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Abstract. We introduce a flexible optimization framework for nuclear norm minimization of
matrices with linear structure, including Hankel, Toeplitz, and moment structures and catalog appli-
cations from diverse fields under this framework. We discuss various first-order methods for solving
the resulting optimization problem, including alternating direction methods of multipliers, proxi-
mal point algorithms, and gradient projection methods. We perform computational experiments to
compare these methods on system identification problems and system realization problems. For the
system identification problem, the gradient projection method (accelerated by Nesterov’s extrapola-
tion techniques) and the proximal point algorithm usually outperform other first-order methods in
terms of CPU time on both real and simulated data, for small and large regularization parameters,
respectively, while for the system realization problem, the alternating direction method of multipli-
ers, as applied to a certain primal reformulation, usually outperforms other first-order methods in
terms of CPU time. We also study the convergence of the proximal alternating direction methods of
multipliers used in this paper.
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1. Introduction. The matrix rank minimization problem, or minimizing the
rank of a matrix subject to convex constraints, has recently attracted much interest.
This problem arises in many engineering and statistical modeling applications, where
notions of order, dimensionality, or complexity of a model can be expressed by the
rank of an appropriate matrix. Thus, choosing the “simplest” model that is consistent
with observations or data often translates into finding a matrix with the smallest
rank subject to convex constraints. Rank minimization is NP-hard in general, and
a popular convex heuristic for it minimizes the nuclear norm of the matrix (the sum
of the singular values) instead of its rank [17, 47]. The regularized version of this
problem can be written as

. 1
(1) miny  5[IACX) = b + ] X]..

where X € R™*"™ is the optimization variable and A : R™*"™ — RP is a linear map,
b € RP, and p > 0 is the trade-off parameter between the nuclear norm and the
least-squares fitting error. Problem (1.1) has been widely studied, and recently a
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variety of efficient algorithms have been developed [5, 9, 27, 30, 31, 38, 52]. A special
case of this problem is the matrix completion problem [7, 8], which has applications
in collaborative filtering and machine learning. In this problem the measurements
are simply a subset of the entries of the matrix. The majority of existing work on
algorithms for problem (1.1) has concentrated on this special case.

In this paper, we focus on problems where we need to find a matrix X that, in
addition to being low-rank, is required to have a certain linear structure, for example,
(block-)Hankel, (block-)Toeplitz, or moment structure. Hankel (and Toeplitz) struc-
tures arise in dynamical systems problems discussed in section 1.1, while moment
structure comes up in Lasserre relaxations for minimizing polynomials [28]. We con-
sider problem (1.1), and represent the desired structure by a linear map X = H(y),
where y is our optimization variable. Note that if H(y) is a moment matrix, we need
to add the constraint H(y) = 0.

1.1. Motivating applications.

1.1.1. Applications in linear dynamical systems. Linear time-invariant
(LTT) systems have a long and successful history in modeling dynamical phenom-
ena in many fields, from engineering to finance. The goal of fitting an LTI model to
observed data gives rise to different classes of optimization problems, depending on
whether the model is parametric or black-box, given in time or frequency domain,
deterministic or stochastic, as well as on the type of data, e.g., input-output or state
measurements (see, e.g., [12, 19, 34]). In all these cases, picking the appropriate
model order or complexity and understanding its trade-off with the fitting or valida-
tion errors is crucial. In the problems described in this section, the system order or
complexity can be expressed as the rank of a Hankel-type matrix. We discuss some
of these problems in more detail in sections 4 and 5.

Minimal system realization with time-domain constraints. Consider the problem
of designing a discrete-time LTI dynamical system, directly from convex specifications
on the system’s response in the time domain; see, e.g., [18, 32]. Such a problem arises
in designing filters for signal processing and control applications. The objective is
to balance the order of the linear system with how well the specifications are met.
A low-order design is desired since, in practice, it translates into a system that is
easier and cheaper to build and analyze. Typical specifications are desired rise-time,
settling-time, slew-rate, and overshoot of the filter’s response to a step input signal.
These specifications can be expressed as upper and lower bounds on the step response
over a fixed time horizon, say N time samples. Equivalently, they can be written in
terms of the impulse response, which translate into linear inequality constraints on the
entries of a Hankel matrix whose rank corresponds to the system order or McMillan
degree; see, e.g., [51]. Using the nuclear norm heuristic for rank, we get

min ()]

(1.2) i |
st <>,y <b;, i=1,...,N,

where the optimization variable is y € R?V~! with g; corresponding to the value of
the impulse response at time 4, [; and b; denoting the bounds on the step response
given by the specifications, and H(y) denoting an N x N Hankel matrix; see [18] for
more details. Notice that this problem is not exactly in the form of (1.1); we shall
discuss how algorithms proposed in this paper can be extended to tackle this model
in Appendix A.
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Minimal partial realization. A related problem in linear system theory is the
minimal partial realization problem for multi-input, multi-output systems: given a
sequence of matrices Hg, kK = 1,..., N, find a minimal state space model, described
by a 3-tuple of appropriately sized matrices (A, B, C) such that H, = CA* 1B [51,
Chapter 6]. This problem is related to the above realization problem that handled a
single input and a single output. In this problem, the order of the system (minimal
size of a state-space representation) is equal to the rank of a block-Hankel matrix
consisting of the Hy; see [33, section IL.A].

Input-output system identification (system ID). Identifying a linear dynamical
system given noisy and/or partial observations of its inputs and outputs, also related
to time-series analysis, is a fundamental problem studied in a variety of fields [55, 56],
including signal processing, control, and robotics; see, e.g., [11, 34]. We will discuss
this problem and a Hankel rank formulation for it in detail in section 4.

Stochastic realization. Another fundamental problem in linear system theory is
finding a minimal stochastic ARMA (autoregressive moving average) model for a
vector random process, given noisy and/or partial estimates of process covariances
[12, 35]. The minimal order is the rank of a block-Hankel matrix consisting of the
exact covariances. This problem is discussed in detail in section 5.

1.1.2. Other applications.
Shape from moments estimation. Consider a polygonal region P in the complex
plane with ordered vertices z1, ..., z;,. Complex moments of P are defined as

TE 1= k‘(k‘ — 1)/ Zk_Qdﬂfdy, T0O =T1 = 07
P

and can be expressed as 1, = 2211 aizf, where m is the number of vertices and a;
are complex constants. The problem of determining P given its complex moments
has been studied in [16, 39, 50] and arises in many applications such as computer
tomography, where X-ray is used to estimate moments of mass distribution, and
geophysical inversion, where the goal is to estimate the shape of a region from external
gravitational measurements. Note that the number of vertices is equal to the rank of
the Hankel matrix consisting of the moments [16, 24]. In practice, often only noisy
or partial measurements of the complex moments are available, and the challenge is
to find a polygon with the minimum number of vertices that is consistent with the
measurements. Formulating this problem as a rank minimization problem, we propose
using the nuclear norm heuristic for rank. This leads to a problem of the form (1.1),
where the optimization variable is the vector of complex moments 7.

Moment matriz rank minimization for polynomial optimization. Suppose p(z),
r € R™, is a polynomial of degree d. Denote the corresponding moment matrix by
M (y), where y is the vectors of moments; i.e., y; corresponds to the ith monomial;
see [28, 29]. Moment matrices are important in Lasserre’s hierarchy of relaxations
for polynomial optimization, where a condition on the rank of the moment matrix
in successive relaxations in the hierarchy determines whether the relaxation is exact;
see, e.g., [29, section 5].

In the dual problem of representing a polynomial as a sum of squares of other
polynomials [45], the rank of the coefficient matrix equals the minimum number of
squared polynomials in the representation; thus the nuclear norm (or trace) penalty
helps find simpler representations. Note that in these problems we also have an
additional positive semidefinite constraint on the desired matrix.
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Further applications. Another application arises in video inpainting in computer
vision, where features extracted from video frames are interpolated by finding a low-
rank completion to a Hankel matrix, and help reconstruct the missing frames or
occluded parts of a frame [13].

Finally, our problem formulation also gives a relaxation for the problem known
as the structured total least-squares problem [10] studied extensively in the controls
community; see [36, 37]. Our algorithms are thus applicable to this set of problems
as well. A variety of applications are discussed in [37].

1.2. Our contributions. We introduce a flexible optimization framework for
nuclear norm minimization of linearly structured matrices, including Hankel, Toeplitz,
and moment matrices. We identify and catalog applications from diverse fields, some
of which have not been studied from this perspective before, for example, the shape
from moments estimation problem. In view of the wide applicability of the model
(1.1), it is important to find efficient algorithms for solving it. Along this direction,
recently, Liu and Vandenberghe [32] proposed an interior-point method for solving a
reformulation of problem (1.1), where they used the SDP (semidefinite programming)
representation for the nuclear norm and exploited the problem structure to efficiently
solve the Newton system. They applied their algorithm to the system identification
and system realization problems mentioned above. They showed that the cost per
iteration of the algorithm grows roughly as O(p gn?), where y € R™ and X = H(y) €
RP*? with y — H(y) being injective.

In this paper, we derive various primal and dual reformulations of problem (1.1)
(with X = H(y)) and propose several first-order methods for solving the reformu-
lations. In particular, we show that the alternating direction method of multipliers
and the proximal point algorithm can be suitably applied to solving reformulations
of (1.1). These methods have been widely used in the literature recently for solv-
ing (1.1), when no linear structure is imposed on X; see, e.g., [31, 58]. We discuss
implementation detail of these methods in sections 3.1 and 3.2. For these methods,
typically, each iteration involves a singular value decomposition whose cost grows as
O(p?q), where X = H(y) € RP*9 and p < ¢; see, e.g., [25, p. 254]. Next, in section 3.3,
assuming that A*A is invertible, we show that the (accelerated) gradient projection
algorithms can be efficiently applied to solve a dual reformulation of (1.1). In this
approach, each iteration also involves a singular value decomposition, and there is
an explicit upper bound on the number of iterations required to attain a certain ac-
curacy. This solution approach has been considered recently in [40] for solving the
system identification problem.

To demonstrate the computational efficiency of our algorithms, we apply them to
solving the input-output system identification problem and the stochastic system re-
alization problem mentioned in the previous subsection. For the system identification
problem, we consider both simulated data and real data from the DalSy database [11].
Our computational results show that the accelerated gradient projection algorithm
and the proximal point algorithm usually outperform other first-order methods for
this application in terms of CPU time for small and large regularization parameters,
respectively. We also observe that these methods significantly outperform the interior
point implementation proposed in [32]. For the system realization problem, we con-
sider only simulated data, and our computational results show that the alternating
direction method of multipliers, as applied to a certain primal reformulation of (1.1),
usually outperforms other first-order methods in terms of CPU time.

In addition, in Appendix B, we establish a general convergence result that covers

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/25/13 to 137.132.123.69. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

950 M. FAZEL, T. K. PONG, D. SUN, AND P. TSENG

all versions of proximal alternating direction methods of multipliers used in this paper.
Specifically, our theorem allows the use of positive semidefinite proximal terms under
some mild assumptions, and any step length chosen from (0, ‘/5;1). It covers many
existing convergence results and allows more flexible applications of the proximal

alternating direction methods of multipliers.

