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Abstract

This paper concerns maximum likelihood identification of linear time invariant state space models, subject to model
stability constraints. We combine Expectation Maximization (EM) and Lagrangian relaxation to build tight bounds
on the likelihood that can be optimized over a convex parametrization of all stable linear models using semidefinite
programming. In particular, we propose two new algorithms: EM with latent States & Lagrangian relaxation (EMSL),
and EM with latent Disturbances & Lagrangian relaxation (EMDL). We show that EMSL provides tighter bounds on the
likelihood when the effect of disturbances is more significant than the effect of measurement noise, and EMDL provides
tighter bounds when the situation is reversed. We also show that EMDL gives the most broadly applicable formulation
of EM for identification of models with singular disturbance covariance. The two new algorithms are validated with

extensive numerical simulations.
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1. Introduction

Linear time invariant (LTT) state space models pro-
vide a useful approximation of dynamical system behavior
in a multitude of applications. In situations where mod-
els cannot be derived from first principles, some form of
data-driven modeling, i.e. system identification, is appro-
priate [14]. This paper is concerned with identification of
discrete-time linear Gaussian state space (LGSS) models,

g1 = Axy + Bug + wy, (1a)
Yt = Cl't + D’LLt + V¢, (].b)

where x; € R denotes the system state, and u; € R™,
yr € R™ denote the observed input and output, respec-
tively (henceforth, resp.). The disturbances, w; € R™ and
measurement noise, vy, are modeled as zero mean Gaussian
white noise processes, while the uncertainty in the initial
condition z; is modeled by a Gaussian distribution, i.e.

wy ~ N(Oa Ew)v Vg ~ N(Oa Ev)? L1~ N(,LL,El) (2)

For convenience, all unknown model parameters are de-
noted by the variable 0 = {u,¥1,%,,,%,, A, B,C, D}.

In this work, we seek the maximum likelihood (ML)
estimate of the model parameters 6, given measurements
u1.7 and y1.7, subject to model stability constraints, i.e.

ML = arg méxxpg(ul;pyl;cp) s.t. AeS. (3)
ML methods have been studied extensively and enjoy de-

sirable properties, such as asymptotic efficiency; see, e.g.,
[14, Chapters 7 and 9].
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Identification of LTI systems is complicated by (at least)
two factors: latent variables and model stability, the latter
being an essential property in many applications. Typi-
cally, observed data consists of inputs and (noisy) outputs
only; the internal states and/or exogenous disturbances
are latent or ‘hidden’. Bilinearity of (1) in « and 6 means
that the joint set of feasible states and parameters is non-
convex. Additionally, even if x is known, the set of Schur
stable matrices, which we denote S, is also nonconvex.

Various strategies have been developed to deal with the
problem of latent variables. Marginalization, for instance,
involves integrating out (i.e. marginalizing over) the latent
variables, leaving 6 as the only quantity to be estimated.
This approach is adopted by prediction error methods [14,
15] (PEM) and the Metropolis-Hastings algorithm [19, 8].

Alternatively, one may treat the latent variables as ad-
ditional quantities to be estimated together with the model
parameters. Such a strategy is termed data augmentation,
and examples include subspace methods [35, 12], and the
Expectation Maximization (EM) algorithm [3, 25, 7, 26].
The augmentation together with appropriate priors also al-
lows for closed form expressions in a Gibbs sampler [6, 36],
(as a special case of the Metropolis-Hastings algorithm).

Recently, a new family of methods have been developed
in which one supremizes over the latent variables, with an
appropriate multiplier, to obtain convex upper bounds for
quality-of-fit cost functions, such as output error [18, 30].
An important technique employed in this approach is a
type of Lagrangian relaxation, similar to a method widely
applied in combinatorial optimization [13] and robust con-
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trol, where it is referred to as the S-procedure [38, 22].

