that the function above has a similar form to the model without covariates, except
that w4 and gpjq are predefined functions while the parameters to be estimated are oy and Sigj,
d=0,....,.L—-1;, k=1,...K; j = 1,...,J,. In fact, a similar procedure can be used when
examining the local invertibility of this function.

Let N by ¢ matrix X and N by p matrix Z be the design matrix in model (6), with the ith row X;

and Z;, respectively. Let ng(X;) = Uy(X;) — ¥o(X;), d=1,...,L—1, where ¥4(X;) is a vector
9
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of length (Hf:1 Ji) — 1, with the hth element

K
Yan(Xi) = P(T = 1| D = d, Xi) = [ [ Ghtnpa(XiBrtya)-
k=1

Additionally, let T'y;q(X;,Z;) be a vector of length (]_[kK:1 J)—-1,d=0,....,.L -1, k=1,...K
and j =1,...,J; — 1, with the hth element

It =35) Ll = Ji) (9rja(XiBrja) — Z}IZI gkjd(Xzﬂkjd))}

Yrjan(Xi, Zi) = ma(Ziog)Yna(Xs) {gkjd(Xzﬂkjd) drra(XiBra)

where I(tp, = j) is an indicator function, which equals 1 if ¢, = j and 0 otherwise.

Further, define N[(Hf:l Ji) — 1] by p matrix Ag, d=1,...,L —1,and N X ((HkK:1 Jr) —1) by ¢q
matrix Byjq, d=0,...,.L -1, k=1,...K, j=1,...,J, as follows,

na(X1) 7!y (Z1og) Zy Tja(X1, Z1) g 54(X1 Brja) Xa
Ag= : ;  Brja = : ;

nd(Xn)mg(Znoa)Zn Lija(X N, ZN) ghjo (XN Brja) X v

where 7;(-) and g;;,() are the derivative of my(-) and ggja(-).

Theorem 2:

Finite mixture model (6) is locally identifiable at parameter 6 = {ag, Bja | d =0,...,L — 1;k =
1,...K;5=1,...,Jx} if the following conditions hold.

() NIy Ji) — 1] = ¢ % LI, (k= 1] +p(L — 1);

(it) P(T = t4|X;,Zi) = 3570 watban(Xi) >0 Vh, and 74 >0 Vd;

(iii) column vectors in matrices {Agld = 1,...,L — 1}, {Bjald = 0,...,.L — 11k =1,... K;j =
1,...,Ji} all together are linearly independent.

To prove Theorem 2, we will first prove the following lemma.

Lemma 1:
Suppose that A is a matrix, and that A* is a matrix obtained by stacking some of the rows in A

vertically [ times,
Ay

A*:<Ai ), A = : [ times
Aj :
Ay

where A;, Ay are sub-matrices of A, such that A = (AT, AT)T' [ is a given positive integer. Then
the column vectors of A being linearly independent is equivalent to the column vectors of A*, lin-
early independent.

Proof of Lemma 1:

Denote the set of column vectors of A by A.y, and the set of column vectors of A* by A’ ;. Because
each of the vectors in A’ ; append more elements to each of the vectors in A, A}, is an extension
group of A.,. Therefore, if the vectors in A,y are linearly independent, we have that the vectors

in A7, are linearly independent. 10
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Now we prove that the reverse is also true by contradiction. Suppose that the vectors in A} ; are
linearly independent, but that the vectors in A, are linearly dependent. Then there exists a vector
a, such that Aa = 0. Thus, Aja =0 and Asa = 0. It follows that,

Al Ala
Ag AQQ

Afaq = ) a= ] =0.
A2 Aga

However, this contradicts our supposition that the vectors in A, are linearly independent. [

Proof of Theorem 2:
Conditions (i) and (ii) are similar as before. We only need to prove condition (iii) here.

Based on model (6), the function between parameter 6 and all possible response patterns of the
manifest variables #, (excluding a reference pattern) is,

p = Fin0X,2)=P(T=1|X,2)
L—1

K
Wd(ZTad) H gkjd(XTﬁkthkd)a
d=0 k=1

where h =1,..., H with H = (Hszl J) — 1.

First, we consider the situation where all of the covariate vectors (X;T ,Z_;T )T are different for
i=1,...,N. In this case, F defines a mapping between all H possible response patterns of ¢ for
each of the covariate vectors (XZT , ZlT )T. Therefore, the Jacobian matrix has N x H rows. It can be
divided into N blocks, each containing H contiguous rows. Then the ith block is the derivative of F
with respect to each of the parameters when the covariate vectors are (Xf, Z?)T In other words,
it is the Jacobian matrix of F' when there is only a single observation with covariates ()?ZT , Z_;T )7
Since each block can compute each block separately, we only compute the ith block with covariates
(X7, Z0)".