The rest of this paper is organized as follows. In section 1.3, we introduce no-
tation used in this paper. We then derive primal and dual reformulations of (1.1)
in section 2, and discuss several first-order methods for solving the reformulations in
section 3. In sections 4 and 5, we present computational results of our first-order meth-
ods for solving the system identification and system realization problems, respectively.
Concluding remarks are given in section 6. Finally, we discuss an alternative formu-
lation for modeling the structured matrix rank minimization problem in Appendix A,
and establish a convergence result that covers all versions of proximal alternating di-
rection methods of multipliers used in this paper in Appendix B. A brief description
of the classical subspace method for system identification is given in Appendix C, as
a supplement to section 4.1.2.

1.3. Notation. In this paper, R™ denotes the n-dimensional Euclidean space.
For a vector € R", ||z|| denotes the Euclidean norm of z. The set of all m x n
matrices with real entries is denoted by R™*™. For any A € R™*" ||A|l denotes
the spectral norm of A, |A||r denotes the Frébenius norm of A, [|A||. denotes the
nuclear norm of A (which is the sum of all singular values of A), and vec(A4) denotes
the column vector formed by stacking columns of A one by one. For two matrices
A and B in R™*" Ao B denotes the Hadamard (entrywise) product of A and B.
If a symmetric matrix A is positive semidefinite, we write A = 0. Linear maps will
be denoted by scripted letters. For a linear map A : R™*"™ — RP A* denotes the
adjoint of A, ||A|| denotes the spectral norm of A, while opax(A) and omin(A) denote
the maximum and minimum singular values of A, respectively. Finally, we denote the
identity matrix and identity map by I and Z, respectively, whose dimensions should
be clear from the context.

2. Basic problem formulations. Consider the following general Hankel matrix
nuclear norm minimization problem:

. 1
(2.1) vi=min f(y) == SlAW) = 0" + ulH )],
where A : Rm*n+k=1) 4 RP ig a linear map, b € R?, y = (yo yj+k—2) is an
m x n(j + k — 1) matrix with each y; being an m x n matrix fori =1,...,j+k — 2,

and H(y) := Hpn,jx(y) T with

Yo Y1 o Yk-l
yl y2 e Z/k 4
Hm,n,j,k(y) = . . . c ijxnk
Yi-1 Y o Yjrk—2

and T € R4, We assume without loss of generality that oya,(Y) < 1. In this
section, we derive primal and dual reformulations of (2.1).
First, using the substitutions Y = —H(y) and z = b— A(y), problem (2.1) can be
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reformulated as

1 2
o1 V.
min - Sz + Y]

st. Y+H(y) =0,
z+ Aly) =0.

(2.2)

From the reformulation (2.2), we can easily write down the Lagrange dual to (2.2)
(and hence, equivalently, to (2.1)) as follows:

v = min mexAx{;zn? T Yl — ALY+ H () — (e + Aly) b>}

Y.zy v,

. 1
— mas min {—|z||2 Y] = (ALY +HE) — (2 + Al) —b>}
v,A Y,zy 2

—mcguin { G141 = (72) + Y = (A,Y) = ((0) 4 A" + )

1
=m6}5<{—§|7|2 +(7b) s HI(A) + A% (7) =0, ATA < w} ,
s

where the second equality holds because of strong duality [48, Corollary 28.2.2]. The
dual problem can thus be rewritten as the minimization problem

, 1
min - d(y) == 5[lI* = b7y

(2.3) I . .
st. HY(A) + A*(7) =0,

ATA < MZI.

Alternatively, noting the fact that the nuclear norm is just the dual norm of the
spectral norm, one can derive a reduced dual problem as follows:

1 1
v = min 5 A@) = b+ p R = min max, SIAG) = b = (A7)

24) == min da(A) = sup { (0. H0) ~ 5140~ |

ATAjN2I Y

where the third equality holds because of the compactness of the spectral norm ball
[48, Corollary 37.3.2]. In the special case when A*A is invertible, the function ds has
a closed form representation. Indeed, in this case, writing R(A) := (A*A)~1H*(A)
and b := (A*A)"1A*b, we obtain that

da(A) = 5 (H*(A), R(A)) + 2(H(A), b) + (A"b,b) — [1b]*).

N =

Hence, when A*A is invertible, the reduced dual problem (2.4) is equivalent to

=l

min L (H(A), R(A)) + (H°(A),
st. ATA < 21

o5 )+ 5B — 5 b

Before ending this section, we derive an upper bound on the spectral norm of H*.
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Notice that H*(A) = H;

m,n,j,k

(ATT), where for any W e ijxnk

Woo Wo1 cee W k-1
. . wig w11 cee W k-1
m,n,j,k(W) = Tmon,jk
Wwj—-1,0 Wj—-1,1 - Wji—1k-1
= (woo wo1 +wWip Wo2 + w11 + w2 - - wj—l,k—l)
(2.6) € RM*it+k=2),

It follows from (2.6) that

IHy, ()T
= [lwool| % + llwor + wiol|F + lwoz + w11 + waol| % + -+ + [Jwj—1 k-1 |7

< Jlwool[F + 2([[wor I + llwiollF) + -+ + wj—1 k-1 17 < x| WI[E,
where r := min{j, k}. Combining this estimate with omax(T) < 1, we obtain that
11 (M < el AT < xf|All%,

and thus the spectral norm of H* is less than or equal to /.

3. Algorithms. In this section, we discuss several first-order methods for solving
(2.1) and (2.3).

3.1. Alternating direction method of multipliers. In this section, we dis-
cuss how the alternating direction method of multipliers (ADMM) can be applied to
solving (2.1) and (2.3). To apply the ADMM for solving (2.1), we first introduce the
augmented Lagrangian function

1
Lo(Y.8) = 5 A) b + Y[l — (A Y +#H(w) + 51+ H)IF

for each 8 > 0. In the classical ADMM (see, e.g., |2, section 3.4.4]), in each iteration,
we minimize Lg with respect to Y and then with respect to y, followed by an update
of the multiplier A. While minimizing Lg with respect to ¥ admits an easy closed
form solution, minimizing Lg with respect to y does not usually have a simple closed
form solution due to the complicated quadratic terms. One way to resolve this is to
add a proximal term with (semi)norm induced by a suitable positive (semi)definite
matrix to “cancel” out the complicated parts. In this approach, we update

. B
41 = argmin { L5V A + Gl =1, |
Yy

where || - || g, is the (semi)norm induced by the (semi-)inner product 7 Qgz,
max 2 1
PR AT PR o N

The convergence analysis of this approach has been considered in [26], for example,
in the context of variational inequalities. The main motivation for introducing the
proximal terms in [26] is to weaken the imposed convergence conditions rather than
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for the sake of cancellation, as was more recently explained in [59]. All existing
convergence results require Qg to be positive definite and hence are not general enough
to cover our proposed method. In Appendix B, we present a new convergence analysis
of this approach. We now present our algorithm as follows.

Primal ADMM.
Step 0. Input (y°,A%), 83 >0, 0 =
Step 1. Compute the SVD:

7,8r+(crmﬁax(A))2’ and 7 € (0, _\/52+1).

k Ak T

where U and V' have orthogonal columns, ¥ is diagonal. Set
YR+ = U max {2 - %I, 0} VT,
1 1
=i o (1 (AT O Y ) 4 A ).

B
AFFE = AP — 7BV R Ay ).

Step 2. If a termination criterion is not met, go to Step 1.

The ADMM can also be applied to solving the dual problem (2.3). In this ap-
proach, we use the following augmented Lagrangian function:

1
Ly Asy) = SIvI1% = b7y + (g 1 (A) + A" (7)) + gIIH*(A) + A ()IIE

for some 8 > 0.
The algorithm is described as follows.

Dual ADMM.
Step 0. Input (y°,A%), 3> 0, 0 = m, o9 = %, and 7 € (0, @)
Step 1. Set

k+1 _ 91 ’Y_k_ ky w( Ak w(k
P = T (b4 T A - A0 + 46 )

Compute the SVD:

AF — oy (%H(yk) + H(H* (AF) + A (7’““))) =uxvT,

where U and V have orthogonal columns, ¥ is diagonal. Set

AR = Umin{%, uI} V7T,
Y =y B (AR + AT ().

Step 2. If a termination criterion is not met, go to Step 1.

Indeed, since the minimizer of /3 with respect to «y is usually not easy to find and
the minimizer with respect to A does not always admit a simple closed form solution,
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as before, we add suitable proximal terms to cancel out complicated terms. More
precisely, in the above algorithm, we update

| 8
7#+1 = argmin {zﬁwkw’“) + 2l =,
v

. p
Ak+1 ‘= argmin {15(7k+17A3 yk) + EHA - Ak”QQz ’
ATA=Lp21

where
(3.2) Q1 := (Omax(A)*T — AA* =0, Qy:i=rT —HH" = 0.

From Theorem B.1 in the appendix, for the sequence {(Y*, y* A¥)} generated
from Primal ADMM, {y*} converges to a solution of the problem (2.1), while {A*}
converges to a solution of the problem (2.4). Similarly, for the sequence {(y*,7*, A¥)}
generated from Dual ADMM, {y*} converges to a solution of (2.1), and {(v*, A*)}
converges to a solution of (2.3).

3.2. Dual proximal point algorithm. In this section, we discuss how the
proximal point algorithm (PPA) can be applied to solving the dual problem. We
shall make use of the reduced dual problem (2.4). Fix A > 0. For any A, define the
Moreau—Yosida regularization of dy at A associated with A by

. 1
Ga(M) = _min_ da(I) + 5T = Al

Using this definition and the definition of ds in (2.4), we obtain that

Ga(0) = min, sup { (T, 1(6) ~ 51400 ~ | + 551 = Al

ITT=p2l

sup{ min {0 H@) + =T - A2 - Ljag) - o,
{ { 2) } 2

g \TTT=p2r
where the second equality holds due to the compactness of the spectral norm ball [48,

Corollary 37.3.2]. Furthermore, it is not hard to show that

A, {<H(y),F> + %HA . F|%}

where P, (W) is the unique optimal solution to the following convex optimization
problem:

. 1 )
min 2] + 5212 W

Thus, GA(A) = sup, ©x(y; A), where
A 2 1 2 1 2
Oy A) = (H(y), M) = SIHWE + 53 IPu(A = AH ()l — 5 [ Ay) - bl"

Recall from the Moreau—Yosida regularization theory that P,(-) is globally Lipschitz
continuous with modulus 1 and that [|P,(-)||% is continuously differentiable with
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V(|P.(Y)||%) = 2P,(Y). Hence, ©,(;A) is a continuously differentiable concave
function in y with

VyOur(y; A) = H' (A = AH(y)) — H'Pu(A = AH(y)) — A" (Aly) — b).
In addition, we have that
IVyOx(Y's A) = VyOx(y; Al
<MH A+ A AN Iy = yllr + 17 Pu(A = M) = H Pu(A = M)l
< (A + (0max(A)?) Iy = yllr + Arlly = ylle,
which implies that V,0x(-; A) is Lipschitz continuous with Lipschitz modulus
(3.3) 2Ar + (Omax(A))?.