The problem of model stability has also seen consider-
able attention over the years. In subspace identification,
a number of strategies have been proposed: [16] showed
that stability can be guaranteed by augmenting the ex-
tended observability matrix with rows of zeros; in [34],
regularization was used to constrain the spectral radius of
the identified A to a user-specified value; [10] constrained
the largest singular value of A to be less than unity, us-
ing a linear matrix inequality (LMI), yielding sufficient
albeit conservative conditions for stability; the follow-up
work of [11] introduced an LMI parametrization of all sta-
ble models, S; this approach was generalized in [20] to
constrain the eigenvalues of A to arbitrary convex regions
of the complex plane. However, these subspace methods
do not fall within, nor inherit the desirable properties of,
the ML framework; e.g. [16] is known to bias the esti-
mated model, and even unconstrained subspace methods
are generally considered to be less accurate than PEM [5].
Furthermore, [11] replaces the least-squares objective with
a weighted projection which, as noted in [27] can produce
substantial distortions.

As a middle ground between the conservatism of [10]
and the distortions of [11], the authors of [27] proposed a
constraint generation approach; c.f. also [1]. The method
takes as its starting point an unconstrained least squares
problem, such as those arising in subspace identification
or EM with latent states, and then iteratively introduces
linear constraints until a stable model is identified. This
leaves the desired cost function undistorted; however, the
resulting polytopic approximation of S excludes many sta-
ble systems from consideration.

In output-error (a.k.a. simulation-error) identification,
which can be interpreted as a special case of ML with no
disturbances, convex optimization approaches have been
developed based on LMI parameterizations of all stable
models and convex bounds on output error, including the
Lagrangian relaxation mentioned above [31, 30, 32]. How-
ever, due to the approximation of output error these “one-
shot” convex optimization methods will generally be bi-
ased and will not produce true ML estimates.

In contrast to the above approaches, in this paper we
maximize the true likelihood over a complete convex pa-
rameterization of all stable models. We do so by leveraging
the underlying similarities between EM and Lagrangian
relaxation to incorporate model stability constraints into
the ML framework. The EM algorithm is an iterative ap-
proach to ML estimation, in which estimates of the latent
variables are used to construct tractable lower bounds to
the likelihood. We use Lagrangian relaxation to derive al-
ternative bounds on the likelihood, that have advantage of
being able to be optimized over a convex parameterization
of all stable linear models, using standard techniques such
as semidefinite programming (SDP).

In this paper, we treat both the latent states and la-
tent disturbances formulation of EM, leading to two algo-
rithms: EM with latent States & Lagrangian relaxation

(EMSL), and EM with latent Disturbances & Lagrangian
relaxation (EMDL). The former represents the de facto
choice of latent variables; however, we show that the latter
can lead to higher fidelity bounds on the likelihood, when
the effect of measurement noise is more significant than
that of the disturbances. We also show that latent distur-
bances lead to the most broadly applicable formulation of
EM for identification of singular state space models.

We first introduced the basic idea of combining La-
grangian relaxation with a formulation of EM over latent
disturbances in our conference paper [33]. This paper ex-
tends that work in several significant ways. Foremost, we
now incorporate model stability constraints into the more
common latent states formulation, c.f. §4.1, as well as the
latent disturbances case, c.f. §4.2. We also extend the
proposed method to handle correlated disturbances and
measurement noise, c.f. §4.3. In §4.2 we apply Lagrangian
relaxation without resorting to Monte Carlo approxima-
tions, unlike [33]. Furthermore, the Lagrangian relaxation
detailed in this paper makes use of a more effective multi-
plier, which improves fidelity of the bound. Finally, a new
study of the behavior of the EM algorithm for large and
small disturbances is presented in §5.2 and §5.3, offering
insights to guide the practitioner as to the best choice of
latent variables for a given problem.

