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Suppose we observe samples of a subset of a collection of random vari-
ables. No additional information is provided about the number of latent vari-
ables, nor of the relationship between the latent and observed variables. Is it
possible to discover the number of latent components, and to learn a statistical
model over the entire collection of variables? We address this question in the
setting in which the latent and observed variables are jointly Gaussian, with
the conditional statistics of the observed variables conditioned on the latent
variables being specified by a graphical model. As a first step we give nat-
ural conditions under which such latent-variable Gaussian graphical models
are identifiable given marginal statistics of only the observed variables. Es-
sentially these conditions require that the conditional graphical model among
the observed variables is sparse, while the effect of the latent variables is
“spread out” over most of the observed variables. Next we propose a tractable
convex program based on regularized maximum-likelihood for model selec-
tion in this latent-variable setting; the regularizer uses both the £1 norm and
the nuclear norm. Our modeling framework can be viewed as a combination
of dimensionality reduction (to identify latent variables) and graphical mod-
eling (to capture remaining statistical structure not attributable to the latent
variables), and it consistently estimates both the number of latent compo-
nents and the conditional graphical model structure among the observed vari-
ables. These results are applicable in the high-dimensional setting in which
the number of latent/observed variables grows with the number of samples
of the observed variables. The geometric properties of the algebraic varieties
of sparse matrices and of low-rank matrices play an important role in our
analysis.
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1. Introduction and setup. Statistical model selection in the high-dimen-
sional regime arises in a number of applications. In many data analysis problems in
geophysics, radiology, genetics, climate studies, and image processing, the number
of samples available is comparable to or even smaller than the number of variables.
As empirical statistics in these settings may not be well-behaved (see [17, 22]),
high-dimensional model selection is therefore both challenging and of great inter-
est. A model selection problem that has received considerable attention recently
is the estimation of covariance matrices in the high-dimensional setting. As the
sample covariance matrix is poorly behaved in such a regime, some form of regu-
larization of the sample covariance is adopted based on assumptions about the true
underlying covariance matrix [1, 2, 12, 14, 20, 36].

Graphical models. A number of papers have studied covariance estimation in
the context of Gaussian graphical model selection. A Gaussian graphical model
[19, 30] (also commonly referred to as a Gauss—Markov random field) is a statis-
tical model defined with respect to a graph, in which the nodes index a collection
of jointly Gaussian random variables and the edges represent the conditional in-
dependence relations (Markov structure) among the variables. In such models the
sparsity pattern of the inverse of the covariance matrix, or the concentration ma-
trix, directly corresponds to the graphical model structure. Specifically, consider a
Gaussian graphical model in which the covariance matrix is given by a positive-
definite £* and the concentration matrix is given by K* = (£*)~!. Then an edge
{i, j} is present in the underlying graphical model if and only if K" ; 7 0. In par-
ticular the absence of an edge between two nodes implies that the correspond-
ing variables are independent conditioned on all the other variables. The model
selection method usually studied in such a Gaussian graphical model setting is
£1-regularized maximum-likelihood, with the ¢; penalty applied to the entries of
the concentration matrix to induce sparsity. The consistency properties of such an
estimator have been studied [18, 26, 29], and under suitable conditions [18, 26]
this estimator is also “sparsistent,”’ that is, the estimated concentration matrix has
the same sparsity pattern as the true model from which the samples are generated.
An alternative approach to ¢;-regularized maximum-likelihood is to estimate the
sparsity pattern of the concentration matrix by performing regression separately on
each variable [23]; while such a method consistently estimates the sparsity pattern,
it does not directly provide estimates of the covariance or concentration matrix.

In many applications throughout science and engineering (e.g., psychology,
computational biology, and economics), a challenge is that one may not have ac-
cess to observations of all the relevant phenomena, that is, some of the relevant
variables may be latent or unobserved. In general latent variables pose a signifi-
cant difficulty for model selection because one may not know the number of rele-
vant latent variables, nor the relationship between these variables and the observed
variables. Typical algorithmic methods that try to get around this difficulty usually
fix the number of latent variables as well as the structural relationship between
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latent and observed variables (e.g., the graphical model structure between latent
and observed variables), and use the EM algorithm to fit parameters [9]. This ap-
proach suffers from the problem that one optimizes nonconvex functions, and thus
one may get stuck in suboptimal local minima. An alternative suggestion [13] is
one based on a greedy, local, combinatorial heuristic that assigns latent variables
to groups of observed variables, via some form of clustering of the observed vari-
ables; however, this approach has no consistency guarantees.

Our setup. In this paper we study the problem of latent-variable graphical
model selection in the setting where all the variables, both observed and latent,
are jointly Gaussian. More concretely, X is a Gaussian random vector in RP ",
O and H are disjoint subsets of indices in {1, ..., p + h} of cardinalities |O| = p
and |H| = h, and the corresponding subvectors of X are denoted by X and X g,
respectively. Let the covariance matrix underlying X be denoted by X (*0 u)- The
marginal statistics corresponding to the observed variables X are given by the
marginal covariance matrix X7, which is simply a submatrix of the full covari-
ance matrix EE“O u)- However, suppose that we parameterize our model by the

concentration matrix K ("‘0 )= ( ZE“O H))_l, which as discussed above reveals the
connection to graphical models. Here the submatrices Kp), K¢ 5, K specify (in
the full model) the dependencies among the observed variables, between the ob-
served and latent variables, and among the latent variables, respectively. In such a
parameterization, the marginal concentration matrix (2’5)_1 corresponding to the
observed variables X ¢ is given by the Schur complement [16] with respect to the
block K7j;:

(1.1) Ky=EH) ' =K — Kb y(Ki) 'K}y 0

Thus if we only observe the variables X o, we only have access to Xy, (or K 0)-

The two terms that compose K o above have interesting properties. The matrix
K7, specifies the concentration matrix of the conditional statistics of the ob-
served variables given the latent variables. If these conditional statistics are given
by a sparse graphical model, then K7, is sparse. On the other hand, the matrix
Kp y(K J’EI)_IK 7.0 serves as a summary of the effect of marginalization over the
latent variables X g. This matrix has small rank if the number of latent, unob-
served variables Xy is small relative to the number of observed variables X .
Therefore the marginal concentration matrix K o is generally not sparse due to the
additional low-rank term Kp, H(K}“{)_IK}‘;’O. Hence standard graphical model
selection techniques applied directly to the observed variables X o are not useful.

A modeling paradigm that infers the effect of the latent variables X iz would be
more suitable in order to provide a concise explanation of the underlying statistical
structure. Hence we approximate the sample covariance by a model in which the
concentration matrix decomposes into the sum of a sparse matrix and a low-rank
matrix, which reveals the conditional graphical model structure in the observed
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variables as well as the number of and effect due to the unobserved latent vari-
ables. Such a method can be viewed as a blend of principal component analysis
and graphical modeling. In standard graphical modeling one would directly ap-
proximate a concentration matrix by a sparse matrix to learn a sparse graphical
model, while in principal component analysis the goal is to explain the statistical
structure underlying a set of observations using a small number of latent variables
(i.e., approximate a covariance matrix as a low-rank matrix). In our framework we
learn a sparse graphical model among the observed variables conditioned on a few
(additional) latent variables. These latent variables are not principal components,
as the conditional statistics (conditioned on these latent variables) are given by a
graphical model. Therefore we refer to these latent variables informally as latent
components.

Contributions. Our first contribution in Section 3 is to address the fundamen-
tal question of identifiability of such latent-variable graphical models given the
marginal statistics of only the observed variables. The critical point is that we
need to tease apart the correlations induced due to marginalization over the la-
tent variables from the conditional graphical model structure among the observed
variables. As the identifiability problem is one of uniquely decomposing the sum
of a sparse matrix and a low-rank matrix into the individual components, we
study the algebraic varieties of sparse matrices and low-rank matrices. An im-
portant theme in this paper is the connection between the tangent spaces to these
algebraic varieties and the question of identifiability. Specifically let Q (K 7)) de-
note the tangent space at K, to the algebraic variety of sparse matrices, and let
T(KE,H(K;I)_IK}';’O) denote the tangent space at K?‘)’H(K}';)”K}‘fl’o to the al-
gebraic variety of low-rank matrices. Then the statistical question of identifiability
of K, and K§, (K ;fl)_lK H.0 given K o is determined by the geometric notion
of transversality of the tangent spaces Q(K,) and T(KZ‘)’H(K;I)_IK}‘;’O). The
study of the transversality of these tangent spaces leads to natural conditions for
identifiability. In particular we show that latent-variable models in which (1) the
sparse matrix K7, has a small number of nonzeros per row/column, and (2) the
low-rank matrix Kp (K ,*{)_IK #1.0 has row/column spaces that are not closely
aligned with the coordinate axes, are identifiable. These conditions have natural
statistical interpretations. The first condition ensures that there are no densely con-
nected subgraphs in the conditional graphical model structure among the observed
variables, that is, that these conditional statistics are indeed specified by a sparse
graphical model. Such statistical relationships may otherwise be mistakenly at-
tributed to the effect of marginalization over some latent variable. The second con-
dition ensures that the effect of marginalization over the latent variables is “spread
out” over many observed variables; thus, the effect of marginalization over a latent
variable is not confused with the conditional graphical model structure among the
observed variables. In fact the first condition is often assumed in standard graphical
model selection without latent variables (e.g., [26]).
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As our next contribution we propose a regularized maximum-likelihood decom-
position framework to approximate a given sample covariance matrix by a model
in which the concentration matrix decomposes into a sparse matrix and a low-rank
matrix. Based on the effectiveness of the £; norm as a tractable convex relaxation
for recovering sparse models [5, 10, 11] and the nuclear norm for low-rank ma-
trices [4, 15, 27], we propose the following penalized likelihood method given a
sample covariance matrix X, formed from n samples of the observed variables:

(Sn, Lp) = argmin —€(S — L; ) + A, (v [IS]l1 + tr(L))
S,L
(1.2)
st.S—L>0,L>0.