Take the derivative of F' with respect to free parameters ayg, d = 1,..., L — 1, and by the chain
rule, we have

OF (t5;0|Xi, Zi) _ OF (y; 01X, %i)  Oma(Zicva) 9(Ziag)

80éd 67Td(ZiOéd) 8(21'04(1) 80éd
K K

= [H ktrdXiBrtnea) = | [ 9rtn0 KiBit0) | o(Zicra) Zs
k=1 k=1

= [wdh(xi) - %h(xz‘)]ﬂé(ziad)zi-
Therefore, the first p x (L — 1) columns of the ith block of the Jacobian matrix of model (6) is,

or

Bl & 5 — |:\I’d(Xz) i \I](](XZ):| Z,‘ = nd(Xi)ﬂ'(/j(Ziad)Zia d= 1, ey L—1.
8ad

11
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Then, taking the derivative of I with respect to free parameter 8¢, d =0,...,L—-1, k=1,... K
and j =1,...,J; — 1, we have

OF (tn; 0|Xi, Zi) _ OF (h; 01Xi, Zi)  9gja(X] Brja) (X Brja)

0Brjd  Ogrja(XT Brja) O(XT B ) 0Brjd
B ' 7 Ltw=4) Itk = J)(gkja(XT Brja) — S ahga X Brga)) 1y, o -
= (i X[~ s - e T | $ohsaXT Bra) X

= Wjan(Xi, Zi)gh;a(X7 Brja) Xi
Thus, the last ¢ x L[Eszl(Jk — 1)] columns of the ith block of the Jacobian matrix of model (6)
are,
OF
OBrjd

Therefore, the Jacobian matrix of model (6) is a N x [([Tj—; Jx)—1] by ¢x L[>y (Js—1)]+p(L—1)
matrix

= Tja(Xi, Zi)ghja(X Brja)Xs, d=0,...,L—1, k=1,...K, j=1,... J,—1

J*(0) = (A1,...,Ar—1,Bii1, - - By —110-1) -

As a result, condition (iii) is equivalent to requiring that the Jacobian matrix of model (6) has full
column rank, which in turn guarantees that the finite mixture model (6) is locally identifiable at
parameter 0 = {ag, frja | d=0,....,.L—1;k=1,...K;j=1,...,J;}.

Now suppose that some of the covariate vectors (XlT , ZZT )T are the same. Then the Jacobian matrix
of model (6) is a sub-matrix of J(6), obtained by excluding the repeated blocks. By Lemma 1,
column vectors linearly independent are equivalent for these two matrices. [

Note that, in the above proof,,the number of rows in the Jacobian matrix J*(6) for a finite mixture
model with covariates is N-fold of that in the Jacobian matrix J(f) for a finite mixture model
without covariates, where N is the total sample size. If J*(0) is divided vertically into N blocks
with equal sizes, each block is essentially J(6) for subjects with the same covariate X;, Z; and then
multiplied by the corresponding design matrix. As a result, if one of these N blocks has full column
rank, the longer matrix J*(#) will have full column rank. Moreover, even if J(#) does not have full
column rank for any of the covariate patterns, when the design matrices X; and Z; have full column
rank, they may help restore full column rank of J*(#). This result is very interesting since it suggests
that finite mixture models with covariates may be easier to identify than models without covariates.
The difficulty with including covariates in finite mixture models is that it increases the number of
parameters to be estimated, especially when the covariates are categorical, and especially when it is
of interest to consider their interactions with each manifest variable and each latent group. Because
of this, researchers adopted various constraints to ensure model identification, such as assuming
that either the latent structure model or the measurement model is indexed with covariates, or
assuming that covariate effects are constant across latent groups to remove some interaction terms,
etc. In contrast to previous beliefs, these results suggest that for models considered here, a model
with covariates is more likely to be identifiable than a model without covariates. This result is
not surprising when considering that the additional degrees of freedom in the data introduced
by covariates are much higher than the increase in the number of parameters — although having
sufficient degrees of freedom does not guarantee model identification, it is a necessary condition.
As a simple example, consider that a model Witﬁtwo independent binary tests for binary disease
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status is not identifiable, but Hui and Walter [19] showed that with two populations, this model
can be identifiable. The population here can be viewed as a covariate that they included in their
latent structure model.

Specially, we have the following corollary.

Corollary 1:

Finite mixture model (6) is locally identifiable at parameter 6 = {ag, Byja | d =0,...,L — 1;k =
1,...K;5=1,...,Ji} if the following conditions hold.

() NI J0) = 1] = 0% LIS (e — 1) + p(L — 1)

(it) P(T = T X3, Zi) = Y=g matban(Xi) > 0, Vh;

(ili) column vectors in matrices {ns(Xo)|d = 1,...,L — 1}, {T';a(Xo,Zo)|d = 0,...,L — 1;k =
1,...K;5 = 1,...,J;} all together are linearly independent for some Xy € {Xy,...,Xy} and
Zy € {Zl, RN ZN};and

(iv) design matrix X and Z both have full rank.

Proof:

We only need to show that conditions (iii) and (iv) in Corollary 1 = condition (iii) in Theorem 2.
Let

mXi) o omaXe) (X4, Zn) .o Pryg-1-1(Xa, Z)

@ — . . . .

mXy) .. m—1(Xy) T'iuu(Xn,Zy) ... Tryg—10-1(XnN,ZnN)

and X be a block diagonal matrix,

X=diag{ Z, ..., Z, X, ..., Z }.

L=1times YK (7,-1)] times

Then the Jacobian matrix of model (6) can be rewritten as follows,
J(O) = (Av,..., Ap—1, B, ., Br g -10-1) = OX.