We are now ready to describe the PPA for solving the dual problem (2.4).

Dual PPA.
Step 0. Input (y°, A%) and Ao > 0.
Step 1. (Find an approximate maximizer y**! ~ argmax 0, (y; A¥).)
Input u® := y*. Let sg,tol, > 0,1 >t,0 > 0.
While |V, 0,, (u!; A¥)|| > tol; do
(a) Let 5; be the largest element of {s,,ts,,t2s,,...} satisfying

O, ('[s]; A¥) = Oy, (u's AF) + 0]V, O, (u's AP) ||,
where u![s] = u! + sV, 0, (ul; AF).

(b) Set u!*! + u![5] and update s,.

End (while)

Set yF+! « yltt,

Step 2. Compute the SVD:

AF — NH( =UsvT.

Set
AR = U min(S, u)VT.

Step 3. If a termination criterion is not met, update Ax. Go to Step 1.

3.3. Dual gradient projection methods. In this section we assume that A* A
is invertible. Recall that in this case the dual of (2.1) is given by (2.5). Moreover, we
have

[Vds(A1) — Vda(As)||3
= [H((AA)TIH (A1 — Ao)) 5 < x| (A" A) T H (A — A2) |7
2
r r
<— | H (AL - A% < [ ———— Ay — As|%.
< o =l < (T ) I - Ml
This shows that the gradient of do is Lipschitz continuous with Lipschitz constant

r

LD = 70'111111(./4*./4).
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Since the projection onto the feasible set of (2.5) is simple, we can apply the gradient
projection (GP) methods to solving (2.5). One simple version is described as follows.

Dual GP.
Step 0. Input A° such that AT A° < w2l and L > LTD
Step 1. Compute the SVD:

AR — %Vdg(Ak) =UxvT,

where U and V' have orthogonal columns, ¥ is diagonal. Set

A = Umin{®, I} V7T,

Step 2. If a termination criterion is not met, go to Step 1.

The iterate generated by the Dual GP satisfies
L
do(AF) —v = O(g);

see, e.g., [53, Theorem 1]. Hence, for faster convergence, a smaller L is favored. Also,
note that if y* and A* are solutions to (2.1) and (2.5), respectively, then we can see
from (2.4) that

vy =R(A*) +b
where R(A) := (A*A)~'H*(A) and b := (A*A)~L.A*b. Hence, the sequence
(3.4) y" = R(A*) +b

can be used to check for termination; see section 4.1.

The Dual GP can be accelerated using Nesterov’s extrapolation techniques (see,
e.g., [41, 42, 43, 44, 53]). This method has also been used in [46, 52] for nuclear norm-
related problems. The method, which we call the dual accelerated gradient projection
(Dual AGP), is described below.

Dual AGP.
Step 0. Input A° such that AT A0 = u?I and L > Lp. Initialize A= = A°
and 0_1 =6y =1. Go to Step 1.
Step 1. Set

Uk = ARy (90—’“ - 0k) (AF — AR,
k—1

Compute the SVD:
o %Vdg(\l!k) =Uxv?,

where U and V' have orthogonal columns, ¥ is diagonal. Update

VOt + 46,7 — 6,2

AR = Umin{, u3VT,  Opyy = 5

Step 2. If a termination criterion is not met, go to Step 1.
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The sequence generated from the Dual AGP satisfies
L
dQ(Ak) —v= O(ﬁ);

see, e.g., [53, Theorem 1]. Hence, a smaller L is favored for faster convergence. Fur-
thermore, a suitable primal variable at each iteration can be generated similarly as in
(3.4).

4. System identification. In this section, we consider the problem of identify-
ing a linear dynamical system from observations of its inputs and outputs. We focus
on “output error” system identification, meaning that the output may be noisy. Given
a sequence of inputs u; € RP and measured (noisy) outputs g, € R™, t =0,..., N,
the goal is to find a discrete-time, linear time-invariant state space model,

(41) Ti41 = ACEt + B’U,t,
yr = Cay + Duy,

that satisfies y; ~ g, and is low-order (i.e., corresponds to a low-dimensional state
vector z; € R"). To determine the model, we need to find the A, B, C, D matrices,
the initial state zg, and the model order r. As described in [32, eq. (23)] (see also
Appendix C, [33], and more classically [54, p. 36]), under reasonable assumptions,
the minimal model order is equal to the rank of the matrix Hm71,r+17N+17r(y)UJ_a
where U+ € RWH1-7)%4 i5 a4 matrix whose columns form an orthogonal basis of the
null space of Hy, 1 r41,nv+1—r(u) and u is the input to the system (see [32] for further
details).

Upon relaxing the rank function to the nuclear norm, the trade-off between the
fitting error and the nuclear norm (which is a proxy for the model order) is given by
the following optimization problem:

1 .
(4.2) min 5y — % + plHmt 1,841 () U,

where j € R™*(N+1D) N > 1,7 >0, and p > 0. This problem corresponds to (2.1)
with ¥ = U+, A(y) = vec(y), and b = vec(7). Thus

Omax(A) = omax(T) =1,  H(A) = H;z71,r+17N+1—r(A(Ul)T)~

Note that the solution set of (4.2) is nonempty since the function y — |y — 7||% is
coercive.

4.1. Computational results. In this section, we compare different algorithms
for solving (4.2) on random and real data. Specifically, we consider Primal and Dual
ADMM, Dual PPA, Dual GP, and Dual AGP. We note that since A = Z, one could
also set Qg = rZ — H*H for Primal ADMM; however, it is not hard to show that this
variant gives the same iterate as Primal ADMM, which uses (3.1).

We initialize all algorithms except Dual PPA at the origin, where the latter algo-
rithm is initialized at an approximate solution obtained from Dual AGP.! We termi-
nate the algorithms by checking the relative duality gap with tol = 1074, i.e.,

min,e e {f(y'), f(§")} + max,exce da(P(A"))

(4.3) max{1, | max,cir da(P(A?))|}

<1074,

1We terminate Dual AGP by checking the relative duality gap with tol = 5x 1073, checked every
10 iterations. We also terminate the algorithm early if the change in Frébenius norm of successive
iterates is small (< 10~8 for each variable) or the maximum number of iteration hits 2000.
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where {(y*, A¥)} are defined in sections 3.1, 3.2, and 3.3; P(A¥) is the projection of
A* onto the spectral norm ball with radius p; and §* := § 4+ H*(P(A¥))).2 We set
KF ={1<v <k: vdivides 10} for all algorithms except for Dual PPA and check
(4.3) every 10 iterations. For Dual PPA, we set K¥ = {1 < v < k} and check (4.3)
every iteration since the relative duality gap is needed for updating A, and tol.
We also terminate the algorithms early if the change in Frobenius norm of successive
iterates is small (< 10~® for each variable) or the maximum number of iteration hits
2000.

We set 8 = ﬁi(z}) for Primal ADMM, 8 = U"%’L(ﬁj) for Dual ADMM, and take

7 = 1.61 for the ADMMs. We set L = % for Dual GP and L = Lp for Dual AGP.
All codes are written in MATLAB and run on a Sunfire X4440 with 4 Opteron 8384

quad-core CPUs and 32G of RAM, equipped with CentOS 5.8 and MATLAB 7.12.

4.1.1. Random data. We randomly generate a matrix u = (uo -~ un ) € RP*(N+1)
with standard Gaussian entries (i.e., 0 mean and variance 1), and let 7 be the true
order of the system. We then generate matrices A € R™", B € R™?, C' € R™*" and
D € R"™*P with i.i.d. standard Gaussian entries and normalize them to have spectral
norm 1. We also generate a vector xop € R”, again with standard Gaussian entries.
The output § = (% - 9~ ) € R™*(N+1) is then generated using a state-space model:
for eacht =0,..., N,

Ty = Axy + Bug,
ﬂt = Cﬂft + Dut.

To model the measurement noise, we add noise to the output ¥ to get y = y+oe€, where
¢ has Gaussian entries with mean 0 and variance 1, and ¢ > 0. Finally, U~ is a matrix
whose columns form an orthonormal basis of the nullspace of Hy, 1 2712 nv—27(u). Note
that in theory we require the r used in determining the size of the Hankel matrix to
be larger than the true order of the system. However, in practice, we often don’t know
the true system order and only have a guess or estimate for it. Therefore, when we
set the size of the Hankel matrix in our problem, as a rule of thumb, we use roughly
twice the estimated order; i.e., r = 27 + 1.

In the tests below, we consider p = 5, m = 5,10, ¥ = 10,20, and N +1 =
2000, 4000. We pick ¢ = 5 x 1072, which corresponds roughly to 5% noise. The
statistics of the test problems used are reported in Table 4.1.* We run our algorithms
for ¢ =10"2,10"1,1,10. Our computational results are reported in Table 4.2, where
iter stands for the number of iterations, cpu is the CPU time taken, and obj is the
primal objective value at termination corresponding to each algorithm. The words
“Primal” and “Dual” are abbreviated as “P.” and “D.”, respectively. For Dual PPA,
the CPU time and number of iterations for Dual AGP used for initialization are in
parenthesis, and the CPU time not in parenthesis refers to the total runtime. The
word “max” denotes the maximum number of iterations. The fastest algorithm(s) in
each instance is highlighted in bold. We see that the gradient projection algorithms
usually work best when g is small, with Dual AGP usually more robust (i.e., solving

2This is modeled after (3.4). Thus, we have §* = y* for Dual GP and Dual AGP.

3For Dual PPA, we set t = 0.3, 0 = 1074, s9 = %, with L given in (3.3). For each v > 1,
we set s, = 1.11s,—1 if the maximum stepsize s, 1 was used in previous line-search, and fix it
otherwise. The parameter \j is initialized at Ao = 1 and is doubled based on changes in gap,,, the
relative duality gap in the kth outer iteration. The tolj, decreases from 0.04 based on the change of
gap;, and is bounded below by 10-3.

4Note that each of our algorithm requires an SVD of a matrix of size m(r+1) x ¢ in each iteration.
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TABLE 4.1

Parameters for the randomly generated test problems.

P | N+1 | m q
1 | 2000 10 | 5 | 1869
2 | 2000 10 | 10 | 1869
3 | 2000 20 | 5 | 1749
4 | 2000 20 | 10 | 1749
5 | 4000 10 | 5 | 3869
6 | 4000 10 | 10 | 3869
7 | 4000 20 | 5 | 3749
8 | 4000 20 | 10 | 3749

TABLE 4.2

959

Computational results for problems from Table 4.1. The fastest algorithm is highlighted in bold.