The constraints > 0 and > 0 impose positive-definiteness and positive-semi-
definiteness. The function ¢ represents the Gaussian log-likelihood 4(K; X) =
logdet(K) — tr(K X) for K > 0, where tr is the trace of a matrix and det is the
determinant. Here 3',1 provides an estimate of K7,, which represents the condi-

tional concentration matrix of the observed variables; L, provides an estimate of
Ko n(Kg)™ 'k 7.0 Which represents the effect of marginalization over the latent
variables. The regularizer is a combination of the £; norm applied to S and the
nuclear norm applied to L (the nuclear norm reduces to the trace over the cone of
symmetric, positive-semidefinite matrices), with y providing a trade-off between
the two terms. This variational formulation is a convex optimization problem, and
it is a regularized max-det program that can be solved in polynomial time using
general-purpose solvers [33].

Our main result in Section 4 is a proof of the consistency of the estimator (1.2) in
the high-dimensional regime in which both the number of observed variables and
the number of latent components are allowed to grow with the number of samples
(of the observed variables). We show that for a suitable choice of the regularization
parameter A,, there exists a range of values of y for which the estimates (S‘n, I:n)
have the same sparsity (and sign) pattern and rank as (Kg,, Kp (K ;‘1)_1[( H.0)
with high probability (see Theorem 4.1). The key technical requirement is an iden-
tifiability condition for the two components of the marginal concentration ma-
trix K o With respect to the Fisher information (see Section 3.4). We make con-
nections between our condition and the irrepresentability conditions required for
support/graphical-model recovery using £; regularization [26, 32, 37]. Our re-
sults provide numerous scaling regimes under which consistency holds in latent-
variable graphical model selection. For example, we show that under suitable iden-
tifiability conditions consistent model selection is possible even when the number
of samples and the number of latent variables are on the same order as the number
of observed variables (see Section 4.2).

Related previous work. The problem of decomposing the sum of a sparse ma-
trix and a low-rank matrix via convex optimization into the individual components
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was initially studied in [7] by a superset of the authors of the present paper, with
conditions derived under which the convex program exactly recovers the under-
lying components. In subsequent work Candes et al. [3] also studied this sparse-
plus-low-rank decomposition problem, and provided guarantees for exact recov-
ery using the convex program proposed in [7]. The problem setup considered in
the present paper is quite different and is more challenging because we are only
given access to an inexact sample covariance matrix, and we wish to produce an
inverse covariance matrix that can be decomposed as the sum of sparse and low-
rank components (preserving the sparsity pattern and rank of the components in
the true underlying model). In addition to proving the consistency of the estima-
tor (1.2), we also provide a statistical interpretation of our identifiability conditions
and describe natural classes of latent-variable Gaussian graphical models that sat-
isfy these conditions. As such our paper is closer in spirit to the many recent pa-
pers on covariance selection, but with the important difference that some of the
variables are not observed.

Outline. Section 2 gives some background and a formal problem statement.
Section 3 discusses the identifiability question, Section 4 states the main results of
this paper, and Section 5 gives some proofs. We provide experimental demonstra-
tion of the effectiveness of our estimator on synthetic and real data in Section 6,
and conclude with a brief discussion in Section 7. Some of our technical results
are deferred to supplementary material [6].

2. Problem statement and background. We give a formal statement of the
latent-variable model selection problem. We also briefly describe various proper-
ties of the algebraic varieties of sparse matrices and of low-rank matrices, and the
properties of the Gaussian likelihood function.

The following matrix norms are employed throughout this paper. || M ||> denotes
the spectral norm, or the largest singular value of M. ||M| ~ denotes the largest
entry in magnitude of M. || M| r denotes the Frobenius norm, or the square root
of the sum of the squares of the entries of M. || M ||« denotes the nuclear norm,
or the sum of the singular values of M (this reduces to the trace for positive-
semidefinite matrices). ||M||; denotes the sum of the absolute values of the en-
tries of M. A number of matrix operator norms are also used. For example, let
Z:RP*P — RP*P be a linear operator acting on matrices. Then the induced
operator norm is defined as || 2|44 = maxyerrxr ||N|,<11Z(N)lq. Therefore,
| Z|| F— r denotes the spectral norm of the operator Z. The only vector norm used
is the Euclidean norm, which is denoted by || - ||. Given any norm || - ||, (either a
vector norm, a matrix norm or a matrix operator norm), the dual norm is given by
IMI[3 = sup{(M, N)|[N|l4 < 1}.

2.1. Problem statement. In order to analyze latent-variable model selec-
tion methods, we need to define an appropriate notion of model selection con-
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sistency for latent-variable graphical models. Given the two components K},
and K 3 H(K;,)_IKZ’O of the concentration matrix of the marginal distribu-
tion (1.1), there are infinitely many configurations of the latent variables [i.e.,
matrices Kj; > 0, K o.H= = (K} O)T] that give rise to the same low-rank ma-

trix KO,H(KI*J) IK}‘;’O. Specifically for any nonsingular matrix B € RIZI*IHI
one can apply the transformations K3, — BK}5; BT, K% ,, — K}, ;BT and still

preserve the low-rank matrix K3 H(K )~ lK . In all of these models the
marginal statistics of the observed variables X o remain the same upon marginal-
ization over the latent variables Xg. The key invariant is the low-rank matrix
K ;k) u (K% YK }’f[ o» Which summarizes the effect of marginalization over the
latent variables. Consequently, from here on we use the notation S* = K, and
L*=K§ g (K~ 'K Z o These observations give rise to the following notlon of
structure recovery.

DEFINITION 2.1. A pair of |O] x |O| symmetric matrices (S’, i,) is an alge-
braically correct estimate of a latent-variable Gaussian graphical model given by
the concentration matrix K Eko n if the following conditions hold:

(1) The sign-pattern of S is the same as that of S* [here sign(0) =0]:
sign(§;, /) =sign(S7;) Vi, j.
(2) The rank of L is the same as the rank of L*:
rank(L) = rank(L*).

(3) The concentration matrix S — L can be realized as the marginal concentra-
tion matrix of an appropriate latent-variable model:

S—L>0, L>0.

When a sequence of estimators is algebraically correct with probability ap-
proaching 1 in a suitable high-dimensional scaling regime, then we say that the
estimators are algebraically consistent. The first condition ensures that S provides
the correct structural estimate of the conditional graphical model of the observed
variables conditioned on the latent components. This property is the same as the
“sparsistency” property studied in standard graphical model selection [18, 26].
The second condition ensures that the number of latent components is properly
estimated. Finally, the third condition ensures that the pair of matrices (S L) leads
to a realizable latent-variable model. In particular, this condition implies that there
exists a valid latent-variable model in which (a) the conditional graphical model
structure among the observed variables is given by S, (b) the number of latent
variables is equal to the rank of i, and (c) the extra correlations induced due to
marginalization over the latent variables are equal to L. Any method for matrix
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factorization (e.g., [35]) can be used to further factorize L, depending on the prop-
erty that one desires in the factors (e.g., sparsity).

We also study estimation error rates in the usual sense, that is, we show that
one can produce estimates (S , i) that are close in various norms to the matrices
(S*, L*). Notice that bounding the estimation error in some norm does not in gen-
eral imply that the support/sign-pattern and rank of (S, L) are the same as those of
(S*, L*). Therefore boundeg qstimation error is different from algebraic correct-
ness, which requires that (S, L) have the same support/sign-pattern and rank as
(S*, L¥).

Goal. Let K (*0 H) denote the concentration matrix of a Gaussian model. Sup-
pose that we have n samples {X "0 }i_, of the observed variables X o. We would like

to produce estimates (S,, L) that, with high probability, are algebraically correct
and have bounded estimation error (in some norm).

Our approach. We propose the regularized likelihood convex program (1.2)

to produce estimates (S, L,). Specifically, the sample covariance matrix X7, in
(1.2) is defined as

A
o= Y XXy .
i=1
We give conditions on the underlying model K E"O # and suitable choices for the

parameters A,, y under which the estimates (3‘,,, ﬁ,,) are consistent (see Theo-
rem 4.1).

2.2. Likelihood function and Fisher information. Given n samples {X "}l'.’:l of
a finite collection of jointly Gaussian zero-mean random variables with concentra-
tion matrix K*, it is easily seen that the log-likelihood function is given by:

2.1 U(K; ") =logdet(K) —tr(KX"),

where £(K; ¥™) is a function of K. Notice that this function is strictly concave for
K > 0. In the latent-variable modeling problem with sample covariance X%,, the
likelihood function with respect to the parametrization (S, L) is given by £(S —
L; ¥7). This function is jointly concave with respect to the parameters (S, L)
whenever S — L > 0, and it is employed in our variational formulation (1.2) to
learn a latent-variable model.

In the analysis of a convex program involving the likelihood function, the Fisher
information plays an important role as it is the negative of the Hessian of the
likelihood function and thus controls the curvature. As the first term in the like-
lihood function is linear, we need only study higher-order derivatives of the log-
determinant function in order to compute the Hessian. In the latent-variable set-
ting with the marginal concentration matrix of the observed variables given by
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K o= (E*O)_1 [see (1.1)], the corresponding Fisher information matrix is
(2.2) I(Ky) =Ky @Ky =) o).

Here ® denotes the tensor product between matrices. Notice that this is precisely
the |O|?> x |O|* submatrix of the full Fisher information matrix Z(K lom) =
22‘0 o ® EE"O ) with respect to all the parameters K E"O o= (EE“O H))_1 (cor-
responding to the situation in which all the variables X gugy are observed). In Sec-
tion 3.4 we impose various conditions on the Fisher information matrix Z (IZ o)
under which our regularized maximum-likelihood formulation provides consistent
estimates.

2.3. Algebraic varieties of sparse and low-rank matrices. The set of sparse
matrices and the set of low-rank matrices can be naturally viewed as algebraic va-
rieties (solution sets of systems of polynomial equations). Here we describe these
varieties, and discuss some of their geometric properties such as the tangent space
and local curvature at a (smooth) point.

Let S(k) denote the set of matrices with at most k nonzeros:

2.3) S(k) £ {M € RP*P||support(M)]| < k}.