Condition (iii) guarantees that © has full column rank, since the column vectors in © are an
extension group of the vectors in condition (iii). Meanwhile, condition (iv) guarantees that X has
full rank. Therefore, J(6) = OX has full column rank. O

4 Global Identifiability

Global identifiability considers the identifiability of a model in its entire parameter space. It does
not just focus on a single parameter value that may result from a particular sample, but instead
considers all possible parameter choices for a given model structure, and is thus more fundamental
than local identifiablity. However, proving the global identifiability of a function is generally very
hard; with the additional difficulty introduced by “label switching” in a finite mixture model, this
problem has not been well addressed in the literature.

13
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4.1 Definition

The global identifiability of a model is defined equivalently as the global invertibility of the model
induced function p = F(#). In the classic definition, a function F' is globally invertible for all
parameter 6 € O, if

F(6) = F(0") = 6 = 6°
or equivalently, F(0) # F(6%) VO#£0" 00O, 0F cO.

This suggests that F' is a one-to-one map on its domain ©.

Due to the “label switching” problem mentioned in the introduction, finite mixture models are not
strictly identifiable. However, since group labels are usually not difficult to determine in practice, it
is still worthwhile to consider whether the model induced function p = F(#) can uniquely determine
a parameter value, up to permutations of group labels.

To express this idea clearly, we first define an equivalent class and an equivalent relationship. Let
0 ={61,...,0_1}, where 04, d = 1,...,L — 1, contain the parameters related to the dth group.
We define an equivalent class of §, denoted by [0], as

0] = {0s(1), - »00(z—1) | o(1),...,0(L — 1) is a permutation of 1,..., L —1.}.
Moreover, define an equivalent relationship on ©, denoted by ~, as

0 ~ 0% if 0 € [0*], or equivalently [0] = [67].

The global identifiability of a finite mixture model can then be defined as follows. A finite mixture
model is globally identifiable if its induced function p = F() satisfies that,

F(0)=F(") =60 ~06"
or equivalently, F(0) # F(6%) Vo¢[], 00, 6" co.

In other words, if a finite mixture model is globally identifiable, its parameter 6 can be uniquely
determined by the model induced function p = F(), regardless the value of 8, which is in contrast
to local identifiability. Clearly, if a model is globally identifiable on ©, then it is locally identifiable
at each € ©. Consequently, the Jacobian matrix F(#) has full column rank for all § € ©. However,
the reverse is not true. This is because having a Jacobian of full column rank in a region does not
guarantee F' is invertible in that region. As an example, we can consider the following function on
the unit circle D = {(z,y) | 0 < 22 +y% < 1},

2 —y?=u

20y =v

Fla,y) = {

The Jacobian is
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1 1
However, F(0, 5) = F(0, 75), so F' is not globally invertible. Therefore, examining the Jacobian

in the entire parameter space does not lead to global identifiability of the model. Consequently,
methods in the previous section cannot be extended to show global identifiability of a finite mixture
model.

Because of the difficulty in establishing global identifiability, an alternative concept that some
researchers have considered, is generic identifiability, which requires that the set of parameter
values on which the model is not identifiable has measure zero. More formally, a model is called
generically identifiable if its induced function p = F'(0) satisfies that,

0eO\U, 0" cO\U, F(f)=F(@")=0=06"
or equivalently, F(0) # F(6%) VO#£60",0c0\U 6O\,

where U is a set of measure zero.

Due to the “label switching” problem, the definition for generic identifiability of a finite mixture
model is in fact as follows: a finite mixture model is called generically identifiable if its induced
function p = F(0) satisfies that,

eO\U, 0" cO\U, FO)=F(0)=0~0"
or equivalently, F(6) # F(0%) VO¢[g], 0e0\U, 6 c0\U,

where U is a set of measure zero.

This concept is useful because, with generic identifiability, one has probability one to reach an
identifiable model. Thus, the parameter values can be uniquely determined up to label switching.
However, this conclusion is weaker than the global identifiability considered in our work.

4.2 Models without Covariates

In this section we consider global identifiability for a finite mixture model without covariates. An
important result that our proof based on is the uniqueness of trilinear decomposition given by
Kruskal [20]. We summarize Kruskal’s work on this subject below. We then proceed with our
proof, which follows the idea of Allman, et al. [21], except that we will focus on global identifiabil-
ity instead of generic identifiability of mixture models.

Kruskal’s Result

Kruskal’s result originated from the decomposition of a three-way contingency table. To sum-
marize the result, we first introduce some notation and definitions.

Let My, be a L by Jj, matrix, k = 1,2, 3, with the dth row m = (m%,, ... >m§.]k)' Let [Ml, Mo, M3]
denote a three-dimensional array with the (u,v,w) element

L1
[Ml, My, Mg] (u,v,w) = Z mb,m3,m3,.
15 d=0
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Additionally, define the Kruskal rank of a matrix M, denoted by rankx M, as the largest integer
I such that every set of I rows of M are linearly independent. Consequently, rankx M is less than
or equal to the row rank of M, with equality if and only if M has full row rank. Kruskal showed
the following result.

Lemma 2
If rankp My + rankyg Ms + rank Mz > 2L + 2, then array [My, Mo, M3] uniquely determines M,
up to simultaneous permutation and re-scaling of the rows.

we first consider the identifiability of model (1), where all the manifest variables are discrete. If
K = 3, the following theorem holds.

Theorem 3
Let My be a L by Jj, matrix, with the (d + 1, ) element

My(d+1,j)=P(Ty =j|D=d), k=1,2,3,d=0,....,L—1, j=1,...,J
Then finite mixture model (1) with K = 3 is globally identifiable if

rankg My + ranky Mo + ranky Ms > 2L + 2.