D. GP D. AGP D. PPA P. ADMM D. ADMM
P iter/cpu/obj iter/cpu/obj iter/cpu/obj iter/cpu/obj iter/cpu/obj
1[0.01 6/0.7/3.766+0 9/1.1/3.76e+0 1(9)/1.4(1.0)/3.76e40 30/3.8/3.766+0 10/1.2/3.766+0
0.10 | 10/1.1/2.87ef1 | 10/1.2/2.87e+1 1(10)/1.6(1.2)/2.87e+1 30/3.8/2.87e+1 20/2.3/2.87e+1
1.00 | 150/16.0/1.70e+2 70/7.8/1.70642 10(20)/6.1(2.3)/1.706+2 10/5.1/1.70c+2 | 40/4.5/1.70eF2
10.00] 1310/139.2/1.01e+3 | 240/26.5/1.01e+3 33(50)/22.5(5.6)/1.01e+3 190/24.0/1.01e+3 |180/19.6/1.01e+3
2] 0.01 7/1.8/5.19e+0 10/2.8/5.196+0 1(10)/4.3(2.7)/5.196+0 20/5.9/5.19¢4+0 10/2.7/5.19¢40
0.10 20/5.1/3.29e+1 20/5.2/3.29e+1 1(10)/4.1(2.7)/3.29eF1 30/8.8/3.209e+ 1 30/7.8/3.29e+1
1.00 | 210/51.5/1.06e+2 | 90/22.9/1.050+2 18(20)/19.7(5.2)/1.050+2 50/14.7/1.056+2 | 50/12.9/1.05eF2
10.00| 900/222.0/4.26e+2 |420/106.9/4.26e+2| 17(70)/87.0(17.9)/4.26eF2 | 240/70.3/4.26e+2 | 230/58.8/4.260+2
3] 0.01 9/2.1/4.57e+0 10/2.4/4.576+0 1(10)/3.0(2.4)/4.57640 30/7.9/4.57¢+0 10/2.4/4.576+0
0.10 | 380/84.4/2.06e+1 [70/15.9/2.06eF1 22(20)/19.9(4.7)/2.066+1 240/63.3/2.06e+1 | 510/116.0/2.066+ 1
1.00 | 730/163.0/8.60c+1 | 180/40.6/8.60e+1 17(40)/27.8(8.9)/8.60e+ 1 130/33.4/8.60c+1 [100/22.3/8.60eF1
10.00| max/429.4/3.70c+2 | 420/94.6/3.70c+2 | 18(140)/65.6(31.5)/3.70e+2 |620/162.8/3.70c+2] 500/111.6/3.700+2
1] 0.01 9/4.7/8.69¢+0 10/5.6/8.69e+0 1(10)/7.2(5.7)/8.69e+0 20/12.2/8.69¢+0 10/5.8/8.69¢+0
0.10 | 460/243.2/3.656+1 |80/43.5/3.65eF1 22(20)/50.0(11.0)/3.650+ 1 290/180.6/3.65c1 1] 620/337.4/3.656+ L
1.00 | 400/210.0/1.33¢+2 | 170/91.5/1.33e+2 13(30)/61.2(16.4)/1.33e+2 130/ 81.4/1.33c+2 | 80/48.6/1.38eF2
10.00 | max/1043.7/6.19¢42|470/251.6/6.19c+2 | 20(100)/162.1(58.2)/6.19e+2|510/315.9/6.19¢+2 | 410/221.5/6.19c+2
5] 0.01 6/1.7/4.67e+0 8/2.4/4.67¢+0 1(8)/4.0(2.3)/4.67¢+0 30/9.0/4.67¢4+0 10/2.9/4.676+0
0.10 | 10/2.8/8.78e+1 | 10/8.0/8.73e+1 1(10)/3.8(2.9)/3.73e+1 20/6.0/3.73e+1 10/3.0/8.73eF1
1.00 | 150/36.6/1.75e+2 | 60/15.5/1.750+2 10(20)/13.7(5.5)/1.750+2 10/11.9/1.756+2 | 40/10.7/1.765eF2
10.00] 1070/261.3/9.39e+2 | 270/68.7/9.39¢+ 2 31(50)/79.6(13.0)/9.39¢+2 170/49.5/9.39¢+2 |150/38.8/9.39e+2
6] 0.01 6/3.5/7.57e+0 9/5.4/7.57¢+0 1(9)/8.7(5.2)/7.57¢+0 20/12.9/7.576+0 10/6.0/7.576+0
0.10 | 10/5.6/5.56e+1 10/6.1/5.56e+ 1 1(10)/7.7(6.1)/5.56e+1 20/12.8/5.56e+1 10/6.0/5.56e+1
1.00 | 200/104.8/1.63c+2 | 80/44.7/1.63c+2 10(20)/33.6(11.7)/1.63c+2 50/31.8/1.630+2 | 50/28.1/1.68eF2
10.00| 470/245.6/7.756+2 |250/137.4/7.75e+2| 13(50)/60.0(28.2)/7.76eF2 |100/120.4/7.75e+2| 180/99.7/7.75c+2
7[0.01 7/3.9/6.91e+0 10/5.8/6.91e40 1(10)/8.6(5.8)/6.91e+0 30/17.8/6.91e+0 10/5.7/6.91e+0
0.10 | 170/85.2/3.66e+1 |50/26.5/3.66eF1 10(10)/39.3(5.7)/3.660+ 1 160/94.3/3.6601 1 | 330/171.0/3.66e+ L
1.00 | 360/177.2/1.32¢+2 | 130/67.6/1.32e+2 12(30)/48.4(16.0)/1.32e+2 00/53.3/1.32¢42 | 70/87.2/1.82eF2
10.00| 980/481.8/6.09c+2 |410/212.6/6.09c+2| 12(90)/99.4(47.3)/6.09eF+2 |470/280.3/6.09¢+2] 360/189.0/6.09c+2
8] 0.01 7/9.2/1.29eF1 10/14.1/1.29eF1 1(10)/17.7(14.1)/1.29eF1 20/30.0/1.29¢+1 | 10/14.1/1.29e+1
0.10 | 230/293.8/6.34c+1 |60/78.4/6.84e+1 | 13(10)/127.6(14.0)/6.34e+1 |210/310.5/6.34e+1]| 450/597.3/6.34c+ 1
1.00 | 320/405.1/1.77c+2 |[140/182.2/1.77cF2| 14(30)/141.7(40.6)/1.77e+2 |100/150.0/1.77e+2| 70/91.8/1.77eF2
10.00] 850/1067.0/8.53e+2 |430/569.8/8.53e+2|15(80)/224.7(105.1) /8.53e+2 |420/625.0/8.53¢+ 2 | 340/444.8/8.53c+ 2

all instances within 2000 iterations) than Dual GP. Furthermore, Dual PPA and Dual
ADMM usually work best when p is large.

4.1.2. Real data from DalSy database. In this section, we consider eight
benchmark problems from DalSy (Database for the Identification of Systems) [11]. A
brief description of the data is given in Table 4.3. Each data set is given in form of a
y (output) and a u (input).

In our first test, we look at the computational efficiency of the first-order methods
in solving large scale instances. We take the first 25% of the inputs and outputs for
testing purposes. As a rule of thumb, we set » = 41 and compute U+ from the input
accordingly. We apply the five algorithms from Table 4.2 to solving these problems for
different values of 1, using the same parameters as in the previous section. The results
are reported in Table 4.4, where iter and cpu are as in Table 4.2, while nr denotes the
number of singular values of H(y*) that are larger than 0.005 oyax(H(y*)), and err
denotes the fitting error measured by ||y* — §|| r; here, y* is the approximate optimal
solution of (4.2) obtained by the algorithms. We see that Dual AGP and Dual PPA
work best. Furthermore, we see that nr decreases with u, while err increases as
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TABLE 4.3

Description of test problems, taken from DalSy [11].

P Description N+1|m q

1 96-007] CD player arm 513 2 388
2 98-002] Continuous stirring tank reactor 1876 2 1793
3 96-006] Hair dryer 251 1 168
4 97-002] Steam heat exchanger 1001 1 918
5 96-011] Heat flow density 421 1 296
6 97-003] Industrial winding process 626 2 375
7 96-002] Glass furnace 312 6 145
8 96-016] Industrial dryer 217 3 50

TABLE 4.4

Computational results for problems from Table 4.3. The fastest algorithm is highlighted in bold.