Here support denotes the locations of nonzero entries. The set S(k) is an algebraic

variety, and can in fact be viewed as a union of (’;:) subspaces in R”*”. This
variety has dimension &, and it is smooth everywhere except at those matrices that
have support size strictly smaller than k. For any matrix M € R”*?_ consider the
variety S(|support(M)|); M is a smooth point of this variety, and the tangent space
at M is given by

(2.4) Q(M) ={N € RP*P|support(N) C support(M)}.
Next let £(r) denote the algebraic variety of matrices with rank at most r:
(2.5) L(r) £ (M e RP*P|rank(M) < r}.

It is easily seen that £(r) is an algebraic variety because it can be defined through
the vanishing of all (r 4+ 1) x (r + 1) minors. This variety has dimension equal
to r(2p —r), and it is smooth everywhere except at those matrices that have rank
strictly smaller than r. Consider a rank-r matrix M with singular value decom-
position (SVD) given by M = UDVT, where U,V € R?*" and D € R"*". The
matrix M is a smooth point of the variety £(rank(M)), and the tangent space at M
with respect to this variety is given by

(2.6) T(M)={UY] +,VT|Y), Y, e RPX),

We view both Q (M) and T (M) as subspaces in R”*”. In Section 3 we explore
the connection between geometric properties of these tangent spaces and the iden-
tifiability problem in latent-variable graphical models.
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Curvature of rank variety. The sparse matrix variety S(k) has the property
that it has zero curvature at any smooth point. The situation is more complicated
for the low-rank matrix variety £(r), because the curvature at any smooth point
is nonzero. We analyze how this variety curves locally, by studying how the tan-
gent space changes from one point to a neighboring point. Indeed the amount of
curvature at a point is directly related to the “angle” between the tangent space at
that point and the tangent space at a neighboring point. For any linear subspace
T of matrices, let Pr denote the projection onto 7. Given two subspaces 11, T»
of the same dimension, we measure the “twisting” between these subspaces by
considering the following quantity:

(2.7 o(T1, T2) = |Pr, — Prylla—2 = ”]I\[IhaXIII[PTI — Pr,1(N)|l>.
2=

In the supplement [6] we review relevant results from matrix perturbation theory,
which suggest that the magnitude of the smallest nonzero singular value is closely
tied to the local curvature of the variety. Therefore we control the twisting between
tangent spaces at nearby points by bounding the smallest nonzero singular value
away from zero.

3. Identifiability. In the absence of additional conditions, the latent-variable
model selection problem is ill-posed. In this section we discuss a set of condi-
tions on latent-variable models that ensure that these models are identifiable given
marginal statistics for a subset of the variables. Some of the discussion in Sections
3.1 and 3.2 is presented in greater detail in [7].

3.1. Structure between latent and observed variables. Suppose that the low-
rank matrix that summarizes the effect of the latent components is itself sparse.
This leads to identifiability issues in the sparse-plus-low-rank decomposition prob-
lem. Statistically the additional correlations induced due to marginalization over
the latent variables could be mistaken for the conditional graphical model structure
of the observed variables. In order to avoid such identifiability problems the effect
of the latent variables must be “diffuse” across the observed variables. To address
this point the following quantity was introduced in [7] for any matrix M, defined
with respect to the tangent space T (M):

3.1 E(T(M)) = max [N lloo-

NeT (M), |INll2<1

Thus &£(T (M)) being small implies that elements of the tangent space T (M) can-
not have their support concentrated in a few locations; as a result M cannot be
too sparse. This idea is formalized in [7] by relating £(7'(M)) to a notion of “in-
coherence” of the row/column spaces, where the row/column spaces are said to
be incoherent with respect to the standard basis if these spaces are not aligned
closely with any of the coordinate axes. Typically a matrix M with incoherent
row/column spaces would have &(7(M)) < 1. This point is quantified precisely
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in [7]. Specifically, we note that £(7 (M)) can be as small as ~ \/% for a rank-r

matrix M € RP*P with row/column spaces that are almost maximally incoher-
ent (e.g., if the row/column spaces span any r columns of a p x p orthonormal
Hadamard matrix). On the other hand, £(7 (M)) =1 if the row/column spaces of
M contain a standard basis vector.

Based on these concepts we roughly require that the low-rank matrix that sum-
marizes the effect of the latent variables be incoherent, thereby ensuring that the
extra correlations due to marginalization over the latent components cannot be
confused with the conditional graphical model structure of the observed variables.
Notice that the quantity £ is not just a measure of the number of latent variables,
but also of the overall effect of the correlations induced by marginalization over
these variables.

Curvature and change in &: As noted previously, an important technical point
is that the algebraic variety of low-rank matrices is locally curved at any smooth
point. Consequently the quantity £ changes as we move along the low-rank matrix
variety smoothly. The quantity p(7}, 72) introduced in (2.7) allows us to bound
the variation in £ as follows (proof in Section 5):

LEMMA 3.1. Let Ty, T be two linear subspaces of matrices of the same di-
mension with the property that p(T1, T») < 1, where p is defined in (2.7). Then we
have that

1
T —[&(T; T1, T»)].
£(Tr) < l—p(Tl,Tz)[S( 1)+ p(T, )]

3.2. Structure among observed variables. An identifiability problem also
arises if the conditional graphical model among the observed variables contains
a densely connected subgraph. These statistical relationships might be mistaken as
correlations induced by marginalization over latent variables. Therefore we need
to ensure that the conditional graphical model among the observed variables is
sparse. We impose the condition that this conditional graphical model must have
small “degree,” that is, no observed variable is directly connected to too many
other observed variables conditioned on the latent components. Notice that bound-
ing the degree is a more refined condition than simply bounding the total number
of nonzeros as the sparsity pattern also plays a role. In [7] the authors introduced
the following quantity in order to provide an appropriate measure of the sparsity
pattern of a matrix:

(3.2) n(QM)) = max NVl

NeQ(M),|IN|eo=1
The quantity u(€2(M)) being small for a matrix implies that the spectrum of any
element of the tangent space Q2 (M) is not too “concentrated,” that is, the singular
values of the elements of the tangent space are not too large. In [7] it is shown
that a sparse matrix M with “bounded degree” (a small number of nonzeros per
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row/column) has small pu(M). Specifically, it M € RP*? is any matrix with at
most deg(M) nonzero entries per row/column, then we have that

W(Q(M)) < deg(M).

3.3. Transversality of tangent spaces. Suppose that we have the sum of two
vectors, each from two known subspaces. It is possible to uniquely recover the
individual vectors from the sum if and only if the subspaces have a transverse in-
tersection, that is, they only intersect at the origin. This simple observation leads
to an appealing geometric notion of identifiability. Suppose now that we have the
sum of a sparse matrix and a low-rank matrix, and that we are also given the tan-
gent spaces at these matrices with respect to the algebraic varieties of sparse and
low-rank matrices, respectively. Then a necessary and sufficient condition for iden-
tifiability with respect to the tangent spaces is that these spaces have a transverse
intersection. This transverse intersection condition is also sufficient for local iden-
tifiability in a neighborhood around the sparse matrix and low-rank matrix with
respect to the varieties of sparse and low-rank matrices (due to the inverse func-
tion theorem). It turns out that these tangent space transversality conditions are
also sufficient for the convex program (1.2) to provide consistent estimates of a
latent-variable graphical model (without any side information about the tangent
spaces).

In order to quantify the level of transversality between the tangent spaces €2 and
T we study the minimum gain with respect to some norm of the addition operator
(which adds two matrices) A:RP*P x RP*P — RP*P restricted to the cartesian
product Y = Q x T. Then given any matrix norm | - |, on RP*P x RP*P the
minimum gain of A restricted to ) is defined as

(2, T, | - £ min Py AT APY(S, L),
( I-1g) (S’L)GQX”‘(S’L)HFIH Y (S, L)llq

where Py denotes the projection onto ), and A" denotes the adjoint of the addi-
tion operator (with respect to the standard Euclidean inner-product). The “level”
of transversality of €2 and T is measured by the magnitude of (2, T, || - |l4),
with transverse intersection being equivalent to £(2, 7, | - [l4) > 0. Note that
e(Q,T,| - |lr) is the square of the minimum singular value of the addition op-
erator A restricted to Q x 7.

A natural norm with which to measure transversality is the dual norm of the
regularization function in (1.2), as the subdifferential of the regularization func-
tion is specified in terms of its dual. The reasons for this will become clearer as
we proceed through this paper. Recall that the regularization function used in the
variational formulation (1.2) is given by

fy(S, L)y =ylISIt+ LI+
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where the nuclear norm || - ||« reduces to the trace function over the cone of
positive-semidefinite matrices. This function is a norm for all ¥ > 0. The dual
norm of f), is given by

S|
g,(S.L) =max{7°°, ||L||2}.

Next we define the quantity x (€2, T, y) as follows in order to study the transver-
sality of the spaces €2 and T with respect to the g, norm:

§(T)

(3.3) 2@ 7.7 2maxf 2 2@y .
Here p and & are defined in (3.2) and (3.1). We then have the following result
(proved in Section 5):

LEMMA 3.2. Let S € Q2,L € T be matrices such that ||S||coc = Y and let
Ll = 1. Then we have that g,(PyATAPy(S,L)) € [1 — x(Q,T,y),1 +
x(Q2,T,p)],where Y = Q2 x T and x (2, T, v) is defined in (3.3). In particular
we have that 1 — x (Q,T,y) <e(Q,T, g).

The quantity x (€2, T, v) being small implies that the addition operator is essen-
tially isometric when restricted to ) = Q2 x T. Stated differently, the magnitude
of x(£2,T,y) is a measure of the level of transversality of the spaces 2 and T'.
If w(Q)E(T) < 4, then y € (£(T), %) ensures that x (2, T, ) < 1, which in
turn implies that the tangent spaces €2 and 7" have a transverse intersection.

Observation: Thus we have that the smaller the quantities w(€2) and &(7),
the more transverse the intersection of the spaces €2 and T as measured by
(2, T, gy).