Proof:
Let L be a diagonal matrix, L = diag{P(D = 0),...,P(D = L —1)}. Let M, = LM, then the
(u, v, w) element of array [Ml, Mg,Mg] is

L—1
[My, My, Ms| (u,0,w) = > P(D = d)M(d,u) My(d, v) Ms(d, w)
d=0
= P(T1 :u,T2 :’U,Tg :w)

According to Lemma 2, the finite mixture model (1) uniquely determines Mi, My and Ms up
to a simultaneous permutation and re-scaling of the rows. Meanwhile, since Z[é_:%) P(D =d) =
1, Y/ P(Ty = j|D =d) = 1foralld =0,...,L — 1, it follows that: > ;-5 >>/L, My = 1,
5:—01 23‘72:1 My = L and 25;01 Z}Jil M3 = L. Thus, the scaling of the rows is uniquely determined.
Moreover, suppose that M, is properly scaled, then P(D = d) = Z}El M(d,j),d=0,...,L —1,
and M; = L~'M;. Therefore, M;, M> and Ms are uniquely determined up to simultaneous
permutation of the rows, and thus finite mixture model (1) is globally identifiable. [J

When K > 3 in model (1), several univariate tests can be viewed as a single multivariate test and
Theorem 3 can be used to examine the global identifiability of the model. Specifically, we have the
following theorem,

Theorem 4

Suppose K > 3. Let A, B, C be a partition of {1,..., K}, where A = {a(1),...,a(p)}, B =
{b(1),...,b(q)} and C = {c(1),...,c(r)}, withp >1,g>1r>1,and p+q+1r = K. Let My be
a L by [T, Jo@;) matrix with the (d +1,7) element

Ma(d+1,5) = P((Taayg - Ta) = taj|D = d),

http://biostats.bepress.com/uwbiostat/paper403



where 4; is the jth possible pattern in lexicographic order among []7_, Ja(iy distinct response
patterns of (T, ..., Ty()). Similarly, define Mp as a L by [, Jy;) matrix with the (d + 1, )
element Mp(d+1,5) = P((Tyy, - .-, Ty(q) = tB;|D = d), and M¢ as a L by [[i_; J.(; matrix with
the (d +1,5) element Mc(d + 1,5) = P((Tuy, - - Tury) = tg;|D = d). Then the finite mixture
model (1) is globally identifiable if rank g M g+rankx Mp+ranky Mo > 2L + 2.

Proof:

Applying Theorem 3, parameters P(D = d), P((Ty(1), - - -, Tap))|D = d), P((Th1ys - - - To(q))| D = d)
and P((T.q1y,-- -, Tey)|D = d), D =0,...,L — 1, can be uniquely identified up to label switching.
Moreover, the marginal distributions P(T, = j|D =d),k=1,...,K,d=0,...,L—1,j=1,..., Jk
can be obtained from these joint distributions, thus the theorem holds. [J

Theorem 4 also illustrates why information from additional tests is helpful for model identification,
since the matrix for multiple manifest variables has a larger Kruskal rank than the one for a
single manifest variable. To see this more clearly, let M; be a L by Ji matrix, with the (d + 1,7)
element My(d 4+ 1,j5) = P(Ty = j|D = d), and My be a L by Jo matrix, with the (d + 1,7)
element My(d + 1,j) = P(Ty = j|D = d). Additionally, let L; be a diagonal matrix L; =
diag{M(0,7),...,Mao(L—1,4)},j=1...,J5. Then the matrix according to the joint distribution
of T1 and T5 is a L by JiJo matrix as follows,

M = (L1 My, ..., Ly, My).

Because L; is a diagonal matrix with all diagonal elements positive, if any of the row vectors in
M are linearly independent, the same rows of the vectors in L1 M; are also linearly independent,
and vice versa. Additionally, the row vectors in M are an extension group of the row vectors in
L1 My, thus rankg M > ranky M. This argument can be generalized to several manifest variables.
Consequently, we have the following corollary.

Corollary 2
Let M}, be a L by Jj matrix, with the (d + 1,j) element

Mp(d+1,j) =PI, =j|D=d), k=1,....,K,d=0,....,L—1, j=1,...,J;.
If there exist ki, ko, k3 € {1,..., K} such that
rankyx My, + rankg My, + rankg My, > 2L + 2,

finite mixture model (1) is globally identifiable.
Moreover, if a L by J; matrix M has full row rank, rankx M = L, this gives the following corollary.

Corollary 3
Let M}, be a L by J matrix, with the (d + 1, ) element

My(d+1,j)=P(T,=j|D=d), k=1,....K,d=0,...,L—1, j=1,...,J

If there exist ki, ko, ks € {1,..., K} such that Mjy,, My,, My, have full row rank, then the finite
mixture model (1) is globally identifiable.

17
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Now we consider the identifiability of a finite mixture model with continuous manifest variables.
Let frq(-) = P(Tx|D = d) be the conditional density function of the kth manifest variable in
group d, and Fj4(-) be the corresponding cumulative distribution function (CDF), k = 1,..., K,
D =0,...,L —1. The model can be expressed as follows,

L—-1 L—-1 K
P(Ty=t1,....Tx =ty) = »_P(I,D)=>_[P(D=d) [] fra(tr)]. (7)
d=0 d=0 k=1

When K = 3, we show that the following theorem holds.