2. Preliminaries

2.1. Notation

The cone of real, symmetric nonnegative (positive) def-
inite matrices is denoted by S? (S7 ). The n x n identity
matrix is denoted I,,. Let vec : R™*™ — R™" denote the
function that stacks the columns of a matrix to produce
a column vector. The Kronecker product is denoted ®.
The transpose of a matrix A is denoted A’. For a vector
a, |a\22 is shorthand for a’Qa. Time series data {x;}’_,
is denoted z,., where a,b € N. A random variable x dis-
tributed according to the multivariate normal distribution,
with mean p and covariance %, is denoted z ~ N (p, ).
We use a(f) « b(f) to mean b(0) = c1a(0) 4 c2 where ¢, o
are constants that do not affect the minimizing value of 6
when optimizing a(f). The log likelihood function is de-
noted Lg(y1.7) = logpg(ui.r,y1.7). The spectral radius
(magnitude of largest eigenvalue) of a matrix A is rg,(A).

2.2. The minorization-mazimization principle

The minorization-maximization (MM) principle [21, 9]
is an iterative approach to optimization problems of the
form maxg f(#). Given an objective function f(¢) (not
necessarily a likelihood), at each iteration of an MM algo-
rithm we first build a tight lower bound b(6, 6.) satisfying

f(0) > b(0,0,) V 0 and f(0r) = b(0k,0),

i.e. we minorize f by b. Then we optimize b(6,0;) w.r.t.
0 to obtain 01 such that f(6x+1) > f(0x). The princi-
ple is useful when direct optimization of f is challenging,



but optimization of b is tractable (e.g. concave). In the
following two subsections, we present EM and Lagrangian
relaxation as special cases of the MM principle, for prob-
lems involving missing data. Each of these algorithms is
predicated on the assumption that there exists latent vari-
ables, z, such that optimization of f(#) would be more
straightforward if z were known.

2.3. The Expectation Mazximization algorithm

The EM algorithm [3] applies the MM principle to ML
estimation, i.e., f(0) = log pg(u1.7, y1.7) = Lo (y1.7). Each
iteration of the algorithm consists of two steps: the expec-
tation (E) step computes the auziliary function

Q0,00 2 [ Latvrr 2o, (Zlnr) dZ - (40)
= Eq, [Lo(y1.1, Z)|y1.7), (4b)

which is then maximized in lieu of the likelihood function
during the maximization (M) step. The auxiliary function
can be shown to satisfy the following inequality

Lo(y1.T) — Lo, (y1.7) > Q(0,0r) — Q(0k,0r)  (5)

and so the new parameter estimate 61, obtained by maxi-
mization of Q(0, ;) is guaranteed to be of equal or greater
likelihood than 6. In this sense, EM may be thought of
as a specific MM recipe for building lower bounds Q(0, 6;,)
to the objective Lg(y1.7), in ML estimation problems in-
volving latent variables.

Remark 1. Strictly speaking Q(6,6)) does not minorize
Lg(y1.7). Rather, the change in Q(0,6y) lower bounds
the change in Lg(y1.7); c.f. (5). Nevertheless, with some
abuse of terminology, we will refer to Q(0,6x) as a lower
bound, as shorthand for the relationship in (5).

2.4. Lagrangian relazation

The method of Lagrangian relaxation proposed in [30]
constructs convex upper bounds for constrained minimiza-
tion problems of the form

Helizn J(0,2) s.t. F(0,2) =0, (6)
ie. f(6) = min, J(,2) s.t. F(6,z) = 0. Here J(0,2)
is a cost function assumed to be convex in 6 for each z,
and F(0,z), assumed affine in 6, encodes the constraints
between z and 0, e.g. (1a), (1b).
Unlike EM, in which we estimate z, Lagrangian relax-
ation supremizes over the latent variables to generate the
bound. Specifically, the relaxation of (6) takes the form

JA(0) = sup J(0,2) — X(2)'F(0,z2), (7)

where \(z) may be interpreted as a Lagrange multiplier.
For arbitrary A, the function Jy(#) has two key properties:

1) It is convex in 0. Recall that J and F' are convex and
affine in 6, respectively. As such, Jy(f) is the supre-
mum of an infinite family of convex functions, and is
therefore convex in 6; see §3.2.3 of [2].