3.4. Conditions on Fisher information. 'The main focus of Section 4 is to ana-
lyze the regularized maximum-likelihood convex program (1.2) by studying its op-
timality conditions. The log-likelihood function is well-approximated in a neigh-
borhood by a quadratic form given by the Fisher information (which measures the
curvature, as discussed in Section 2.2). Let 7* =7 (I% o) denote the Fisher infor-
mation evaluated at the true marginal concentration matrix K o [see (1.1)]. The
appropriate measure of transversality between the tangent spaces” Q = € (5*) and
T = T(L*) is then in a space in which the inner-product is given by Z*. Specif-
ically, we need to analyze the minimum gain of the operator Py ATZ* APy re-
stricted to the space ) = Q x T. Therefore we impose several conditions on the
Fisher information Z*. We define quantities that control the gains of Z* restricted
to 2 and T separately; these ensure that elements of 2 and elements of 7 are

2We implicitly assume that these tangent spaces are subspaces of the space of symmetric matrices.
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individually identifiable under the map Z*. In addition we define quantities that,
in conjunction with bounds on w(£2) and &(T'), allow us to control the gain of Z*
restricted to the direct-sum Q@ T.

TI* restricted to Q2: The minimum gain of the operator PoZ*Pg, restricted to 2
is given by

@  min  [PoIT*Po(M)]c.
MeQ, | M|lo=1

The maximum effect of elements in € in the orthogonal direction Q' is given by

Sq & max  [|[PorZ*Pa(M)] s
MeQ,||M||oo=1

The operator Z* is injective on 2 if ag > 0. The ratio 2—9 <1 — v implies the

irrepresentability condition imposed in [26], which gives a sufficient condition for
consistent recovery of graphical model structure using ¢;-regularized maximum-
likelihood. Notice that this condition is a generalization of the usual Lasso irrep-
resentability conditions [32, 37], which are typically imposed on the covariance
matrix. Finally we also consider the following quantity, which controls the behav-
ior of Z* restricted to €2 in the spectral norm:

A *

pot | max IT°(M)]b.

T* restricted to T: Analogously to the case of Q2 one could control the gains
of the operators Pr1Z*Pr and PrZ*Pr. However, as discussed previously, one
complication is that the tangent spaces at nearby smooth points on the rank va-
riety are in general different, and the amount of twisting between these spaces is
governed by the local curvature. Therefore we control the gains of the operators
PrI*Pr and PrZ* Py for all tangent spaces 7' that are “close to” the nomi-
nal T (at the true underlying low-rank matrix), measured by p(T, T') (2.7) being
small. The minimum gain of the operator Py Z* Py restricted to T’ (close to T') is
given by

ar & min min  ||PrZ*Pr(M)|.
(T T)<E(T)/2 MeT’, | M]2=1
Similarly, the maximum effect of elements in 7’ in the orthogonal direction 7'+
(for T’ close to T') is given by
Sr & max max  ||PpZ*Pr(M)|2.
p(T'.T)<E(T)/2 MeT",||M||2=1
Implicit in the definition of oy and 7 is the fact that the outer minimum and
maximum are only taken over spaces T that are tangent spaces to the rank-variety.
The operator Z* is injective on all tangent spaces T’ such that p(T’,T) < @
if ar > 0. An irrepresentability condition (analogous to those developed for the
sparse case) for tangent spaces near 7 to the rank variety would be that fl—g <Il—v.
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Finally we also control the behavior of Z* restricted to T’ close to T in the £
norm:
= max max | Z*(M)| 0.
p(T"\T)=E(T)/2 MeT’, | Mlo=1

The two sets of quantities (aq, dg) and (ar, d7) essentially control how Z*
behaves when restricted to the spaces 2 and T separately (in the natural norms).
The quantities B and Br are useful in order to control the gains of the operator Z*
restricted to the direct sum Q2@ T . Notice that although the magnitudes of elements
in 2 are measured most naturally in the ¢, norm, the quantity fq is specified
with respect to the spectral norm. Similarly, elements of the tangent spaces T’ to
the rank variety are most naturally measured in the spectral norm, but 87 provides
control in the £+, norm. These quantities, combined with w(2) and &(T') [defined
in (3.2) and (3.1)], provide the “coupling” necessary to control the behavior of Z*
restricted to elements in the direct sum €2 @ 7. In order to keep track of fewer
quantities, we summarize the six quantities as follows:

o = min(ag, ar); § = max(3q, 87); B = max(Bg, Br).

Main assumption: There exists a v € (0, %] such that

—<1-2v.
o
This assumption is to be viewed as a generalization of the irrepresentability con-

ditions imposed on the covariance matrix [32, 37] or the Fisher information matrix
[26] in order to provide consistency guarantees for sparse model selection using
the £1 norm. With this assumption we have the following proposition, proved in
Section 5, about the gains of the operator Z* restricted to €2 @ T'. This proposi-
tion plays a fundamental role in the analysis of the performance of the regular-
ized maximum-likelihood procedure (1.2). Specifically, it gives conditions under
which a suitable primal-dual pair can be specified to certify optimality with respect
to (1.2) (see Section 5.2 for more details).

PROPOSITION 3.3. Let Q2 and T be the tangent spaces defined in this section,
and let T* be the Fisher information evaluated at the true marginal concentration
matrix. Further let «, B, v be as defined above. Suppose that

1 Vo 2
w@Em) = (555 .
and that y is in the following range:
3E(T)BR—v) Vo
e ’2M(Q)ﬂ(2—v)]

Then we have the following two conclusions for Y = Qx T with p(T', T) < @:



1950 V. CHANDRASEKARAN, P. A. PARRILO AND A. S. WILLSKY
(1) The minimum gain of T* restricted to Q2 @ T’ is bounded below:

o
min Py ATT* APy (S, L)) > —.
S0y I 1otz 8 FY v L)z 5

Specifically this implies that for all (S,L) €Y
] o
gy (PyATT* APy(S. L) 2 2y (S. L).

(2) The effect of elements in Y = 2 x T on the orthogonal complement Y+ =
Qt x T is bounded above:

1Py ATT* APy (Py ATT* APY) g, g, <1 —v.
Specifically this implies that for all (S,L) € Y
8y (PyL ATT* APy (S, L)) < (1 — v)g, (PyATT* APy (S, L)).

The last quantity we consider is the spectral norm of the marginal covariance
matrix % = (K3) !

(3.4) v EIZHI = 1K)

A bound on  is useful in the probabilistic component of our analysis, in order
to derive convergence rates of the sample covariance matrix to the true covariance
matrix. We also observe that

1Tl = (K5 ' @ (K5) Mlamsa = ¥2.

Remarks. The quantities «, 8, § bound the gains of the Fisher information Z*
restricted to the spaces €2 and T (and tangent spaces near 7). One can make
stronger assumptions on Z* that are more easily interpretable. For example, aq, Bo
could bound the minimum/maximum gains of Z* for all matrices (rather than
just those in 2), and 8¢ the Z*-inner-product for all pairs of orthogonal ma-
trices (rather than just those in €2 and QJ-). Similarly, a7, B could bound the
minimum/maximum gains of Z* for all matrices (rather than just those near 7),
and 87 the Z*-inner-product for all pairs of orthogonal matrices (rather than just
those near T and 7). Such bounds would apply in either the || - ||—2 norm (for
ar,dr, Bq) or the || - ||co— 0o norm (for ag, 8o, Br). These modified assumptions
are global in nature (not restricted just to €2 or near 7') and are consequently
stronger (they lower-bound the original aq, «r and they upper-bound the origi-
nal B, Br, 8a, 1), and they essentially control the gains of the operator Z* in the
Il - l2—2 norm and the || - ||co—c0 NOrm. In contrast, previous works on covariance
selection [1, 2, 29] consider well-conditioned families of covariance matrices by
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bounding the minimum/maximum eigenvalues (i.e., gain with respect to the spec-
tral norm).

4. Consistency of regularized maximum-likelihood program.

4.1. Main results. Recall that K E"O ) denotes the full concentration matrix
of a collection of zero-mean jointly-Gaussian observed and latent variables. Let
p = |O] denote the number of observed variables, and let & = |H| denote the
number of latent variables. We are given n samples {X }i'_, of the observed vari-
ables Xp. We consider the high-dimensional setting in which (p, h, n) are all
allowed to grow simultaneously. We present our main result next demonstrating
the consistency of the estimator (1.2), and then discuss classes of latent-variable
graphical models and various scaling regimes in which our estimator is consis-
tent. Recall from (1.2) that A, is a regularization parameter, and y is a trade-
off parameter between the rank and sparsity terms. Notice from Proposition 3.3
that the choice of y depends on the values of w(2(S*)) and &£(T (L*)). While
these quantities may not be known a priori, we discuss a method to choose y
numerically in our experimental results (see Section 6). The following theorem
shows that the estimates (S,, L) provided by the convex program (1.2) are con-
sistent for a suitable choice of A,. In addition to the appropriate identifiabil-
ity conditions (as specified by Proposition 3.3), we also impose lower bounds
on the minimum magnitude nonzero entry 6 of the sparse conditional graphical
model matrix S* and on the minimum nonzero singular value o of the low-rank
matrix L* summarizing the effect of the latent variables. The theorem is stated
in terms of the quantities «, §, v, ¥, and we particularly emphasize the depen-
dence on w(2(S*)) and £(T(L*)) because these control the complexity of the
underlying latent-variable graphical model given by K (*0 )- A number of quan-
tities play a role in our theorem: let D = max{l, %} Ci=v({1+ 6"/‘3)

- o 48v2DY (2—v)
C2 =% + 37 Camp = 705555 MMy s5p5mger s O = g
3aC5(2
Cs = max{(@ +1DCHYD, €+ HSCD and ¢ = S

THEOREM 4.1. Let K(*O H) denote the concentration matrix of a Gaussian

model. We have n samples {X,}!_, of the p observed variables denoted by O.
Let Q=Q(S*) and T = T(L*) denote the tangent spaces at S* and at L* with
respect to the sparse and low-rank matrix varieties, respectively.