D. GP D. AGP D. PPA P. ADMM D. ADMM
P| iter/cpu/nr/err iter/cpu/nr/err iter/cpu/nr/err iter/cpu/nr/err iter/cpu/nr/err
1[0.01| 60/1.1/35/3.20-1 | 30/0.6/35/3.2e-1 | 9(10)/0.6(0.2)/35/3.1e-1 | 100/2.2/35/3.2e-1 | 210/4.1/35/3.2e-1
0.10 |1470/27.6/23/1.66+0|180/3.4/23/1.6e+0| 73(30)/4.1(0.6)/23/1.66+0 | 290/6.3/23/1.6e+0 | 610/11.7/23/1.66+0
1.00 [max/36.9/10/2.86+0] 1200/22.6/5/2.80+0 | 45(180)/11.8(3.4)/5/2.8¢+0 |360/7.7/5/2.8640| 460/8.8/5/2.8610
10.00[max/37.0/26/3.06+0|max/37.5/16/3.2e+0[42(max)/69.7(37.3)/3/3.2e+ 0| max/42.6/3/3.2¢+0|1760/33.3/4/3.2e+0
2[0.01| 10/0.8/6/2.7e-1 10/0.9/6/2.7e-1 1(10)/1.1(0.9)/6/2.7e-1 __|1920/174.7/6/2.60-1] max/157.0/6/2.9e-1
0.10| 30/2.3/6/2.0640 | 10/0.9/6/2.06 10 1(10)/1.2(0.9)/6/2.0c6+0 | 660/60.7/6/2.06+0 | 1290/102.8/6/2.06+0
1.00] 50/3.8/3/1.4e+1 | 20/1.6/3/1.de+1 1(10)/3.0(0.9)/3/1.46+1 | 480/43.6/3/1.4e+1 | 1010/78.7/3/1.de+1
10.00] 130/9.7/1/6.66+1 | 50/4.0/1/6.5e+1 | 6(10)/16.7(0.9)/1/6.56+1 |340/30.8/1/6.5e+1 | 710/54.3/1/6.506F1
3[0.01| 20/0.1/19/3.0e-1 | 20/0.1/19/3.0e-1 1(10)/0.1(0.1)/19/3.0e-1 120/0.7/19/3.0e-1 | 240/1.2/19/3.0e-1
0.10| 240/1.2/6/9.90-1 80/0.4/6/9.9e-1 32(10)/0.5(0.1)/6/9.80-1 250/1.4/6/9.96-1 530/2.7/6/9.96-1
1.00] 550/2.7/3/2.66+0 | 160/0.8/3/2.6640 17(40)/0.6(0.2)/3/2.66+0 | 90/0.5/3/2.6e+0 | 120/0.6/3/2.6e+0
10.00] 390/1.9/1/1.2e+1 | 890/2.0/1/1.2e+1 | 25(130)/2.0(0.6)/1/1.2e+1 | 470/2.7/1/1.26+1 | 880/1.7/1/1.2eF1
1[0.01| 7/0.1/2/4.0e-1 10/0.2/2/4.06-1 1(10)/0.3(0.2)/2/4.0e-1 50/1.0/2/4.0e-1 110/2.0/2/4.00-1
0.10| 30/0.5/2/3.36+0 | 10/0.2/2/3.4e+0 1(10)/0.3(0.2)/2/3.46+0 170/3.5/2/3.3¢+0 | 340/6.1/2/3.3e+0
1.00| 100/1.7/2/1.1e+1 | 20/0.4/2/1.1e+1 2(10)/1.0(0.2)/2/1.1e+1 120/2.5/2/1.1c+1 | 240/4.3/2/1.1c41
10.00] 160/2.7/1/6.0e+1 | 80/1.5/1/6.0e+1 7(10)/4.8(0.2)/1/6.0e+1 | 70/1.5/1/6.0e+1 | 140/2.5/1/6.0e+1
5[0.01| 9/0.1/42/3.8e-1 | 10/0.1/42/3.8e-1 1(10)/0.1(0.1)/42/3.86-1 30/0.3/42/3.86-1 | 10/0.1/42/3.8e-1
0.10| 410/3.0/10/2.0¢+0 | 80/0.6/10/2.0e+0 |22(20)/0.6(0.2)/11/2.0e40]| 170/1.4/10/2.06+0 | 340/2.5/10/2.0e+0
T.00| 850/6.1/3/2.80+0 | 360/2.6/3/2.8¢+0 | 39(60)/3.6(0.5)/3/2.80+0 | 1830/1.1/3/2.8¢40 | 100/0.8/3/2.8eF0
10.00] 700/5.0/1/7.1e+0 | 700/5.1/1/7.1e+0 |29(210)/2.6(1.5)/1/7.1eJ0| 780/6.5/1/7.16+0 | 640/4.8/1/7.16+0
6[0.01| 10/0.2/79/4.9e-1 | 10/0.2/79/4.9e-1 1(10)/0.3(0.2)/79/4.9¢-1 30/0.7/79/4.9¢-1 20/0.4/79/5.0e-1
0.10| 190/3.6/49/3.36+0 | 60/1.2/49/3.8e+0 | 17(10)/1.5(0.2)/49/3.36+0 | 70/1.5/49/3.3640 | 150/3.0/49/3.3640
1.00 | max/37.5/5/5.86+0 | 820/6.2/5/5.86+0 | 40(70)/4.1(1.4)/5/5.86+0 | 210/4.6/5/5.8¢+0 | 160/3.1/5/5.86+0
10.00] 990/18.6/2/1.46+1 | 830/15.8/2/1.4c+1 |26(210)/7.8(4.0)/2/1.46F1|1440/31.5/2/1.de+1| 830/16.2/2/1.do+1
7[0.01]10/0.2/100/5.9e-1 | 10/0.2/100/5.9e-1 | 1(10)/0.3(0.2)/100/5.9¢-1 | 30/0.9/100/5.9e-1 | 20/0.5/100/5.9¢-1
0.10| 340/7.9/37/3.4640 | 70/1.7/37/3.4eF0 | 17(20)/1.8(0.5)/37/3.36+0 | 150/4.0/37/3.46+0 | 300/7.2/37/3.4640
1.00 | 1640/36.7/8/8.56+0| 250/5.8/8/8.56+0 | B82(40)/5.7(0.9)/8/8.56+0 | 170/4.4/8/8.66+0 | 150/3.5/8/8.56+0
10.00| max/44.7/3/2.8e+1 | 530/12.1/2/2.8e+1 |27(180)/6.1(3.0)/2/2.8e+1|850/22.4/2/2.8e+1 | 550/12.8/2/2.8e+1
8[0.01| 10/0.1/38/2.7e-1 | 10/0.1/38/2.7e-1 1(10)/0.1(0.1)/38/2.76-1 70/0.4/38/2.7-1 150/0.8/38/2.70-1
0.10| 250/1.3/23/1.8¢+0 | 70/0.4/23/1.8¢+0 |15(10)/0.3(0.1)/23/1.8e+0]|310/1.9/23/1.8¢+0 | 640/3.5/23/1.8¢+0
T.00 [max/10.5/12/6.9¢+0] 380/2.0/11/6.9¢+0 |66(50)/1.5(0.3)/12/6.9e+0]480/2.9/11/6.96+0 | 1010/5.9/12/6.96+0
10.00|max/10.4/ 2/1.6e+1] 1460/7.7/2/1.6e+1 | 46(260)/13.9(1.4)/2/1.6e+1 |800/4.8/2/1.6e+1| 1130/6.1/2/1.6e+1
mcreases.

To further illustrate the performance of the first-order methods on real data, as
a second test, we consider the first problem in Table 4.3 and attempt to identify the
system order using solutions obtained from Dual AGP. We follow the procedure used
in [32, section 5.3], which we summarize in the following five steps:
The first set, called the identification set,
contains Ny + 1 data points from time 0 to Ny, while the second set, called
the validation set, contains Ny + 1 data points from time 0 to Ny, and
Ny > Njy. Form g4, t =0,..., Ny, from the data points.
Step 2. Consider a series of y from 10™* to 10 and fix an r.

Step 1. Take two sets of data points.

Step

3. For each u:

e Solve the corresponding problem (4.2) by Dual AGP to obtain y,. For
faster implementation we initialize the Dual AGP at AY = 0 for u =
10~%, and then for each subsequent p, we initialize at A° = A#-, the
optimal solution of (2.5) for the previous p—. (Warmstart)

e Estimate the state-space matrices A, B, C, D, and z in (4.1) as done
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TABLE 4.5
Identification errors and wvalidation errors for CD player arm data.

p | rank(H(yu)) | erria | errv | [H(yu)ll«
1.233 6 0.141 | 0.230 | 0.185

1.385 6 0.143 | 0.247 0.127
1.556 3 0.178 | 0.187 0.104
1.748 3 0.178 | 0.187 0.097
1.963 3 0.177 | 0.186 0.090

in [32, section 5.2]. This is the standard subspace identification method;
see, for example, [34, section 10.6]. For the sake of completeness, we also
describe the details in Appendix C.

e Compute identification errors (erriq) and validation errors (erry) as in
[32, eq. (5.7)], using respectively the Ny + 1 and Ny + 1 data points:

N ~ ~ N ~ ~
_ Zt:IOHyt_ytH2 - Et:voHyt—Z/tHQ
erriq = =N 1~ - 13’ erry = Nv 11~ .
tho e — 91l Zt:o llg: — vl
where
1 Ny 1 Ny
yI:NI_’_l;yta Z/V:NV+1;Z/t7

and g; is the output generated from (4.1) using the estimated A, B, C,
D, and xy.

Step 4. Plot identification and validation errors against the nuclear norm of H(y,).
Identify the p* where the “best” trade-off between the errors occurs.

Step 5. The estimated system order is set to be the numerical rank of H(y,+), where
yu+ is the solution of (4.2) with g = p*. The system parameters are then
given by the corresponding A, B, C, D, and xg.

For comparison with the work [32], we use the same number of data points for
identification and validation as in [32, Table 5.1], i.e., 200 points for identification
and 600 points for validation for the CD player arm problem. Furthermore, we mimic
their choice and set

(4.4) r:{ Ny +2 J

p+m+1

Table 4.5 shows some identification errors (erriq) and validation errors (erry), as
well as the corresponding rank® and nuclear norm of H(y,), while Figure 4.1 plots
identification and validation errors against the nuclear norm of #(y,). From these,
we conclude that p* = 1.556 and the estimated system order in this case is 3, which
agrees with the result obtained in [32, Table 5.2]. We also show in Figure 4.2 a plot of
the top 20 singular values of H(y,-) (normalized by dividing by omax(H(y,+))) and
that of H(y) (normalized by dividing by omax(H(9))). We see that it is relatively
easier to identify a numerical rank of 3 for H(y,~) than for H (7).

Another commonly used method for identifying system order is the subspace algo-
rithm, which is implemented in the MATLAB function n4sid. A detailed comparison

5We determine the rank by looking at the plot of the top 20 singular values of H(yu)-
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Fic. 4.1. Plot of erriq and erry against ||H(y)||«-

F1G. 4.2. Plot of top 20 singular values of H(y) and H(y,=), normalized by the respective
spectral norm of the matrices, where * denotes the weighted singular values for H(y) and o denotes
the weighted singular values for H(y,»).

between our approach described above and the MATLAB function n4sid has been
presented in [32, Table 5.2]. Since our first-order method usually obtains a solution
to (4.2) with lower accuracy than the interior point method used in [32], and the
MATLAB function n4sid has been updated since the publication of [32], it is worth
repeating the comparison for the problems in Table 4.3. In the test below, we use
the same number of data points for identification and validation as in [32, Table 5.1]
and use (4.4). We report the system orders (ord), identification errors (erriq), and
validation errors (err,) obtained via our approach outlined above (nn), the n4sid
with default order (n4sidg) called using the option ’best’, and the n4sid using the
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TABLE 4.6
Comparing our approach and n4sid on problems from Table 4.3.

nn n4sidy n4sid,
P | ord/erryq/erry/u* | ord/erriq/erry | ord/erriq/erry
T | 3/0.18/0.19/1.556 | 2/0.21/0.23 3/0.16/0.18
2 | 3/0.19/0.20/1.556 | 3/0.21/0.58 3/2.20/5.77
3 [ 4/0.069/0.12/0.215 | 2/0.13/0.18 1/0.080/0.13
1 | 5/0.11/0.23/0.343 | 2/3.36/5.38 5/5.47/7.36
5 | 8/0.14/0.13/1.385 | 1/0.18/0.17 §8/0.14/0.13
6 | 3/0.17/0.17/0.546 | 2/0.52/0.58 3/0.18/0.17
7 | 4/0.22/0.40/1.556 | 2/0.41/0.53 4/0.60/0.64
8 6/0.28/0.29/2.205 1/0.47/0.29 6/0.31/0.27

order obtained from our approach (n4sid,,) in Table 4.6. We also report the p* used
in our approach. We observe that the orders and errors obtained from our approach
are usually slightly different from those in [32, Table 5.2]. This can be attributed to
the solution accuracy in solving (4.2) and the threshold for determining the rank of
H(y,).° On the other hand, we still observe that our approach usually yields lower
identification and validation errors than do the two versions of ndsid.”

Comparison with interior point solver from [32]. Finally, we apply the interior
point method in [32] to solving the first problem in Table 4.3 (i.e., with N = 512).
We use the code (written in Python and calling cvxopt 1.1.3, which is installed
from source using Python 2.6.5) available on the authors’” Web page, compiled with
Python 2.6.5. While the interior point method provides a solution of higher accuracy
(the relative duality gap is usually around 1076, rather than the 10~* as required in
our first-order methods), it is much slower. We observe that the number of iterations
and CPU time for the interior point method are not sensitive to the change of p and
are usually around 9 iterations and 1000 seconds, respectively. In particular, when
1 < 1, this method is significantly slower than Dual AGP, which takes between 1 and
40 seconds for this range of p. The relative performance can also be explained via the
cost per iteration. For the interior point method from [32], since H(y) € R™(r+1)xa
and y € R™*(V+1D) the cost per iteration is O(m3rN2q), with m(N +1) > ¢ > m(r +
1), and the method requires around 10 iterations.® On the other hand, for the first-
order methods, although the method takes around 1000 iterations, each iteration only

5We determine the rank by looking at the plot of the top 20 singular values of H(y,), except
for problems 4 and 7, where the cut-off is not clear and we truncate at 10~* - omax(H(yu)) and
1072 - omax (H(yyu)), respectively.