Theorem 5
If there exists integer Ji, J2,JJs > L and points t11, ..., 1. —1), t21, -+ s ta(g—1) and t31, .. ., t3(75 1),
such that matrix My, Ms and Mj satisfy that

ranky My + rankyi Ms + rankg Ms > 2L + 2,

where the (d + 1,7) element in My, is Fiq(tyj), j = 1,...,Jp — 1, and Fyq(ty,) =1, k = 1,2,3,
d=0,...,L —1, then the finite mixture model (7) is globally identifiable.

To prove Theorem 5, we first show that the following lemma holds.

Lemma 3
Let A and A* be two P by ) matrices, defined below,

ail 612 ... a1Q ajl a2 —ail ... Q1Q — G1Q-1
A= : A= : : :
apy apz ... apQ apy Gap2 —api ... apQ — apQ-1

then rankig A = ranki A*.

Proof of Lemma 3

We only need to show that if any rows in A are linearly independent, the corresponding rows in
A* are also linearly independent, and vice versa. Equivalently, we can show that if any rows in A
are linearly dependent, the corresponding rows in A* are also linearly dependent, and vice versa.
Without loss of generality, we assume the first p < P rows, denoted by A,, are linearly dependent.
Then there exist ki, ..., kp, such that (ki,...,kp)A, = 0, in other words, the following equations
hold

kiaiy —I—...+k:pap1 =0
kiais +...+/€pap2 =0
kiaiQ + ... + kpapg =0

These are equivalent to the following equations
kiain + ...+ kpap1 =0
ki(aiz —ann) + ... + kp(apz — ap1) =0
kl(alQ - alQ_l) + ...+ kp(alQ - a1Q_1) =0

Thus (ki,...,ky)A; = 0, where A7 are the first p rows of A*. As a result, if any rows in A are
linearly independent, the corresponding rows inlgl* are also linearly independent, and vice versa.
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Therefore, rankix A = ranky A*. O

Proof of Theorem 5
Matrix My, k = 1,2,3, in theorem 5 is

Fro(trr)  Fro(tre)  --. Fro(trs—1) 1
My = : : : :
Fer—1(tr1) Frr—1(te2) .. Fro—1(tkg,—1) 1

Create new matrices M,k = 1,2,3, as follows:

Fyo(tr1) Fro(tr2) — Fro(tr1) oo 1= Fro(thg—1)

Fpr—1(tk)  Frr—1(te2) — Fer—1(ten) - 1 — Frr—1(tes—1)
Then according to Lemma 3,
rankyx M{ + rankg My + rankyx M3 = rankg My + rankyx Ms + rankg Ms > 2L + 2.

Meanwhile, create categorical variables T}k = 1,2, 3, such that T} = j if t3;_1 < T}, < {3, where
j=1,...,Jr and ap = —oo. Then according to Theorem 3, the finite mixture model (1) with
TY, Ty and Ty as manifest variables is globally identifiable. Specially, parameters P(D = d),
Fra(tr1), Fra(tre) — Fra(te1), ..., 1 — Fra(tg,—1) are globally identifiable, which in turn leads to
parameters P(D = d), Frq(tg1), Fra(tr2), .-, Fra(tks,—1) being globally identifiable, d = 0...,D
and k=1,2,3.

Let ¢ be any nur~nber in the domain of Fjq(-). Without loss of generality, we assume ¢}, < t1, and
create matrices My, k = 1,2, 3 as follows:

Fro(tr)  Fro(trn) - Fro(tkg—1) 1
My, = : : : :
Frp1(ty) Fer—1(ter) oo Frpo1(tes,—1) 1

The row vectors in M, are extension groups of the row vectors in My, k = 1,2,3. Therefore,
rankKMl + Tcmk‘KMg + rankKMg > rankg My + rankg Mo + rankig Ms > 2L + 2.

Constructing the corresponding finite mixture model and following the same argument above, we
can show that parameters P(D = d), Fiq(t}), Fra(te1),-- ., Fra(trs,—1) are globally identifiable,
d=0...,D and k = 1,2,3. Since ¢}, is any number in the domain of Fy4(-), the function Fj4(-) is
globally identifiable. As a result, the finite mixture model (7) is globally identifiable. [J

Similarly as in Theorem 4, several univariate tests as a multivariate test to obtain global identifia-
bility of model (7) when K > 3. Specifically, we have the following theorem.

Theorem 6

Suppose K > 3. Let A, B, C be a partition of {1,..., K}, where A = {a(1),...,a(p)}, B =
{b(1),...,b(q)} and C = {c(1),...,¢(r)}, with p>1,¢>1r>1, and p+q+r = K. Let Gig
be the joint CDF for manifest variables (Ta(l)’l'g' ; Ta(py) in group d, Gag be the joint CDF for
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manifest variables (T (1), ..., Ty(g)) in group d and G34 be the joint CDF for manifest variables
(Ty1), > Tory) ingroup d, d = 0,..., L — 1.