Assumptions: Suppose that the quantities (1 (S2) and & (T) satisfy the assumption
of Proposition 3.3 for identifiability, and y is chosen in the range specified by
Proposition 3.3. Further suppose that the following conditions hold.:

_p_ 1281// : : > _7P
(1) Letn> L max{ 2, , 2}, that is, we require that n 2 S(T)“'

48 2—
(2) Set A, = % , that is, we require that \,, < E(T) \/7
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Crhn . - L /p
(3) Leto > 51 that is, we require that o 2, 5T \/:

Csin : : 1 )4
(4) Let6 > Mfﬂ)’ that is, we require that 6 2 m\/;

Conclusions: Then with probability greater than 1 — 2exp{—p} we have alge-
braic correctness and estimation error given by:

(1) sign(S,) = sign(5*) and rank(L,) = rank(L*)
& A 512+/2(3—v) Dy
(2) gy(Sy — 8% Ly — L*) < 222000y [poc L [b,

The proof of this theorem is given in Section 5. The theorem essentially states
that if the minimum nonzero singular value of the low-rank piece L* and minimum
nonzero entry of the sparse piece S* are bounded away from zero, then the con-
vex program (1.2) provides estimates that are both algebraically correct and have
bounded estimation error (in the £+, and spectral norms).

Notice that the condition on the minimum singular value of L* is more stringent
than the one on the minimum nonzero entry of $*. One role played by these condi-
tions is to ensure that the estimates (S,, L,) do not have smaller support size/rank
than (S*, L*). However, the minimum singular value bound plays the additional
role of bounding the curvature of the low-rank matrix variety around the point L*,
which is the reason for this condition being more stringent. Notice also that the
number of latent variables 4 does not explicitly appear in the bounds in Theo-
rem 4.1, which only depend on p, u(2(S*)), (T (L*)). However, the dependence
on A is implicit in the dependence on £ (T (L*)), and we discuss this point in greater
detail in the following section.

Finally we note that consistency holds in Theorem 4.1 for a range of values of
y € [2BE=0Ed)
plexity, the minimum nonzero singular value of L*, and the minimum magnitude
nonzero entry of S* are governed by the lower end of this range for y. These as-
sumptions can be weakened if we only require consistency for a smaller range of
values of y. The next result conveys this point with a specific example.

'3 ﬂ(zj;x)u(ﬂ)]' In particular the assumptions on the sample com-

COROLLARY 4.2. Consider the same setup and notation as in Theorem 4.1.
Suppose that the quantities () and &(T) satisfy the assumption of Proposi-
tion 3.3 for identifiability, and that y = m (the upper end of the range

specified in Proposition 3.3), that is, y =< ﬁ Further suppose that. (1) n 2
Q) s (@) dn = w(R),/2: 3) 0 2 W 24y 6 2 f Then with probabil-
ity greater than 1 — 2exp{—p} we have estimates (S, Ln) that are algebraically
correct, and with the error bounded as gy(Sn —S* L,— L% <u (Q)\/;
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The proof of this corollary? is analogous to that of Theorem 4.1. We emphasize
that in practice it is often beneficial to have consistent estimates for a range of
values of y (as in Theorem 4.1). Specifically, the stability of the sparsity pattern
and rank of the estimates (S,, L,) for a range of trade-off parameters is useful
in order to choose a suitable value of y, as prior information about the quantities
w(2(S*)) and £(T (L*)) is not typically available (see Section 6).

We remark here that the identifiability conditions of Proposition 3.3 are the main
sufficient conditions required for Theorem 4.1 and Corollary 4.2 to hold. It would
be interesting to obtain necessary conditions as well for these results, analogous
to the necessity and sufficiency of the irrepresentability conditions for the Lasso
[32, 37].

4.2. Scaling regimes. Next we consider classes of latent-variable models that
satisfy the conditions of Theorem 4.1. Recall from Section 3.2 that u(2(S*)) <
deg(S*). Throughout this section, we consider latent-variable models in which the
low-rank matrix L* is almost maximally incoherent, that is, £(T (L*)) ~ \/% SO
the effect of marginalization over the latent variables is diffuse across almost all
the observed variables. We suppress the dependence on the quantities «, 8, v, ¥
defined in Section 3.4 in our scaling results, and specifically focus on the trade-off
between &(T (L*)) and w(S2(S5*)) for consistent estimation (we also suppress the
dependence of these quantities on n). Thus, based on Proposition 3.3 we study
latent-variable models in which

h
E(T(L")Hu(Q(S™) = O(/;deg(S*)> =0@).

As we describe next, there are nontrivial classes of latent-variable graphical models
in which this condition holds.

Bounded degree: The first class of latent-variable models that we consider are
those in which the conditional graphical model among the observed variables
(given by K§,) has constant degree:

deg(S*) = O(1), h~p.

Such models can be estimated consistently from n ~ p samples. Thus consistent
latent-variable model selection is possible even when the number of samples and
the number of latent variables are on the same order as the number of observed
variables.

3 By making stronger assumptions on the Fisher information matrix Z*, one can further remove
the factor of £(7') in the lower bound for o. Specifically, the lower bound o 2> /L(Q)3\/g suffices
for consistent estimation if the bounds defined by the quantities a7, 87, 7 can be strengthened as
described in the remarks at the end of Section 3.4.
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Polylogarithmic degree: The next class of models that we consider are those
in which the degree of the conditional graphical model of the observed variables
grows polylogarithmically with p:

p
deg(S™) ~ 1o 1 h~————.
g(8*) ~ log(p) T
Such latent-variable graphical models can be consistently estimated as long as

n ~ p polylog(p).

For standard graphical model selection with no latent variables, £-regularized
maximum-likelihood is shown to be consistent with n = O(log p) samples [26].
On the other hand, our results prove consistency in the setting with latent variables
when n = O(p) samples. It would be interesting to study whether these rates are
inherent to latent-variable model selection.

4.3. Rates for covariance matrix estimation. Theorem 4.1 gives conditions
under which we can consistently estimate the sparse and low-rank parts that
compose the marginal concentration matrix K o Here we state a corollary that
gives rates for covariance matrix estimation, that is, the quality of the estimate
(S‘n —L 2~ with respect to the “true” marginal covariance matrix X7,.

COROLLARY 4.3. Under the same conditions as in Theorem 4.1, we have with
probability greater than 1 — 2 exp{— p} that

tred 7 vl v
& AIG = L™ = Zp) < 1+ " |
This corollary implies that ||($, — L)™' = £ ll2 < 77,/2 based on the choice

of A, in Theorem 4.1, and that [|(S, — L)™' — 2% |2 < M(Q)\/% based on the
choice of X, in Corollary 4.2.

5. Proofs.
5.1. Proofs of Section 3. Here we give proofs of the results stated in Section 3.

PROOF OF LEMMA 3.1. Since p(T1, T2) < 1, the largest principal angle be-
tween T and T is strictly less than 7. Consequently, the mapping Pr, : T1 — T
restricted to 77 is bijective (as it is injective, and the spaces 77, 7> have the same
dimension). Consider the maximum and minimum gains of Py, restricted to 77;
forany M € Ty, ||M||, = 1:

IPr,(M)l2 = IM + [Pr, = PriJ(M) |2 € [1 — p(T1, T2), 1 + p(T1, T2)].



LATENT VARIABLE MODEL SELECTION 1955

Therefore, we can rewrite £(73) as follows:

§(T) =~ max [[Nfeo=  max [Pr,(N)lew
NeTy,|[N|2<1 NeTy [N |21
< IP1, (N) [l oo

< max
NeTy,|IN[2=1/(A—p(T1,T2))

< max N Pr. — Pr, 1(N
_NeTl,||N||2§1/<1—p(T1,T2)>[” lloo + 1Py 7] (N) lloo ]

< T ET a0 = PrlV)
< T[S0+ s 1P = Pl 1]

—[&(T; T1, 15)].
< l—p(T1,T2)[$( 1)+ p(T, )]

This concludes the proof of the lemma. [J

PROOF OF LEMMA 3.2.  We have that AT A(S, L)=(S+L, S+ L); therefore,
Py AT APy (S, L) = (S + Pa(L), Pr(S) + L). We need to bound ||.S + Pq(L)||oo
and ||Pr(S) + L||,. First, we have

IS+ Pa(L)lloo € [IISlloc — IPa(L) llocs 1Slloo + P(L)loc]

S Sloo = lILlloos 1STloo + I Lloo]
Cly —&@),y +&(M)]

Similarly, one can check that

IPr(S) + Lll2 € [=IPr (2 + I LlI2, IPr(S)ll2 + [IL1l2]

C[1—=2[Sll2, 1 +2[S]2]
C 1 =2yu(2), 1 +2yu(2)].

These two bounds give us the desired result. [

PROOF OF PROPOSITION 3.3. Before proving the two parts of this proposition

we make a simple observation about &(7") using the condition that p(7, T") < 5(2—“
by applying Lemma 3.1:

T T,T 36(T) /2
§(T)+ p( : )S §(1)/ <36(T).
1 —p(T, T 1-8(T)/2
Here we used the property that £(7") < 1 in obtaining the final inequality. Conse-

E(T) <

quently, noting that y € [ (Z;Z)S(T), 5 ,3(2—1)3) M(Q)] implies that
, E(T") Vo
(5.1 x (€2, T, y) =max 21 (S2)y Em-
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Part 1: The proof of this step proceeds in a similar manner to that of Lemma 3.2.
First we have for S € Q, L € T’ with ||S||oo =y, [L|l2 = I:

IPRZ*(S+ L) lloc = I1PRZ*Slloo = PRI Llloo = oy — IZ*Llloo = ay — BE(T).

Next, under the same conditions on S, L,
IPrZ*(S+ L)ll2 > P Z*Lll2 — P Z*Sl2 > a = 2| Z*S|l2 > & — 2B1(Q)y
Combining these last two bounds with (5.1), we conclude that

min Py ATT* APy(S, L
S0V L L= 87 P v(S. L)
E(T) } va 2l - v) o

2y > — «
R e )

Za—ﬂmax{

where the final inequality follows from the assumption that v € (0, %].
Part 2: Note that for § € Q, L € T" with ||S]locc <y, IL|2 <1,

IP@rZ*(S + Llloo < IPa1T*Slloo + PorT*Lllec < 8y + BE(T).