We note two observations:

(a) The errors for problems 2 and 4 obtained from n4sid are exceptionally large. In view of
this, we also tried to vary the input order for n4sid from 1 to 12 for these two problems
and observed the corresponding identification and validation errors. For problem 2, the
smallest (erriq, erry) = (0.19,0.39), which occurs when the order is 10, while for problem
4, the smallest (erriq, erry) = (0.14,0.22), which occurs when the order is 8.

(b) The commands n4sid, and ndsidy give different errors for problem 2 even though
the order is the same. It seems that a different set of A, B, C, D is obtained
if one directly inputs to n4sid the order obtained from calling n4sid with the option
’best’ (this was observed for all eight problems). To be precise, here is how we call n4sidg:
n4sid(data, best’,’nk’,zeros(1,m), InitialState’,’Estimate’,’ CovarianceModel’,’"None’,’Focus’,
’Stability’, 'DisturbanceModel’,’"None’).

8The cost per iteration—more precisely, the cost for computing the Newton direction—was de-
rived under the assumption that y — H(y) is injective for the simpler problem, miny ||H(y) — B«
for a given matrix B. The analysis can be adapted for (2.1) if y — H(y) is injective, and gives the
same iteration complexity.
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involves an SVD of cost O(m?r2q) [25, Page 254] and several matrix multiplications
for forming the products Hy, 1.r+1,8+1-r(y)UL and A(U)T, each of cost O(mNrq).
Thus, the first order methods appear more suitable for larger scale identification
problems.

5. Stochastic system realization. Another fundamental problem in linear sys-
tem theory is finding a minimal stochastic ARMA (autoregressive moving average)
model for a vector random process, given noisy and/or partial estimates of process
covariances. Covariance estimates are often obtained from sample averages of a se-
quence of noisy observations of the process, hence including both measurement noise
and error due to the finite sample size. Here we focus on a form of this problem, de-
scribed in [33, section II.BJ; see also [35]. Consider a state-space model of an ARMA
process y; € R,

Tiy1 = Axy + Bey,
yr = Cxy + ey,

where x; € R” and e, is white noise with covariance matrix . The process covariances
hi = E(yiyeri’) € R™X™ satisfy

ho=CPCT +Q, h,=CA"'D, t>1,

where D = APCT + BQ and P = E(z,2]) satisfies the Lyapunov equation P =
APAT + BQBT. In a stochastic realization problem, we are given noisy estimates of
hi, denoted by hi,i=1,...,T —1, and the goal is to find the minimal model order
r as well as the model parameters A, B, C, Q. It is known that the minimal order is
equal to the rank of the block-Hankel matrix H,, , j consisting of the exact process
covariances [35]. (As in the system ID problem, we need the Hankel matrix to be
large enough; that is, 7 and k should be larger than the rank.)

A general form of this problem, allowing for both noise and missing covariance
information, can be stated as follows:

1 5
(5-1) min 5w o (y = W7 + il Honn,so (9)]-

where o denotes the Hadamard (or entrywise) product and w = (wo -+ wjyx—2)
is an m x n(j + k — 1) matrix, with each w; being an m x n zero matrix or a matrix
of all ones (denoting the case where some covariance blocks are unknown or missing),
or a matrix with 0,1 entries (denoting the case where some covariance entries are
missing). The problem corresponds to (2.1) with T = I, A(y) = vec(w o y), and
b = vec(w o h). Thus,

Umax(-A) = Umax(T) = 1a H*(A) = H:;L,mj,k(A)'

Notice that the solution set of (5.1) is nonempty since the function y — ||H(y)||« is
coercive.

5.1. Computational results. In this section, we compare different algorithms
for solving (5.1). Specifically, we consider Primal ADMM, Dual ADMM, and Dual
PPA. Since the action of (8H*H + A*A)~! on vectors can be easily computed for any
B > 0, we also consider a variant of Primal ADMM (referred to as Primal ADMM?2)
with Qo = 0 instead of (3.1). Furthermore, notice that the quadratic term in (5.1) is
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not strictly convex in y; the dual problem will then have additional linear constraints
that make gradient projection expensive computationally. Thus, we do not consider
gradient projection algorithms for solving (5.1).

We initialize all algorithms except Dual PPA at the origin, where the latter algo-
rithm is initialized at an approximate solution obtained from Primal ADMM2,? and
terminate the algorithms by checking

(5.2)
max { mingexr f(y') +d(—wo H*(P(AF))) [|H*(P(AF)) —wo H*(P(AF))|r }
max{1, [d(—w o H*(P(A*)))[} max{1, [|H*(P(A*))] r}
<1074,

with {(y*, A¥)} defined as in sections 3.1 and 3.2; P is the projection onto the spectral
norm ball with radius . We set Kk = {1 <v <k: vdivides 10} for all algorithms
except the Dual PPA and check (5.2) every 10 iterations. For Dual PPA we set
KF = {1 < v < k} and check (5.2) every iteration. For the ADMMs we still set

7 = 1.61, but we set 8 = ﬁi(h) for Primal ADMM and Primal ADMM?2 and

B = %"Eh) for Dual ADMM. For Dual PPA, we use the same parameters as in the
previous section.

Following [33, section II(B)], we generate matrices A € R™*", B € R"*" and C €
R™*" with i.i.d. standard Gaussian entries (i.e., with mean 0 and variance 1). These
matrices are then normalized to have spectral norm 1. We also randomly generate an
initial state 9 ~ N(0,7) and noise vectors e; ~ N(0,I) for t = 0,...,7 — 1, again
with i.i.d. standard Gaussian entries. We then generate an output ¢, t =0,...,T—1,
according to the state-space model:

Tiy1 = Axy + Bey,
Yy = Cxy + ey.

To model measurement noise, we further add noise to y and get y = § + o€, where
€ has i.i.d. Gaussian entries with mean 0 and variance 1. We then set, for each
1=0,...,k—1,

| Tl
5 _ 7
hi == > Gt
t=0
and h; is zero for i > k. Finally, set w = (wo - wjtx—2) such that wg = -+ = wg_1

equals the matrix of all ones, and zero otherwise. In the tests below, we consider
T = 1000, n = 20,30, and k£ = 100,200. We use » = 10 and hence set j = 21. We
further pick ¢ = 5 x 1072, The statistics of the test problems used are reported in
the caption for Table 5.1; recall that ¢ = nk in this case. We run our algorithms for a
range of values of y, namely u = 1072,107%,1, 10, in our simulations below to study
the performance of the algorithms for different values of u. The computational results
are reported in Table 5.1. We see that Primal ADMM?2 works best in all instances.!?

9We terminate Primal ADMM?2 by checking relative duality gap and relative dual feasibility with
tol = 5 x 103, checked every 10 iterations. We also terminate the algorithm early if the change in
Frébenius norm of successive iterates is small (< 10~8 for each variable) or the maximum number
of iteration hits 2000.

10We note that since the action of (Z + BAA*)~! on vectors is easy to compute, one could have
chosen Q1 = 0 rather than T — AA* in Dual ADMM. However, since 70 = 0, it is not hard to check
that the variant with Q1 = 0 would generate exactly the same sequence as Dual ADMM, which uses
(3.2).
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respectively.

TABLE 5.1
Computational results for the stochastic system realization problem. For Problems 1 and 2,
k = 100, with n = 20 and 30, respectively; for problems 3 and 4, k = 200, with n = 20 and 30,

P. ADMM

P. ADMM2

D. ADMM

D. PPA

Pl u iter/cpu/obj

iter/cpu/obj

iter/cpu/obj

iter/cpu/obj

—

0.01 | 360/207.3/5.38e+0

30/17.3/5.38¢+0

70/35.4/5.38¢+0

55(20)/96.4(11.4)/5.38¢+0

0.10 | 70/39.4/2.73e+1

70/39.9/2.73e+1

140/69.3/2.73¢+1

51(20)/71.8(11.2)/2.73e+1

1.00 | 200/113.5/4.18¢+1

20/11.3/4.18e+1

110/54.5/4.18¢+1

T4(10)/28.0(5.5) /4. 18+ 1

10.00| 180/103.3/4.38e+1

20/11.2/4.38e+1

180/90.4/4.38¢+1

15(10)/86.3(5.5) /4.38¢+ 1

2] 0.01 [ 490/788.5/9.12e40

30/47.4/9.12e+0

100/142.4/9.12¢+0

112(20)/451.5(31.8)/9.126+0

0.10 | 80/126.8/4.99¢e+1

40/64.6/4.99e+1

80/114.3/2.99c+1

13(10)/726.2(15.2)/4.99¢+1

1.00 | 180/287.2/7.04e+1

20/31.2/7.04e+1

100/141.7/7.04c+1

16(10)/165.1(15.3)/7.0dc+1

10.00| 180/287.3/7.16e+1

20/31.3/7.16e+1

180/255.1/7. 166+ 1

3] 0.01 [ 410/499.7/7.16e+0

30/35.7/7.166+0

90/95.3/7.166+0

)
39(10)/222.1(15.3)/7.160+1
)

0.10 | 70/84.2/4.02¢+1

40/47.6/4.02e+1

50/53.2/4.026+1

42(10)/273.4(11.7)J4.02e+1

1.00 | 160/194.9/5.29e+1

20/23.8/5.29e+1

80/85.5/5.296+1

)

)
61(20)/215.6(23.7)/7.166+0

)

)

7(10)/35.6(11.6)/5.296+ 1

10.00| 180/216.6/5.33e+1

20/23.7/5.38e+1

180/191.6/5.33e+1

35(10)/195.6(11.5)/5.83e+1

4] 0.01 [550/1932.1/1.35e+1

30/106.9/1.356+1

90/281.4/1.356+1

51(20)/2307.9(69.0)/1.35¢+1

0.10 | 110/384.1/8.74e+1

40/138.8/8.74e+1

50/157.1/8.74c+1

26(10)/953.2(32.8) /8. 7dc 1

1.00 | 130/457.2/1.23e+2

20/71.6/1.23e+2

80/250.5/1.23c+2

8(10)/92.8(32.8)/1.23c+2

10.00| 180/629.7/1.25e+2

20/67.5/1.256+2

180/550.1/1.256+2

39(10)/470.9(33.1)/1.25¢+2

Comparison with other methods for system realization.. We also adapted Cad-
zow’s method [4], an approach based on alternating projections, that has been used
in engineering applications for similar problems. We start by specifying an estimate
7 of the order and € > 0 of the noise level. In each iteration, we first project onto
the set of matrices with a Hankel structure to obtain H k. then project onto the ball
centered at h with radius € to obtain Y'*, and finally project onto the (nonconvex) set
of matrices with rank less than 7 to obtain R*. The algorithm is terminated when

max{||H* — Y*|[p, |R* —Y*|[r}

<1073
max{1, || H*||r}

In the examples we tested, the performance and convergence of this algorithm is
very sensitive to the values of the two parameters, the noise level and the order
estimate. Indeed, it is known to be suboptimal as discussed in [10, section V.A]. On
the other hand, the convex optimization approach presented here depends only on
one parameter (1), and the runtime does not change significantly as p varies.
Finally, we mention that another common approach to solving the system real-
ization problem is via subspace methods [35]. For a detailed comparison between the
nuclear norm approach and the subspace method applied to this problem, we refer
readers to [33, section 2B], where problem (5.1) was solved via an interior-point solver.