2) Tt is an upper bound for the original problem (6). Given
0, let z* be any z such that F(6,z*) = 0. Then

J(0,2") > f(0),

which implies that the supremum over all z can be no
smaller; i.e. Jy(#) is an upper bound for f(6).

J(0,2%)+ AF(0,2") =

The original optimization problem (6) may then be ap-
proximated by the convex program ming Jy(6).

In this paper, we will show how to construct A(z) so
that the convex bound is tight at a point 6, thus allowing
us to use Lagrangian relaxation in the MM framework.

3. EM for linear dynamical systems

In the application of EM to the identification of dy-
namical systems, there are two natural choices of latent
variables: systems states, x1.7, and initial conditions and
disturbances {x1,w;.r}. In this section, we recap the la-
tent states case, detail the latent disturbances formulation,
and elucidate the key differences between the two.

3.1. EM with latent states

Latent states are the de facto choice of latent variables
in the identification of dynamical systems. Consequently,
this formulation has been studied extensively, c.f. [7]. Here
we recap the essential details, to pave the way for the in-
troduction of stability guarantees in §4.1. Choosing latent
states yields a joint likelihood function of the form

po(Yr.1, T1.7) = L_lz[lpo(yﬂxt)] [jl:[llpe(xtﬂm)}pe(m)

(8)

The E step computes the auziliary function,

QS(97 ek) = EGk [IOgPG(y1:T7 xl:T)| yl:T] (9)

which decomposes as

Q*(0,0r) = Eg, [log pg(z1)|y1.7] + (10)

x—Q7(6,6%)

T T
> Eo, [logpo(yilzo)l yrr] + Y Eo, [log po (i1 |zs)| ya.r]
t=1 t=1

ox—Q3(0,0k)

x—Q3(0,0)

Notice that —Q° o« QF + @5 + @3. It is more convenient
to discuss maximization of (Q° in terms of minimization of



Zle Q3. As —(@® is convex in ¢, minimization is straight-
forward and reduces to linear least squares; c.f [7, Lemma
3.3]. Global minimizers of Q, Q% and Q5 are given by

M:i’uT, 2 :§1|T7 (11a)

[C D] = ‘I)yzq)z_zlv 2y = Oy — q)yzq);zl@ym (11b)

[AB] = ®,.0,}, S,=0,,—&,.9'®,., (llc)
resp., where z; = [z}, uﬂ/, o, = % 23:1 Yy, and

&yp = Eo, [z1]| y1.7] i1|T = Varg, [z1]y17],  (12)

T T
1 1
(Dyz - T ZE(’I« [ytzili| yl:T]a CI)IZ - T ZEek [$t+1zz/£| yl:T]

t=1 t=1
1 T 1 T+1
=7 ;Eek (22| Y1) oo = T tzzz Eg, [zext] y1.7] -

The quantities in (12) can be computed by the RTS smoother

[23]; c.f. [7, Lemma 3.2] for details. A numerically robust
square-root implementation of the smoothing algorithm
should be used for accuracy, e.g. 7, §4].

3.2. EM with latent disturbances

In the latent disturbances formulation of EM, it is con-
venient to work with the more general parametrization

= ASEt + But + G’U_)t, (13)

Tt4+1

of LGSS model dynamics. This permits identification of
singular state-space models, in which n, < n,, as dis-
cussed in §5.1. When using latent disturbances, we set
Yp=Tand 0 ={u,%,%,, A B,C,D,G}. To avoid cum-
bersome notation, we use the same variable 6 to group
parameters in both the latent states and disturbances for-
mulations; the contents of # can be easily inferred from
the context. Choosing latent disturbances yields a joint
likelihood function of the form

po(yr.T, T1, wi.T) {Hpa Yelwi—1,21) | po(wir)pe(21)-

t=1

(14)