If there exists integers J1, Jo, J3 > L and points {11, ..., t1(y,—1), t21, - - -, ta(1,—1) and 31, . . ., 130151,
such that matrices M7, My and M3 satisfy

rankyx My + rankyi Ms + rankg M3 > 2L + 2,

where the (d + 1,7) element in My is de(tkj), j=1,....Jy — 1, and de(t]k) =1, k=123,
d=0,...,L—1, then the finite mixture model (7) is globally identifiable. [J

Moreover, with the same argument for proving Corollary 2 and 3, we know that if at least three
of the manifest variables satisfy the condition in Theorem 5, then the finite mixture model (7) is
globally identifiable. Therefore, we have the following corollaries.

Corollary 4
If there exist s1, 52,53 € {1,..., K}, integers Ji, J2, J3 > L and points t11, ..., t1(5,—1); t21, - - - s ta(gp—1)
and t31,...,t3(7,—1), such that matrices My, My and Ms satisfy that,

rankg My + ranki Ms + rankg Ms > 2L + 2,

where the (d + 1, ) element in My, is F, q4(tk;), j =1,...,Jp — 1, and Fy4(t;) =1, k =1,2,3,
d=0,...,L—1, then the finite mixture model (7) is globally identifiable. [J

Corollary 5

If there exists s1, 52,83 € {1,..., K}, integers J1, J2, J3 > L and points t11, . . . sl —1), Lats -yt —1)
and 31,...,t3(,—1), such that matrices M1, My and Mjz have full row rank, where the (d + 1, )
element in My, is F, q(tx;), j=1,...,Jy —1,and Fy 4(t;,) =1, k=1,2,3,d=0,...,L —1, then
the finite mixture model (7) is globally identifiable. OJ

From the theorem above, we can see that one important condition to guarantee global identifiability
of a finite mixture model is about the row ranks of a matrix whose (d + 1,7) element is P(T =
Jj|D = d). We give an intuitive explanation here before moving to be next section. Each row of this
matrix is about the conditional distribution of manifest variable T" in a certain group. If the rows
are linearly independent, it means the manifest variable T' can reveal some nontrivial differences
among the latent groups that can then be used to distinguish between them. Identifying latent
groups is more fundamental, as once the group labels are determined, other parameters can be
obtained by, in some sense, regular regression. Another explanation can be obtained by observing
that the marginal distribution of 7" is a linear combination of its conditional distributions in each of
the latent groups. The factorization is unique only when the conditional distributions are linearly
independent. However, since we have multiple manifest variables, we may not need to require that
every one of them be informative for all latent groups — for example, if some manifest variables
are informative for all groups except groups 1 and 2, the model may still be identifiable if there is
a manifest variable that can distinguish between these two groups. Clearly, the task is harder if
the number of latent groups is bigger. The theorems here show a balance between the information
needed from the manifest variables and the number of latent groups needed for the model to be
identifiable.

20
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4.3 Models with Covariates

In this section we examine the global identifiability of a finite mixture model with covariates. Again,
we assume that covariate effects are linear on a certain transformed scale. First we consider model
(6) — a model in which all manifest variables are categorical. The model is given as follows,

-1 K Ju
PT=t|X,2)= Z ma(Z" aq) H H grja(X T Brja) =),
d=0 ket j=1

where  my(ZTaq) = P(D =d|Z), grja(XT Brja) = P(Tiy, = j|Di = d, X).

When K = 3 we obtain the following theorem.

Theorem 7

In model (6), suppose ag has u < N elements and Siq has v < N elements. Let maz{u,v} <W < N
and {i(1),...,i(W)} be a subset of {1,..., N}. Let My, be a L by J; matrix with the (d + 1, j)
element gija(X;(w)Brd), where X;(,) is the i(w)th row of the design matrix X, d = 0,...,L — 1,
k=1,2,3,j=1,...,J,, w=1,...,W. Let My be a block diagonal matrix defined as follows,

My 0 ... 0
0 M 0
My, = ) ].“[2} ) ., k=1,2,3.
0 0 ... Myw

Let Xy = (X1, - - .,Xi(w))T and Zy = (Zi1y; - - Zi(W))T. Then, the finite mixture model (6),
with K = 3, is globally identifiable if the following conditions hold.

(i) ranky My + rankg Ms + rankyx Mz > 2W L + 2;

(ii) rank Xy > u and rank Z,, > v.

Proof:
The idea is to “absorb” the observed covariate pattern into manifest variables, and then use the
results about models without covariates to complete the proof.

Create a new categorical variable D* based on pairs (D, xy) such that D* = L(w —1) +d if D =d
and x; = Xj(py, d = 0,...,L — 1, w = 1,...,W. Additionally, create new categorical variables
Ty based on pairs (T, xy) such that, T} = Jy(w — 1) +j if T; = j and x = Xj(), £ = 1,2,3,
j=1,...,Jk, w=1,...,W. Then the marginal probability of triplet (7,15, Ty) is

P(T1, Ty, T | X)) if x1 =x2 = x3 = Xj()

P(17,15,T3) = { 0 Otherwise

Construct a finite mixture model of form (2) with manifest variables T}, T5, T3 and latent variable
D*. Then, based on Theorem 3, condition (i) guarantees that this new model is globally identifiable.
It follows that quantities Wd(Zz?Ew)de), gkjd(Xﬁw)Bkjd) in the original model are globally identifiable,
where d =0,...,L—1,k=1,23,j=1,...,J;, w=1,...,W. Moreover, since m4(-) and gx;a(-)
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are pre-specified monotone link functions, the following equations hold:

Z}yoa = g (ag) X1y Pra = i (brjar)
: and : ;
Ziyy0a = 7y (aaw) X Bra = Gija(brjaw)
where ag, is the value of Wd(ZiT(w)ad) and byjq, is the value of gkjd(XiT(w)Bkjd), d=0,...,L -1,

k=1,2,3,7=1,...,Jp, w=1,...,W. Then, condition (ii) guarantees that at least u equations
on the left hand side are linearly independent, and at least v equations on the right hand side are
linearly independent. As a result, ag, Sijq have unique solutions. Therefore, the finite mixture
model (6) with K = 3 is globally identifiable. OJ

Since multiple univariate manifest variables can be combined into a single multivariate manifest
variable, we have the following theorem.