6. Concluding remarks. We studied the optimization problem of minimizing
the nuclear norm of matrices with linear structure, including Hankel, Toeplitz, and
moment structures. We showed that solving this problem leads to a systematic ap-
proach to capturing the trade-off between a model’s order and complexity and fitting
(and validation) errors, a trade-off that arises in many modeling applications. We
then focused on first-order methods for solving the resulting optimization problem.
In our computational experiments, for the system identification problem, the gradient
projection method (accelerated by Nesterov’s extrapolation techniques) and the dual
proximal point algorithm usually outperform other first-order methods in terms of
CPU time for large and small regularization parameters, respectively. For the sys-
tem realization problem, the alternating direction method of multipliers, as applied
to a certain primal reformulation, usually outperforms other first-order methods in
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terms of CPU time. In our tests, we also observe that these methods outperform the
interior-point implementation proposed in [32] for system identification problems.

We remark that most of the algorithms proposed in this work can easily be
adapted to solving (1.1) with a general linear structure X = L(y), as long as L(y) can
be computed efficiently and the norm of £ can be estimated. We chose to focus our
discussion on the Hankel structure to relate to our motivating applications discussed
in the introduction, which mainly concern Hankel structure.

An interesting direction for future work on this problem is whether there are
conditions under which the nuclear norm heuristic can be theoretically guaranteed to
find the minimum-rank solution. In order to make analogies with the existing low-rank
matrix recovery framework, we can consider the following problem: how many generic,
random linear measurements of a rank-r, n x n Hankel matrix suffice for correct
recovery of the Hankel matrix? If we ignore the Hankel structure, existing results
on recovery from random Gaussian measurements require O(nr) measurements [6];
however, it is expected that the number would be much lower due to the Hankel
structure.

Another future research direction involves applying our algorithms to the broader
range of applications identified in the introduction, particularly moment-based prob-
lems. Some of these problems have further structure that the algorithms can exploit.

Appendix A. An alternative formulation. In this appendix, we describe
an alternative formulation for modeling the structured matrix rank minimization.
Instead of minimizing a least-squares fitting error, we constrain the difference A(y)—b
to be in a set. The problem is then formulated as

min[[#(y)]l-

(&-1) st. Aly) —beQ,

where Q is the closed convex set modeling uncertainty. For instance, problem (1.2)
can be modeled as (A.1) with Q = [I1,b1] X [l2,b2] X -+ X [I, by]-
As in section 2, we can rewrite (A.1) as

vy :=min [|Y].
Y,zy
(A.2) st. Y+H(y) =0,
z+Aly) = b,
z €.

It is then not hard to show that the dual to (A.2) is equivalent to solving

—v; =min s, () —bTy
v.A

(A.3) st. H*(A) + A*(y) =0,
ATA < T,

where s, () := sup,cq ¥’y is the support function of the set Q.

Unlike (2.3), the objective function of (A.3) is in general not differentiable; hence
gradient projection methods are not easily applicable. However, the ADMMSs and the
dual PPA can be suitably applied to solving (A.2) and (A.3). The efficiency in solving
the subproblems depends on the specific form of €.

Appendix B. Convergence of the proximal ADMM. In this appendix, we
provide a convergence proof of a proximal alternating direction method of multipliers,
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which covers all versions of proximal ADMMs used in this paper. Consider the convex
optimization problem with the following separable structure:

min - f(z) +g(y)

(B.1)
s.t. Az + By =,

where f : X — (—o00,+00] and g : Y — (—00, +00] are closed proper convex functions,
A:X — Zand B : Y — Z are linear operators, and X,), and Z are real finite
dimensional Euclidean spaces with inner product (-, -) and its induced norm || - ||. The
proximal ADMM for solving (B.1) takes the following form:

Proximal ADMM
Step 0. Input (2°,9°,2%) € dom f x domg x Z.

Step 1. Set
M = argmin f(z) — (2%, Az)
reX
é A B k _ 2 1 _ k2
+ 1Az + Byt — ol + L e — a5,
(B.2) y" ! = argming(y) — (=", By)

yey
A k+1 2 1 k12
+5lA4e™ + By — el +5lly —y 7

L = 2k 2 N(AzRTY 4 ByF Tt — o),

where A > 0 is the penalty parameter, 7 € (0, (1 + 1/5)/2) is the

step length (one can take 7 € (0,2) when the z-part or the y-part

disappears), and S and T are two self-adjoint positive semidefinite,

not necessarily positive definite, operators on X and ), respectively.
Step 2. If a termination criterion is not met, go to Step 1.

When S = 0 and T = 0, the proximal ADMM (B.2) reduces to the classical
ADMM introduced by Glowinski and Marroco [23] and Gabay and Mericier [22]. Tt
was shown by Eckstein and Bertsekas [15] that the ADMM with 7 = 1, as a special
case of the Douglas—Rachford splitting [21], is actually an application of the proximal
point algorithm on the dual problem by means of a specially constructed splitting
operator. Based on the same argument, by further applying a change of variables
to the operators, Eckstein [14] presented the first proximal ADMM as in (B.2) with
S = aZ and T = BZ for positive constants a > 0 and S > 0. Later, He et al. [26]
further extended the idea of Eckstein [14] to monotone variational inequalities to allow
A, S, and T to be replaced by different parameters A\, Sk, and T} in each iteration.
The convergence results provided in [14] and [26] for the proximal ADMM both need
S and T to be positive definite, which makes the convergence analysis easily accessible
but may limit the applications of the method. Very recently, Xu and Wu [57] provided
a nice extension on convergence analysis from the classical ADMM to the proximal
ADMM (B.2), allowing the step length 7 to stay in the larger range (0, (1 +/5)/2),
which is desirable in many applications in the following scenarios: (i) 77 = 0 and
S+ MNA*A = oZ; (ii)) S =0and T + AB*B = Z; and (iii) S + AMA*A = oZ and
T + AB*B = BT, where o > Aopax(A*A) and 8 > Aopmax(B*B) are two positive
constants. On the one hand, to require S or T' to be positive definite instead of being
positive semidefinite will not make much difference in numerical computations. On the
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other hand, the restriction on the positive definiteness will exclude some interesting
situations such as the classical ADMM. Here we will provide a unified convergence
theorem by requiring S and 7' to be positive semidefinite only. This will allow us
to apply the proximal ADMM to more interesting problems (for such a case, see the
second remark after the proof of our theorem) as well as provide a guide on choices
of S and T (both S and T should be as small as possible). Actually, by exploiting
the potential composite structures of f and g, we may not even need S + AA*A or
T + AB*B to be positive definite, a commonly used assumption for existing ADMM
and its variants. Our proof is quite routine in some sense, as the variational tools
employed are quite standard, and is closely based on the essential ideas developed by
Fortin and Glowinski [20] for the convergence of the ADMM with B = Z. For clarity
and ease of reference, we include a proof here.

For technical reasons, we consider the following constraint qualification:

CQ: There exists (zg,yo) € ri(dom f x domg) N P, where P is the constraint set
in (B.1).

Under the CQ, it follows from [48, Corollaries 28.2.2 and 28.3.1] that (z,%) €
X x Y is an optimal solution to problem (B.1) if and only if there exists a Lagrange
multiplier Z € Z such that

(B.3) A*z € 0f(z), B'zedg(y), Azi+By—c=0,

where 0 f and Jg are the subdifferential mappings of f and g, respectively. Moreover,
any z € Z satisfying (B.3) is an optimal solution to the dual problem of (B.1). On the
other hand, since the subdifferential mappings of the closed proper convex functions
are maximal monotone [49, Theorem 12.17], there exist two self-adjoint and positive
semidefinite operators Xy and X, such that for all z,# € dom(f), u € 9f(z), and
e df(z),

. . 1L . . . .
(B-4)  flz) 2 f(@) + (@2 = 2) + S llo — 2%, and (u—d,2—2) > |lv - 2[5,
and for all y, 9 € dom(g), v € dg(y), and v € dg(y),

. . . 1 . . ) .
(B5)  g(y) = 9() + (0,y =) + 5lly —dllz, and (v =5,y —3) > ly - dllz,-

For notational convenience, define for (x,y) € X x Y that h(z,y) := Ax + By and for
(z,y,2) € X x Y X Z that

(B.6) 0(x,y,2) = (TA) "Iz = 2I1° + llo — 215 + lly — 917 + M By — 7)™

THEOREM B.1. Assume that the solution set of (B.1) is nonempty and that the
CQ holds. Assume also that both Xy + S + NA*A and Xy + T + AB*B are positive
definite. Let {(z*,y*,2%)} be generated from the prozimal ADMM. For k= 1,2, ...,
denote

kg1 = min(7, 1+ 7 — 72)N|By* T — P12 + [ly" Tt — y*||3,
(B.7) b1 o= Ok + |28 — ¥ |15 22 = 213, + 2y - gll3,

e B | VAR Vi [

Then, the following results hold:
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(a) if T € (0,1], we have for k > 1 that
Grsr + (1= PABE, gH) = el2 = [ + (1 — ARG, ) — el
(B.8) < —[terr + AR gP ) — ¢
(b) if 7> 1, we have for k > 1 that
Urpr + (L= 7 DA g ) — e = e + (1 = 77 HAR(2", 4*) = ¢ff’]
(B.9) < —[terr + 71+ T = P)ARE ) — o ?);

(¢) if T € (0,(14++/5)/2), then the sequence {(x*,y*)} converges to an optimal so-
lution to (B.1) and {z*} converges to an optimal solution to the dual problem

of (B.1);
(d) and if A is vacuous and f = 0, then for T € (0,2) we have that 2"+ = 2% = 7,
and for k > 0 it holds that

(T =2+ ™ = gllF < TR = 2P+t - 9lE
(B.10) (2= AIBE") —el® + [ly* " = ¥ (17 + 2lly* T —7ll3, ),
and the sequence {(x*,y*)} converges to an optimal solution to (B.1), and
{zF} converges to an optimal solution to the dual problem of (B.1).
Proof. Obviously, the sequence {(z*,y", 2%)} is well defined under the assump-

tions given in this theorem. Notice that the iteration scheme (B.2) of the proximal
ADMM can be rewritten as: for £k =0,1,2,...,

0€df(aFth) — A*[2F — Mh(zFT1 y%) — )] + S (2P — 2),
0€ dg(y"") — B [F — Mh(2* yF ) — o) + T — b,
0= h(z* 1 y* ) — e (TA) LM = 2,

which implies

A (1= AR, g+ — o) — AB(yF — g+
(B.11) LM o1 R
— TR+ — yk) € dg(yhtL).
Define 2 := 2% —  for notational simplicity, and define y* and z* similarly. Let
WL = R (1 C AR g — ) — AB(y — R,

b= 2R (1 — A (2R, k“) c).
Combining (B.4) and (B.5) with (B.3) and (B.11),

we have

(A uF Tt — S(aMH — k) — A%z, 2P —z) > 2P -z

(BoM =Ty — o) = Bz =) > T g3,

Adding up these two inequalities and using the definitions of «**1 and v**1 and the
relation

h(zg ™ yett) = Ayt ) — o= (TA)THER = M) = (T T - 28T,
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we obtain that
(B.12)
(TA) 7 et 28 = 284 — (L= DAR(H L ym ) — ¢ff?
HMBEH —yb), Ay — o) = MBM =), Bydtt)
— (S —ak), 2 t) — (T —yF),pet) = g3, + v IS,
Next, we shall estimate the term A(B(y**! — y*), h(z*+1, y*+1) — ¢) in (B.12).
By noticing from (B.11) that