Similarly,
IPrZ*(S + L)ll2 < IPprT*Sll2 + Pr L2 < By n() + 6.
Combining these last two bounds with the bounds from the first part, we have that
1Py ATT* APy (Py ATT* APy) g, -,
_ 8+ Bmax(E(T)/y. 20y} _ §+va/2—v)
T a—pmax{§(T)/y, 2u(Q)y} T a —va/2-v)
- 1 -2v)a+va/2—v)
- oa—va/(2—v)
This concludes the proof of the proposition. [

=1—-v.

5.2. Proof strategy for Theorem 4.1. Standard results from convex analysis
[28] state that (S,,, Ln) is a minimum of the convex program (1.2) if the zero ma-
trix belongs to the subdifferential of the objective function evaluated at (S,,, L,,)
[in addition to (Sn, Ln) satisfying the constraints]. Elements of the subdifferentials
with respect to the £ norm and the nuclear norm at a matrix M have the key prop-
erty that they decompose with respect to the tangent spaces $2(M) and T (M) [34].
This decomposition property plays a critical role in our analysis. In particular it
states that the optimality conditions consist of two parts, one part corresponding to
the tangent spaces 2 and 7 and another corresponding to the normal spaces Q-+
and T+.

Our analysis proceeds by constructing a primal-dual pair of variables that cer-
tify optimality with respect to (1.2). Consider the optimization problem (1.2) with
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the additional (nonconvex) constraints that the variable S belongs to the algebraic
variety of sparse matrices and that the variable L belongs to the algebraic variety
of low-rank matrices. While this new optimization problem is nonconvex, it has a
very interesting property. At a globally optimal solution (and indeed at any locally
optimal solution) (S L) such that S and L are smooth points of the algebraic va-
rieties of sparse and low-rank matrices, the first-order optimality conditions state
that the Lagrange multipliers corresponding to the additional variety constraints
must lie in the normal spaces Q(S’)l and T (L)1. This basic observation, com-
bined with the decomposition property of the subdifferentials of the £1 and nuclear
norms, suggests the following high-level proof strategy: considering the solution
(S, L) of the variety-constrained problem, we show under suitable conditions that
the second part of the subgradient optimality conditions of (1.2) (without any Va—
riety constraints) corresponding to components in the normal spaces Q(S)* an
T(L)L is also satisfied by (S L) Thus, we show that (S L) satisfies the optlmahty
conditions of the original convex program (1.2). Consequently (S L) is also the
optimum of the convex program (1.2). As this estimate is obtained as the solution
to the problem with the variety constraints, the algebraic correctness of (S, L) can
be directly concluded. We emphasize here that the variety-constrained optimiza-
tion problem is used solely as an analysis tool in order to prove consistency of the
estimates provided by the convex program (1.2). The key technical complication is
that the tangent spaces at L and L* are in general different. We bound the twisting
between these tangent spaces by using the fact that the minimum nonzero singular
value of L* is bounded away from zero (as assumed in Theorem 4.1; see also the
supplement [6]).

5.3. Results proved in supplement. In this section we give the statements of
some results that are proved in a separate supplement [6]. These results are critical
to the proof of our main theorem, but they deal mainly with nonstatistical aspects
such as the curvature of the algebraic variety of low-rank matrices. Recall that
Q=Q(S*) and T = T (L*). We also refer frequently to the constants defined in
Theorem 4.1.

As the gradient of the log-determinant function is given by a matrix inverse,
a key step in analyzing the properties of the convex program (1.2) is to show
that the change in the inverse of a matrix due to small perturbations is well-
approximated by the first-order term in the Taylor series expansion. Consider the
Taylor series of the inverse of a matrix:

M+ =M —MTIAMT F Ry (D),
where
o0
Ry-1(A)y=M""! [Z(—AM*)"]
k=2

This infinite sum converges for A sufficiently small. The following proposition
provides a bound on the second-order term specialized to our setting:
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PROPOSITION 5.1. Suppose that y is in the range given by Proposition 3.3.
Further suppose Ag € 2, and let g, (Ag, AL) < 5. Then we have that
chl 8y (As, AL)2
§(T)

Next we analyze the following convex program subject to certain additional
constraints:

(Sq. L) = arf,;mintr[(s — L)X%] —logdet(S — L) + Ay [ISIlt + IIL 1]
,L
5.2)

gy (AT Rz (A(Ag, ApL))) <

s.t.S—L>0,SeQ,LeT,

for some subspace T. Comparing (5.2) with the convex program (1.2), we also do
not constrain the variable L to be positive semidefinite in (5.2) for ease of proof of
the next result (see the supplement [6] for more details; recall that the nuclear norm
of a positive-semidefinite matrix is equal to its trace). We show that if T is any
tangent space to the low-rank matrix variety such that p(T, T) < @ , then we can
bound the error (Ag, Ar) = (39 — S*, L* — if). Let C; = P7.(L*) denote the
normal component of the true low-rank matrix at 7, and let E,, = X} — X, denote
the difference between the true marginal covariance and the sample covariance.
The proof of the following result uses Brouwer’s fixed-point theorem [25], and is
inspired by the proof of a similar result in [26] for standard sparse graphical model
recovery without latent variables.

PROPOSITION 5.2. Let the error (As, AL) in the solution of the convex pro-
gram (5.2) [with T such that p(T,T) < %] be as defined above, and define

8
r= max{;[gy(ATEn) + 8y (ATI*Cf) + Anl, ||CT’||2}-

a&(T)
64Dy C

Ifr < min{% } for y as in Proposition 3.3, then g, (Ag, Ap) <2r.

Finally we give a proposition that summarizes the algebraic component of our
proof.

PROPOSITION 5.3. Assume that y is in the range specified by Proposi-

n }\n n 3a(2— .
tion3.3,0 > SC(LTX)Z,G > ifg) gV(A E) < 6()5 vv),andthatkn < Hmm{%,
a&(T)

64Dy C2 }. Then there exists a T' and a corresponding unique solution (Sa, L17) of
1

(5.2) with T = T’ with the following properties:

(1) sign(S) = sign(§*) and rank(L7/) = rank(L*), with Ly > 0. Further
T(Ly)=T"and p(T,T') < #-
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(2) Letting Cpr = PpL(L*) we have that g, (ATT*Cr) < 22Y~ and that

6(2—v)°
16(3—v))1,
ICr 1l < 1§55

Further, if g, (ATREE(A(SQ — S*, L* — iT/))) < %, then the tangent space

constraints S € 2, L GAT/ are inactive in (5.2). Consequently the unique solution
0f(12) is (Su, Ln) = (Sq, L17).

5.4. Probabilistic analysis. The results given thus far in this section have been
completely deterministic in nature. Here we present the probabilistic component of
our proof by studying the rate at which the sample covariance matrix X}, converges
to the true covariance matrix X7, in spectral norm. This result is well known and
follows directly from Theorem II.13 in [8]; we mainly discuss it here for complete-
ness and also to show explicitly the dependence on v = || X, ||2 defined in (3.4).
See the supplement [6] for a proof.

LEMMA 5.4. Let = ||Z} 2. Given any § > 0 with § < 8y, let the number

2
of samples n be such that n > %. Then we have that

2
Pr[||2’5—2*0||2>8]<2exp{— no }
=ol= 12842

The following corollary relates the number of samples required for an error
bound to hold with probability 1 — 2 exp{—p}.

COROLLARY 5.5. Let XY, be the sample covariance formed from n samples
of the observed variables. Set &, = +/ lzgnﬂ. Ifn>2p, then

Pr{[| 2% — Zpll2 < 8,1 > 1 —2exp{—p}.
PROOF. Note that n > 2p implies that §,, < 8, and apply Lemma 5.4. [J

5.5. Proof of Theorem 4.1 and Corollary 4.3. We first combine the results

obtained thus far to prove Theorem 4.1. Set E, = X, — X7, set §, =/ %pwz’

and then set A, = %. This setting of A, is equivalent to the specification in

the statement of Theorem 4.1.

PROOF OF THEOREM 4.1. We mainly need to show that the various suffi-
cient conditions of Proposition 5.3 are satisfied. We condition on the event that
|Ex |2 < 85, which holds with probability greater than 1 — 2 exp{— p} from Corol-
lary 5.5 as n > 2 p by assumption. Based on the bound on n, we also have that

5, gs(T)z[ivmin{L, e }]
323 —v)D 4Cy’ 256D (3 — V)Y C3



1960 V. CHANDRASEKARAN, P. A. PARRILO AND A. S. WILLSKY

In particular, these bounds imply that

< 7a§(T)v min{ ! @ (T) }
"=32B3-v)D ACy° 64D1pc2
(5.3)
Ole(T)ZUZ

T 8192y C3(3 —v)2D?

Both these weaker bounds are used later.

Based on the assumptions of Theorem 4.1, the requirements of Proposition 5.3
on o and 0 are satisfied. Next we verify the bounds on A, and g, (ATE,). Based
on the setting of X,, above and the bound on §,, from (5.3), we have that

__6D(2—v)s, - 3(2—v) { 1 a&(T) }

n= < min
E(T)v 16(3 — v) 4C1’ 64Dy C2
Next we combine the facts that A, = % and that || E,|[» < §, to conclude
that
Dé ApV
5.4 ATE)< ="
(5.4) gy (ATEn) = Lot = 5

Thus, we have from Proposition 5.3 that there exists a T’ and corresponding
solution (Sg, LT/) of (5.2) with the prescribed properties. Next we apply Propo-
sition 5.2 with 7 = T’ to bound the error (Sq — S*, L* — Lyv). Noting that
o(T, T < E(4T), we have that

8 § T 8 v
gy (AT B +8,(ATCr) + 40 = | 55—+ 1o

(5.5) _16G - v,
3a(2 —v)

(5.6) _326-vbo
a&(T)v
1 a&(T)

67 Smm{4C1 64D1//C2}

In the first inequality we used the fact that g, (ATEn) < 632" ) (from above)

and that g, (ATZ*Cy) is similarly bounded (from Proposition 5.3). In the second
equality we used the relation A, = W In the final inequality we used the
bound on §, from (5.3). This satisfies one of the requirements of Proposition 5.2.
The second requirement of Proposition 5.2 on ||C7||7 is also similarly satisfied as
we have that ||C7/]2 < % from Proposition 5.3, and we use the same se-

quence of inequalities as above. Thus we conclude from Proposition 5.2 and from
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(5.5) that

n A 323 —v)A 1
3 (2 —v) ET)Vn
Here the last inequality follows from the bound on 4.