Theorem 8

Suppose K > 3, g has u < N elements and g has v < N elements. Let maz{u,v} <W < N,
and {i(1),...,4(W)} be a subset of {1,...,N}. Let A, B, C be a partition of {1,..., K}, where
A={a(1),...,;a(p)}, B={b(1),...,b(q)} and C = {c(1),...,¢(r)}, withp >1,¢ > 1,r > 1, and
p+q+r=K. Let My, be a L by [[V_; Ju;) matrix with the (d 41, ;) element

Mupy(d+1,5) = P(Toys - - Tug) = taj|D = d,x = X)),

where ¢, Aj is the jth possible in lexicographic order among Hle Ja(iy distinet response patterns of
(Taq1ys - - Tagp)- Let My be a block diagonal matrix defined as follows,

Myy O ... 0

0 M 0

My = ) é[z] . .
0 0 ... My

Define Mp and Mg similarly; then, the finite mixture model (6) is globally identifiable if the
following conditions hold.

(i) rankxg M s + rankg Mp + rankg Mo > 2W L + 2.

(ii) rank Xy > w and rank Z,, > v. O

Observing that the row vectors in the “M” matrix generated by multiple manifest variables is an
extension group of the row vectors in the “M” matrix generated by any one of these manifest vari-
ables, we have the following corollary.

Corollary 6
When K > 3, if there are at least three manifest variables that satisfy the conditions in Theorem
7, then the finite mixture model (6) is globally identifiable. [

Moreover, for a block diagonal matrix, the row vectors that intersect with different blocks are
clearly linearly independent. Therefore, the Kruskal rank of a block diagonal matrix equals the
summation of the Kruskal rank of each of the block. The following corollary results.
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Corollary 7

Suppose K > 3. In the same set up as in Theorem 7, if there exist k1, k2, ks € {1,..., K} such that
(1) rankg My, () + rankx My, ) + rankg My, > 2L+ 2, for all w =1,..., W;

(ii) rank Xy > u and rank Z,, > v,

then the finite mixture model (6) is globally identifiable. [J

Now we consider the identifiability of a finite mixture model with continuous manifest variables.
Again, we assumed that the covariate effects are linear on a certain transformed scale. Let
Jra(t|XiBra) = P(Tx, = t|D = d,X;) be the conditional density function of the kth manifest
variable in group d and Fjq(¢|X;0kq) be the corresponding CDF, k =1,...,K, D =0,...,L — 1.
we further assumed that after an unknown transformation Hjgy, manifest variable T}, satisfied

(Hia(T) | X5) = XiBra + €ikds  €ika ~ Gral-),

where Gpq(+) is a pre-specified distribution function with corresponding density function ggq(-),
k=1,...,K,D=0,...,L —1. The model can be expressed as follows,

L1 K
P(Ty=t,..., T = t3|Xi, Zi) = > _ 7a(Z] aq) [] fra(tr|XiBra)- (8)
=0 k=1

When K = 3 we claim the following theorem holds.

Theorem 9

Suppose ag has u < N elements and Sgq has v < N elements. Let maz{u,v+ 1} < W < N and
{i(1),...,i(W)} be asubset of {1,..., N}. Let Ji, J2, J3 be some positive integers. Let My, be a
L by Ji, matrix with the (d+1,j) element Fyq(tx;|X;0ra), where ty1, ..., 5, are a set of points in
the domain of Fjq(t|X;Bka), and X, is the i(w)th row of the design matrix X, d =0,...,L —1,
k=1,2,3,j=1,...,Jp,, w=1,...,W. Let My, be a block diagonal matrix defined as follows,

Mgy 0 ... 0
0 Mgy -.. 0

Mp=| . e , k=1,2,3.
0 0 ... My

Let Xy = (Xj(1)s - - .,Xi(W))T and Zy = (Zj1y,- -+ Zi(W))T. Then, finite mixture model (8) with
K = 3 is globally identifiable if the following conditions hold.

(i) rankg My + rankx Ms + rankyx Ms > 2W L + 2;

(i) rank X, > u and rank Z,, > v + 1.