B oM TR — F) € 9g(yF ) and B*oF — T(yF — y* 1) € dg(yb),
we obtain from the maximal monotonicity of dg(-) that
(L — gk, BRR TR Ry B R — T(yF — ) > 0
= (B — o), 0" =" > g =M - M =R T -y )
Thus, by letting psy1 = (1 — 7)MBY*! — yF), h(zF, y*) — ¢), we have
AB(yF — k), h(ah T, gk 1) — ¢)
= (1 — DOMBEFL — y*), (@b, gk 1) — o) 1+ (B(yh Tt — k), 28 — 2k 1)
= pr1 + (ByFT —y),vf — o)
A A T T A (T )

k+1

< piks1 — |y

ST

1 1
< = Sl - v 7+ 5l

which, together with (B.12), implies

(TA) 718 28 — 284 — (L= DA Y™ ) — clf® + g

1 1 ~
— 5||y’“+1 — M7+ gl\y’“ — " UE = MBET = yF), ByFt)

(S (k) b ) < (T — by, g > 2k + [y,

Using 2F+1 — 2% = —T/\[h(gc 1, y**1) — ¢] and elementary relations (u,v) = £ (||u[*+

[v][? = lu—v[|*) = 3 (Jlu+ v[|* = |lul|* = ||v]|?), we further obtain that
(B.13)
(T TH=EN? = [2E7H2) = (2 = ANy ) = efl® + 2pp41
— g™ =y I+ lly® = " = ABEE = )12 = M Byt P + Al Bye |®
— [l = 2P = gt IS+ of 1 — Ny — R 1IF — IR + llyellF
> 2k, + 2l 2,
Now we are ready to consider the two cases for the steplengths 7 € (0,1] and 7 > 1,

respectively.
Case I. 7 € (0,1]. In this case, by using the fact that

2By —yF), h(@" yh) — o) < IBEM = yM)IIP + ([h(a®, yF) — |
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and the definition 2u51 = 2(1 — T)A(B(y*1 — y*), h(z*,y*) — ¢), after some simple
manipulations we can obtain from (B.13) that (B.8) holds.
Case II. 7 > 1. Similarly, by using the inequality

2By —y") hat, ) — o) < TIBET = yh)IP 4+ IRy - el

we know from (B.13) that (B.9) holds.

Assume that 7 € (0, (1 + v/5)/2). We can now consider the convergence of the
sequence {(zF,y* 2%)}. From (B.7)-(B.9), we see immediately that the sequence
O(zhHL P+t kL) 4 ||yR L — F|12, is bounded and

(B.14) klim trr1 = 0 and lim szﬂ — zk|| = lim (T)\)*1||h(xk+1,yk+1) —c| =0.
—oo k—soc0 k—o0

By using the definitions of 6 in (B.6) and ¢;11 in (B.7), we see that the three sequences
{12543, {Hyf“H%EngTH\B*B)}, and {||a:’§+1|\?zf+s)} are all bounded. Since ¥, +
T + AB* B is assumed to be positive definite, the sequence {||y**!||} is also bounded.
Furthermore, by using

(B.15) Azt < [|Azg™ + Bye ™| + | Bys T = [Ih(@ y" ) — el + [ ByE T,

we also know that the sequence {|Az**!||} is bounded, and so is the sequence
{fojHH%EfJFSH\A*A)}. This shows that the sequence {|z**1|} is also bounded, as
the operator Xy + 5 + AA*A is assumed to be positive definite. Thus, the sequence
{(z*, 9%, 2¥)} is bounded.

Since the sequence { (2%, y*, 2¥)} is bounded, there exists a subsequence {(z*, y
z%)} that converges to a cluster point, say (z°°, 4, 2°°). We next show that (z°°, y>)
is an optimal solution to problem (B.1) and z*° is a corresponding Lagrange multiplier.

To this end, we first note from (B.14) that

ki
)

Jm 1B =y =0, lim 1@ - aBls =0,
(B.16) and  lim [(y**" = ")|lz = 0.

By using the inequality

[AZ**Y 4 By — el < [ A2t + By — ¢ + [|B(y* — )|

)

we deduce from (B.16) and (B.14) that

(B.17) lim [|zFT — 2% =0 and lim [|[Az""! + By* —¢| = 0.
k—o0 k—oo

Taking limits on both sides of (B.11) along the subsequence {(x*:,y" 2%)} using
(B.16), (B.17), and invoking the closedness of the graphs of df and dg [3, p. 80], we
obtain that

Az € 0f(x™>), B*z™ €dg(y>), Az + By>® —c=0;

Le., (x°°,y%,2%) satisfies (B.3). From the discussion prior to the theorem, we con-
clude that (x>, y>°) is an optimal solution to problem (B.1) and that z*° is a corre-
sponding Lagrange multiplier.

To complete the proof of part (c), we show that (z°°,y>°,2°°) is actually the
unique limit of {(«*,y"*, 2%)}. Recall that (2°°,y>,2°°) satisfies (B.3). Hence, we
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could replace (Z, 7, z) with (2°°,y°, 2°°) in the above arguments, starting from (B.4)
and (B.5). Consequently, for 7 € (0, 1] the subsequence {1, + (1 — 7)A||h(x¥i y*i) —
c||?} converges to 0 as k; — oo, and for 7 € (1, (14++/5)/2) the subsequence {1y, +(1—
T~ HA||(z¥ y*i) — ¢||?} converges to 0 as k; — oo. Since the two subsequences are
from two nonincreasing sequences and since the sequence {||h(z*,y*) — c||} converges
to zero,

(B.18) Jim 0(«*, 4", %) + [ly* —y* M7 = Jim v =0.
—00 k—o00

From this, we see immediately that limg_ oo 2k = g0,

(B.18) and (B.14) that

Moreover, we obtain from

Tim (g3, + I3+ NIBYEI2) + (8113, + 125]2) = 0.

Hence, we have limj_, y* = y* as the operator Y, + T+ AB* B is positive definite.
This, together with (B.15), further implies limy_, [|A2%| = 0. Thus, we have

Jim g3, + (22 l15 + M Azg]® =0,
— 00

which, from the fact that the operator ¥y +.54 AA* A is positive definite, ensures that
limg o0 2% = 2°°. Therefore, we have shown that the whole sequence {(z*,y*, 2*)}
converges to (x°°,y>, 2) if 7 € (0, (1 + v/5)/2).

Finally, by observing that the third and the fourth terms on the left-hand side of
(B.12) cancel each other out if A is vacuous, we can easily start from (B.12) to get
(B.10). The convergence of {(z*,y*, 2¥)} can be obtained in a similar but simpler
manner as in the proof for part (c). o

Remark B.1. Theorem B.1 provides general conditions for the convergence of the
proximal ADMM. It includes some recent results in the literature as special cases. For
example, the convergence of the proximal ADMM has been considered by Attouch
and Soueycatt [1] for the case S = %I and T = %I. Moreover, Zhang, Burger, and
Osher [59] considered the case when B = 7 and S is chosen to be positive definite and
established a slightly weaker convergence result, that is, that all the cluster points
of {(2*,y*)} and {z*} are optimal solutions to the primal and dual problems, re-
spectively. Furthermore, Yang and Zhang [58] applied the proximal ADMM to solve
[1-norm minimization problems in compressive sensing, allowing the step length to
be chosen under some conditions other than only 1. It is notable that when the step
length is chosen to be 1, the iteration scheme in [58] simply reduces to (B.2) with
A =T and a self-adjoint and positive definite operator 7. It is also not hard to see
that Theorem B.1 covers all three convergence results in the aforementioned work of
Xu and Wu [57].

Remark B.2. Suppose that f takes the form of fo + p with fo being a convex
quadratic function whose Hessian is ¥ and p being a “simple” closed proper convex
function whose proximal mapping, under the weighted inner product {(-,-)p := (-, D)
for a given self-adjoint and positive definite operator D, admits an efficient algorithm.
Then the condition in Theorem B.1 actually allows the flexibility to introduce an S
to “cancel” out also the second-order term in fj, in addition to the second-order term
in the quadratic penalty, such that

S+ (3 + AA*A) = aD,

where « is the smallest positive number such that S is positive semidefinite. That
is, S makes up the difference between D and 3 + AA*A. In the extreme case of
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3 4+ MNA*A = D for some positive number 3, one may and should just take S = 0.
These comments on f are also applicable to the function g. Furthermore, if either the
z-part or the y-part disappears, one can allow the step length 7 to take values in the
larger interval (0, 2).

Appendix C. Subspace identification algorithm for system identifica-
tion. In this appendix, we discuss how the rank of the matrix H(y) is related to the
system order in the system identification problem in section 4. We will follow closely
the discussion in [32, section 5]. Based on this discussion, we describe a version of the
classical subspace method as used in Step 3 of our approach for system identification,
discussed in section 4.1.2.

Notice that if there is no output measurement noise, then (4.1) is satisfied with
y = §. Assume further that r is larger than the true order of the system. Then we
obtain from (4.1) that

(C.1) Hyp 11,8 41-r(Y) = GX + LHp 1 r 1,841 (1),
where X = (29 @1 -+ x(N —r)) and
c D 0 0 0
CA CB D 0 0
(C.2) G — . : I — CAB CB D 0
cA CA™'B CA™2B ... ... D

Thus, if UL denotes the orthogonal matrix whose columns span the nullspace of
Hy1 41, N+1—r(u), by multiplying both sides of (C.1) by UL, we get

(C.3) H(y) = Hmariini1r(y)UT = GXU™.

Hence, the rank of H(y) equals the rank of G (which is equal to the true system
order) if there is no rank cancellation in the product GXU*. This latter property
holds generically for a randomly chosen input sequence .

The subspace method for system identification with noisy output, which we use
in Step 3 of our algorithm, can be derived based on the above relations. We describe
the method below.

e Set the threshold for the (numerical) rank of the matrix #(y,) at some suit-
able integer n. This will be the approximate system order. Motivated by
(C.3), we next find G € R™"*+DX" whose columns span the range of the
rank-n approximation of #(y,,), where

Go
. Gi
G=1 .1

Gy
with each G; € R™ ™ for alli =0,...,r.

e Motivated by (C.2), we then set C to be the first block of G; ie., we set
C = Gy.
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e Again motivated by the definition of G in (C.2), we solve the following system
in the least-squares sense to obtain A:

é1 Go

Gr Gr—l

e With the above A and C, we solve for B, D, and x( in the least-squares sense
using the following system of equations, which is essentially (C.1) but with y
replaced by the noisy output ¥:

t—1
C’Atxo—l—ZCAt_k_lBuk—l—Dut = Ur, t=0,...,N.
k=0
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