If we show that (S,, L) = (Sq, L7/), we can conclude the proof of The-
orem 4.1 since algebraic correctness of (Sq, L7/) holds from Proposition 5.3
and the estimation error bound follows from (5.8). In order to complete this fi-
nal step, we again revert to Proposition 5.3 and prove the requisite bound on
8y (A" Rz (A(Sq — §*, L* — L11)).

Since the bound (5.8) combined with the inequality (5 7) satlsﬁes the condition

of Proposition 5.1 [i.e., we have that gy(SQ — §* L* — LT/) < 2c IK
. . 2DYC? . .
gy (ATRss (A(Sq — §*. L* — L1))) < T Le,(Sq— 8%, L* — Ly)?
2 2
- 2Dy Cy (64(3 — v)D) 52
- &) a(T)v "
B [8192¢Cf(3 —v)2D? } Dé,
B a28(T)2v: &)
- Dé,
§(T)
_ AV
T 6(2—v)
In the second inequality we used (5.6) and (5.8), in the final inequality we used the
bound (5.3) on §,, and in the final equality we used the relation A, = %.
O

PROOF OF COROLLARY 4.3. Based on the optimality conditions of the mod-
ified convex program (5.2), we have that
g)/ (AT[(gn - in)_l - 2:’(1)]) = )Mn~
Combining this with the bound (5.4) yields the desired result. []

6. Simulation results. In this section we give experimental demonstration of
the consistency of our estimator (1.2) on synthetic examples, and its effectiveness
in modeling real-world stock return data. Our choices of A, and y are guided by

Theorem 4.1. Specifically, we choose A, to be proportional to \/g . For y we ob-

serve that the support/sign-pattern and the rank of the solution (Sy, L) are the
same for a range of values of y. Therefore one could solve the convex program
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(1.2) for several values of y, and choose a solution in a suitable range in which
the sign-pattern and rank of the solution are stable (see [7] for details). In prac-
tical problems with real-world data these parameters may be chosen via cross-
validation (it would be of interest to consider methods such as those developed
in [24]). For small problem instances we solve the convex program (1.2) using
a combination of YALMIP [21] and SDPT3 [31]. For larger problem instances
we use the special-purpose solver LogdetPPA [33] developed for log-determinant
semidefinite programs.

6.1. Synthetic data. In the first set of experiments we consider a setting in
which we have access to samples of the observed variables of a latent-variable
graphical model. We consider several latent-variable Gaussian graphical models.
The first model consists of p = 36 observed variables and /& = 2 latent variables.
The conditional graphical model structure of the observed variables is a cycle with
the edge partial correlation coefficients equal to 0.25; thus, this conditional model
is specified by a sparse graphical model with degree 2. The second model is the
same as the first one, but with 2 = 3 latent variables. The third model consists of
h =1 latent variable, and the conditional graphical model structure of the observed
variables is given by a 6 x 6 nearest-neighbor grid (i.e., p = 36 and degree 4) with
the partial correlation coefficients of the edges equal to 0.15. In all three of these
models each latent variable is connected to a random subset of 80% of the observed
variables (and the partial correlation coefficients corresponding to these edges are
also random). Therefore the effect of the latent variables is “spread out” over most
of the observed variables, that is, the low-rank matrix summarizing the effect of
the latent variables is incoherent.

For each model we generate n samples of the observed variables, and use the
resulting sample covariance X7, as input to our convex program (1.2). Figure 1
shows the probability of obtaining algebraically correct estimates as a function
of n. This probability is evaluated over 50 experiments for each value of n. In all
of these cases standard graphical model selection applied directly to the observed
variables is not useful as the marginal concentration matrix of the observed vari-
ables is not well-approximated by a sparse matrix. These experiments agree with
our theoretical results that the convex program (1.2) is an algebraically consistent
estimator of a latent-variable model given (sufficiently many) samples of only the
observed variables.

6.2. Stock return data. In the next experiment we model the statistical struc-
ture of monthly stock returns of 84 companies in the S&P 100 index from 1990 to
2007; we disregard 16 companies that were listed after 1990. The number of sam-
ples n is equal to 216. We compute the sample covariance based on these returns
and use this as input to (1.2).

The model learned using (1.2) for suitable values of X,, y consists of & =5
latent variables, and the conditional graphical model structure of the stock re-
turns conditioned on these latent components consists of 135 edges. Therefore
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FI1G. 1. Synthetic data: plot showing probability of algebraically correct estimation. The three mod-
els studied are (a) 36-node conditional graphical model given by a cycle with h =2 latent variables,
(b) 36-node conditional graphical model given by a cycle with h = 3 latent variables and (c) 36-node
conditional graphical model given by a 6 x 6 grid with h = 1 latent variable. For each plotted point,
the probability of algebraically correct estimation is obtained over 50 random trials.

the number of parameters in the model is 84 + 135 + (5 x 84) = 639. The result-
ing KL divergence between the distribution specified by this model and a Gaus-
sian distribution specified by the sample covariance is 17.7. Figure 2 (left) shows
the conditional graphical model structure. The strongest edges in this conditional
graphical model, as measured by partial correlation, are between Baker Hughes—

IPrra - T a4

' .
Ldagen 0

= rahil
n

FI1G. 2. Stock returns: the figure on the left shows the sparsity pattern (black denotes an edge, and
white denotes no edge) of the concentration matrix of the conditional graphical model (135 edges)
of the stock returns, conditioned on five latent variables, in a latent-variable graphical model (total
number of parameters equals 639). This model is learned using (1.2), and the KL divergence with
respect to a Gaussian distribution specified by the sample covariance is 17.7. The figure on the right
shows the concentration matrix of the graphical model (646 edges) of the stock returns, learned using
standard sparse graphical model selection based on solving an {1 -regularized maximum-likelihood
program (total number of parameters equals 730). The KL divergence between this distribution and
a Gaussian distribution specified by the sample covariance is 44.4.
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Schlumberger, A.T.&T.—Verizon, Merrill Lynch-Morgan Stanley, Halliburton—
Baker Hughes, Intel-Texas Instruments, Apple—Dell, and Microsoft-Dell. It is of
interest to note that in the Standard Industrial Classification* system for grouping
these companies, several of these pairs are in different classes. As mentioned in
Section 2.1, our method estimates a low-rank matrix that summarizes the effect of
the latent variables; in order to factorize this low-rank matrix, for example, into
sparse factors, one could use methods such as those described in [35].

We compare these results to those obtained using a sparse graphical model
learned using £;-regularized maximum-likelihood (see, e.g., [26]), without intro-
ducing any latent variables. Figure 2 (right) shows this graphical model structure.
The number of edges in this model is 646 (the total number of parameters is equal
to 646 + 84 = 730), and the resulting KL divergence between this distribution and
a Gaussian distribution specified by the sample covariance is 44.4.

These results suggest that a latent-variable graphical model is better suited than
a standard sparse graphical model for modeling stock returns. This is likely due to
the presence of global, long-range correlations in stock return data that are better
modeled via latent variables.

7. Discussion. We have studied the problem of modeling the statistical struc-
ture of a collection of random variables as a sparse graphical model conditioned
on a few additional latent components. As a first contribution we described con-
ditions under which such latent-variable graphical models are identifiable given
samples of only the observed variables. We also proposed a convex program based
on £1 and nuclear norm regularized maximum-likelihood for latent-variable graph-
ical model selection. Given samples of the observed variables of a latent-variable
Gaussian model, we proved that this convex program provides consistent esti-
mates of the number of latent components as well as the conditional graphical
model structure among the observed variables conditioned on the latent compo-
nents. Our analysis holds in the high-dimensional regime in which the number of
observed/latent variables are allowed to grow with the number of samples of the
observed variables. These theoretical predictions are verified via a set of experi-
ments on synthetic data. We also demonstrate the effectiveness of our approach in
modeling real-world stock return data.

Several questions arise that are worthy of further investigation. While (1.2) can
be solved in polynomial time using off-the-shelf solvers, it is preferable to develop
more efficient special-purpose solvers to scale to massive datasets by taking ad-
vantage of the structure of (1.2). It is also of interest to develop statistically consis-
tent convex optimization methods for latent-variable modeling with non-Gaussian
variables, for example, for categorical data.

4See the U.S. SEC website at http://www.sec.gov/info/edgar/siccodes.htm.
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SUPPLEMENTARY MATERIAL

Supplement to ‘“Latent variable graphical model selection via convex opti-
mization” (DOI: 10.1214/11-AOS949SUPP; .pdf). Due to space constraints, we
have moved some technical proofs to a supplementary document [6].

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(1]

(12]

(13]

[14]

[15]

REFERENCES

BICKEL, P. J. and LEVINA, E. (2008). Regularized estimation of large covariance matrices.
Ann. Statist. 36 199-227. MR2387969

BICKEL, P. J. and LEVINA, E. (2008). Covariance regularization by thresholding. Ann. Statist.
36 2577-2604. MR2485008

CANDES, E. J., L1, X., MA, Y. and WRIGHT, J. (2011). Robust principal component analysis?
J.ACM 58 Art. 11, 37. MR2811000

CANDES, E. J. and RECHT, B. (2009). Exact matrix completion via convex optimization.
Found. Comput. Math. 9 717-772. MR2565240

CANDES, E. J., ROMBERG, J. and TAO, T. (2006). Robust uncertainty principles: Exact sig-
nal reconstruction from highly incomplete frequency information. IEEE Trans. Inform.
Theory 52 489-509. MR2236170

CHANDRASEKARAN, V., PARRILO, P. A. and WILLSKY, A. S. (2011). Supplement to
“Latent variable graphical model selection via convex optimization.” DOI:10.1214/11-
AOS949SUPP.