Proof:
Using Lemma 3 and following the same logic as in the proof of Theorem 5, we can show that for
any t7 in the domain of Fjq(t|X;Brq), quantities ﬂ'd(Z;‘F(w)ozd) and Frq(t:|XiBrd), Fra(te;|XiBra) are
identifiable, d =0,...,. L -1, k=1,2,3,j=1,...,Jg, w=1,...,W. Moreover, since
Fra(ti|XiBra) = P(Tx < 31X Bra)
= P(Hpa(Tx) < Hpa(t))|XiBra) = Gra(Hra(ty) — XiBra),
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we have

Z;*Fu)ad =7, (aq1) Hya(ty) — ngl)ﬁkd = Gy (brjar)
: and : ,
Z]\yyaa =75 (aaw) Hya(t7) — Xy Bra = Gy (brjaw)
where ag,, is the value of wd(Z;fp(w)ozd) and byjqy is the value of Fiq(t;|Xifrq), d = 0,...,L — 1,

k=1,23,j=1,...,J;, w=1,...,W. Note that the equations on the right hand side are still
linear equations of X;, so condition (ii) guarantees that o, Sijq and Hyq(t}) have unique solutions.
Since t} is arbitrary, the finite mixture model (8) with K = 3 is globally identifiable. [J

Comparing Theorem 9 to Theorem 7, the additional rank of Z,, was used for identification of Hyq(+).
Applying the same techniques as before, it was straightforward to obtain the following theorem and
corollaries.

Theorem 10

Suppose that K > 3, ay has v < N elements and (4 has v < N elements. Let max{u,v + 1} <
W < N, and {i(1),...,i(W)} be a subset of {1,...,N}. Let Ji, Ja, J3 be some positive integers
and tg1,. .., 1, be a set of points in the domain of Fjq(t|X;fka), k =1,...,K. Let A, B, C be a
partition of {1,..., K}, where A = {a(1),...,a(p)}, B={b(1),...,b(¢)} and C = {c(1),...,c(r)},
with p > 1, ¢ > 1,0 > 1, and p+ g+ r = K. Let My, be a L by [}, J,;) matrix with the
(d+1,j) element de({Aj ‘Xz’ﬂkd)7 where de(|Xzﬂkd) is the CDF of (Ta(1)7 . 7Ta(p)) conditional on
X;, and ¢, 4; 1s the jth possible in lexicographic order among []7_, Ja(i) distinct response patterns of
(Taq1ys - - Tag) ), generated by point t4e6)1, - - -, ba(s)dageyr S = 1s-- 0D Let My, be a block diagonal
matrix defined as follows,

Myy 0 ... 0
e | 0 M
0 0 ... My

Define Mp and M¢ similarly; then the finite mixture model (8) is globally identifiable if the fol-
lowing conditions hold.

(i) rankg Ma + rankx Mp + rankg Mo > 2W L + 2.

(ii) rank Xy > v and rank Z,, > v+ 1. O

Corollary 8
When K > 3, if there are at least three manifest variables that satisfy the conditions in Theorem
9, then the finite mixture model (8) is globally identifiable. OJ

Corollary 9

Suppose K > 3. In the same set-up as used in Theorem 9, if there exist k1, ko, ks € {1,..., K},
such that

(i) rank My, ) + rankx My, ) + rankg My, > 2L + 2, for all w = 1,..., W;

(ii) rank Xy > u and rank Z, > v+1,

then the finite mixture model (8) is globally identifiable. [J
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5 Summary

In this paper we provided conditions under which a finite mixture model is locally identifiable
or globally identifiable. The derivation was considered under general structures of finite mixture
models, including models with categorical manifest variables, models with continuous manifest
variables, and both types of models when covariates are included. One of the assumptions that we
made here is that the covariate effects are linear on some transformed scales. This assumption is
common in the literature on finite mixture models. Moreover, these transformations do not neces-
sarily need to be pre-specified, because we established conditions for nonparametric identifiability
of these models. Therefore, the results can be applied to a wide range of models. Additionally, we
did not impose any constraints about the covariate effects among different groups or on different
manifest variables. Therefore, the models considered here represent many general situations.

For local identifiability, a key idea in the proofs was to show that the Jacobian matrix of the
model induced function had full column rank. The results suggest that, contrary to common
belief, including covariates in the model may in fact help model identification. Additionally, by
considering a continuous distribution in its empirical form for a given data set, we unified the proofs
for models with categorical manifest variables or with continuous manifest variables, and showed
nonparametric identifiability of the models. Consequently, the results can also be applied to cases
when manifest variables have mixed types.

For global identifiability, the proof is established on a previous result about the uniqueness of
trilinear decomposition [20]. We only discussed the situation where the number of manifest variables
K is greater than or equal to 3. When K = 2, Hall and Zhou [15] showed that the model is not
nonparametrically identifiable. The proof for models with continuous manifest variables used the
results about models with categorical variables, and was accomplished by showing that the CDF
was globally identifiable at every point in its domain. The results easily extend to models with
mixed types of manifest variables.

In addition to allowing for flexible covariate structure, another useful direction in which finite mix-
ture models has been developing is to include random effects to describe correlations introduced
by unobserved covariates other than the latent components. We did not discuss the identifiability
issue for this kind of models. Although the local identifiability of these models can be examined
the same way using Jacobian matrics, it is usually critical to utilize background information and
evaluate random effects in a case by case base to ensure model validity and interpretation. Aside
from the potential computational burden, it is relatively easy and perhaps tempting to include more
complicated and perhaps hierarchical random effects further account for possible residual depen-
dence among the manifest variables within a latent group. These models should be adopted with
caution, because when dealing with an unobserved latent structure, many modeling assumptions
can hardly be verified. The possible danger of model misspecification or over-fitting results from
building a complicated model may compromise its potential gains relative to using a simpler model.
If a more complicated model were to be used, careful examination of the identifiability issue would
be necessary.
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