CHANDRASEKARAN, V., SANGHAVI, S., PARRILO, P. A. and WILLSKY, A. S. (2011). Rank-
sparsity incoherence for matrix decomposition. SIAM J. Optim. 21 572-596. MR2817479

DAVIDSON, K. R. and SZAREK, S. J. (2001). Local operator theory, random matrices and
Banach spaces. In Handbook of the Geometry of Banach Spaces, Vol. I 317-366. North-
Holland, Amsterdam. MR 1863696

DEMPSTER, A. P., LAIRD, N. M. and RUBIN, D. B. (1977). Maximum likelihood from in-
complete data via the EM algorithm. J. Roy. Statist. Soc. Ser. B 39 1-38.

DoNoHO, D. L. (2006). For most large underdetermined systems of linear equations the min-
imal /1 -norm solution is also the sparsest solution. Comm. Pure Appl. Math. 59 797-829.
MR2217606

DoNOHO, D. L. (2006). Compressed sensing. IEEE Trans. Inform. Theory 52 1289-1306.
MR2241189

EL KAROUI, N. (2008). Operator norm consistent estimation of large-dimensional sparse co-
variance matrices. Ann. Statist. 36 2717-2756. MR2485011

ELIDAN, G., NACHMAN, I. and FRIEDMAN, N. (2007). “Ideal parent” structure learning for
continuous variable Bayesian networks. J. Mach. Learn. Res. 8 1799-1833. MR2353820

FAN, J., FAN, Y. and Lv, J. (2008). High dimensional covariance matrix estimation using a
factor model. J. Econometrics 147 186—-197. MR2472991

FAZEL, M. (2002). Matrix rank minimization with applications. Ph.D. thesis, Dept. Elec. Eng.,
Stanford Univ.


http://dx.doi.org/10.1214/11-AOS949SUPP
http://www.ams.org/mathscinet-getitem?mr=2387969
http://www.ams.org/mathscinet-getitem?mr=2485008
http://www.ams.org/mathscinet-getitem?mr=2811000
http://www.ams.org/mathscinet-getitem?mr=2565240
http://www.ams.org/mathscinet-getitem?mr=2236170
http://dx.doi.org/10.1214/11-AOS949SUPP
http://www.ams.org/mathscinet-getitem?mr=2817479
http://www.ams.org/mathscinet-getitem?mr=1863696
http://www.ams.org/mathscinet-getitem?mr=2217606
http://www.ams.org/mathscinet-getitem?mr=2241189
http://www.ams.org/mathscinet-getitem?mr=2485011
http://www.ams.org/mathscinet-getitem?mr=2353820
http://www.ams.org/mathscinet-getitem?mr=2472991
http://dx.doi.org/10.1214/11-AOS949SUPP

1966
[16]
(17]
[18]
[19]
(20]

[21]

(22]
(23]
[24]
[25]

[26]

[27]

(28]
(29]
(30]

(31]

(32]

(33]

[34]

(35]

[36]

V. CHANDRASEKARAN, P. A. PARRILO AND A. S. WILLSKY

HORN, R. A. and JOHNSON, C. R. (1990). Matrix Analysis. Cambridge Univ. Press, Cam-
bridge. MR1084815

JOHNSTONE, I. M. (2001). On the distribution of the largest eigenvalue in principal compo-
nents analysis. Ann. Statist. 29 295-327. MR1863961

LAM, C. and FAN, J. (2009). Sparsistency and rates of convergence in large covariance matrix
estimation. Ann. Statist. 37 4254-4278. MR2572459

LAURITZEN, S. L. (1996). Graphical Models. Oxford Statistical Science Series 17. Oxford
Univ. Press, New York. MR1419991

LEDOIT, O. and WOLF, M. (2004). A well-conditioned estimator for large-dimensional co-
variance matrices. J. Multivariate Anal. 88 365-411. MR2026339

LOFBERG, J. (2004). YALMIP: A toolbox for modeling and optimization in MATLAB. In Pro-
ceedings of the CACSD Conference, Taiwan. Available at http://control.ee.ethz.ch/~joloet/
yalmip.php.

MARCENKO, V. A. and PASTUR, L. A. (1967). Distribution of eigenvalues in certain sets of
random matrices. Mat. Sb. 72 507-536. MR0208649

MEINSHAUSEN, N. and BUHLMANN, P. (2006). High-dimensional graphs and variable selec-
tion with the lasso. Ann. Statist. 34 1436-1462. MR2278363

MEINSHAUSEN, N. and BUHLMANN, P. (2010). Stability selection. J. R. Stat. Soc. Ser. B Stat.
Methodol. 72 417-473. MR2758523

ORTEGA, J. M. and RHEINBOLDT, W. C. (1970). Iterative Solution of Nonlinear Equations in
Several Variables. Academic Press, New York. MR0273810

RAVIKUMAR, P., WAINWRIGHT, M. J., RASKUTTI, G. and YU, B. (2011). High-dimensional
covariance estimation by minimizing ¢ -penalized log-determinant divergence. Electron.
J. Stat. 4 935-980.

RECHT, B., FAZEL, M. and PARRILO, P. A. (2010). Guaranteed minimum-rank solutions
of linear matrix equations via nuclear norm minimization. SIAM Rev. 52 471-501.
MR2680543

ROCKAFELLAR, R. T. (1996). Convex Analysis. Princeton Univ. Press, Princeton, NJ.
MR1451876

ROTHMAN, A.J., BICKEL, P. J., LEVINA, E. and ZHU, J. (2008). Sparse permutation invari-
ant covariance estimation. Electron. J. Stat. 2 494-515. MR2417391

SPEED, T. P. and KIIVERI, H. T. (1986). Gaussian Markov distributions over finite graphs.
Ann. Statist. 14 138-150. MR0829559

ToH, K. C., TopD, M. J. and TUTUNCU, R. H. (1999). SDPT3—a MATLAB software
package for semidefinite-quadratic-linear programming. Available at http://www.math.
nus.edu.sg/~mattohkc/sdpt3.html.

WAINWRIGHT, M. J. (2009). Sharp thresholds for high-dimensional and noisy sparsity recov-
ery using ¢1-constrained quadratic programming (Lasso). [EEE Trans. Inform. Theory 55
2183-2202. MR2729873

WANG, C., SUN, D. and ToH, K.-C. (2010). Solving log-determinant optimization prob-
lems by a Newton-CG primal proximal point algorithm. SIAM J. Optim. 20 2994-3013.
MR2735941

WATSON, G. A. (1992). Characterization of the subdifferential of some matrix norms. Linear
Algebra Appl. 170 33-45. MR1160950

WITTEN, D. M., TIBSHIRANI, R. and HASTIE, T. (2009). A penalized matrix decomposi-
tion, with applications to sparse principal components and canonical correlation analysis.
Biostatistics 10 515-534.

Wu, W. B. and POURAHMADI, M. (2003). Nonparametric estimation of large covariance ma-
trices of longitudinal data. Biometrika 90 831-844. MR2024760


http://www.ams.org/mathscinet-getitem?mr=1084815
http://www.ams.org/mathscinet-getitem?mr=1863961
http://www.ams.org/mathscinet-getitem?mr=2572459
http://www.ams.org/mathscinet-getitem?mr=1419991
http://www.ams.org/mathscinet-getitem?mr=2026339
http://control.ee.ethz.ch/~joloef/yalmip.php
http://www.ams.org/mathscinet-getitem?mr=0208649
http://www.ams.org/mathscinet-getitem?mr=2278363
http://www.ams.org/mathscinet-getitem?mr=2758523
http://www.ams.org/mathscinet-getitem?mr=0273810
http://www.ams.org/mathscinet-getitem?mr=2680543
http://www.ams.org/mathscinet-getitem?mr=1451876
http://www.ams.org/mathscinet-getitem?mr=2417391
http://www.ams.org/mathscinet-getitem?mr=0829559
http://www.math.nus.edu.sg/~mattohkc/sdpt3.html
http://www.ams.org/mathscinet-getitem?mr=2729873
http://www.ams.org/mathscinet-getitem?mr=2735941
http://www.ams.org/mathscinet-getitem?mr=1160950
http://www.ams.org/mathscinet-getitem?mr=2024760
http://control.ee.ethz.ch/~joloef/yalmip.php
http://www.math.nus.edu.sg/~mattohkc/sdpt3.html

LATENT VARIABLE MODEL SELECTION 1967

[37] ZHAO, P. and YU, B. (2006). On model selection consistency of Lasso. J. Mach. Learn. Res.
7 2541-2563. MR2274449

V. CHANDRASEKARAN P. A. PARRILO
DEPARTMENT OF COMPUTING A.S. WILLSKY
AND MATHEMATICAL SCIENCES LABORATORY FOR INFORMATION

CALIFORNIA INSTITUTE OF TECHNOLOGY AND DECISION SYSTEMS

PASADENA, CALIFORNIA 91106 DEPARTMENT OF ELECTRICAL ENGINEERING

USA AND COMPUTER SCIENCE

E-MAIL: venkatc @caltech.edu MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS 02139
USA

E-MAIL: parrilo@mit.edu
willsky @mit.edu


http://www.ams.org/mathscinet-getitem?mr=2274449
mailto:venkatc@caltech.edu
mailto:parrilo@mit.edu
mailto:willsky@mit.edu

	Introduction and setup
	Graphical models
	Our setup
	Contributions
	Related previous work
	Outline

	Problem statement and background
	Problem statement
	Goal
	Our approach

	Likelihood function and Fisher information
	Algebraic varieties of sparse and low-rank matrices
	Curvature of rank variety


	Identifiability
	Structure between latent and observed variables
	Structure among observed variables
	Transversality of tangent spaces
	Conditions on Fisher information
	Remarks


	Consistency of regularized maximum-likelihood program
	Main results
	Scaling regimes
	Rates for covariance matrix estimation

	Proofs
	Proofs of Section 3
	Proof strategy for Theorem 4.1
	Results proved in supplement
	Probabilistic analysis
	Proof of Theorem 4.1 and Corollary 4.3

	Simulation results
	Synthetic data
	Stock return data

	Discussion
	Acknowledgments
	Supplementary Material
	References
	Author's Addresses