Analogously to (10), the auxiliary function
Qd(aaak) = Ef)k [logp9(y1:T7xl;wl:T)|y1:T] (15)

conveniently decomposes as
Q"(9,0x) =Eq, [log po(a1)|y1.7] + Eo, [log pe(w1.)|y1:7]
x—Q$(0,0x) x—Q% (k)
+ Eo, [log po(y1.7|21, wi.r)|y1.7] - (16)
«—Q4(6,6%)

The following lemma details the computation of Q4(8, ;).
For clarity of exposition, we introduce the following lifted
form of the dynamics in (13),

Y =CHZ+ (CN+ D)U +V,

where Y = vec(y1.7), U = vec(ur.r), V = vec(vi.r), Z =
Vec([xlawl:Tfl])v

I 0 0 0o ... 0
A G 0 0 ... 0

0= A? A G 0 01,
ATLfl AT72G AT73G G
i 0 0 0 0 0
B 0 0 0 0

N—| AB B 0 0 0.
| AT-2p  AT-3B AB B 0

C=Ir®Cand D=Ir®D. (17)

Lemma 1. The auziliary function Q4(0,60y) defined in
(15) is given by
,Qd(g, Qk) o logdet 31 + |3AL’1|T - /L@:l_l + tr(Eflil|T)+

Tlogdet ¥, + tr(Xy (CHQH'C' + AA")),

where 17 = Eg, [z1|y1.7] and §1|T = Vary, [;Ul\yl T] as
in (12), and .

Z = Egk [Z‘yl:T] s (18&)

Q = Varg, [Z]y1.7], (18b)

py £ Eg[Y|Z] =CHZ + (CN + D)U, (19a)

Yy éVal"g[Y|Z] =Ir®%,, (19b)

)

A =Eg,[Y — pylyrr] =Y — CHZ — (CN + D)U. (20

PrOOF. Refer to Appendix A.1.

For the LGSS models considered in this work, Z and
can be computed in closed form by standard disturbance
smoothers; see, e.g., [4, §4.5]. Once again, it is prudent
to use square-root implementations of these smoothing al-
gorithms, given in [4, §6.3], for numerical robustness (i.e.
nonnegative definiteness of covariances).

We now turn our attention to the M step, i.e. min-
imization of —Q% oc Q¢ + Q9 + Q9. Tt is clear that Q¢
and ()] take the same form, so p = &7 and ¥ = f)l‘T
globally minimize Q¢(,0y), as in (11a). Minimization of
Q9 () is unnecessary, as it is constant w.r.t. 6. Mini-
mization of Q$, however, is a more challenging problem.
Indeed, from Lemma 1, it is clear that the quantities H
and N render Q4(6, 0) a nonconvex function of the model
parameters.

To summarize, the computations involved in each it-
eration of the latent disturbances formulation of EM are
straightforward, with the exception of minimization of
Q4$(0,0y,), which is nonconvex.

A common heuristic for terminating the EM algorithm
is to cease iterations once the change in likelihood falls
below a certain tolerance 9, i.e.

Lo, (y1.7) — Lo, (y1.7) < 6. (21)



Alternatively, one can simply run the algorithm for a finite
number of iterations, chosen so as to attain a model of
sufficient quality; this is the approach taken, e.g., in [7, 37].

4. Convex M step with guaranteed model stability

In this section we incorporate model stability constraints
into the EM framework. The set S of stable A matrices
is nonconvex; however, by using Lagrangian relaxation we
build convex bounds on —Q(, 6x), which we optimize over
a convex parametrization of all stable linear models.

4.1. Ensuring stability with latent states

We begin with the latent states formulation. The global
minimizers (11a) and (11b) of @5 and @3, resp., remain
unchanged, as they do not influence stability. To optimize
(3, it is convenient to work with the representation:

e
Q3(0,0k) = Y |Fr11— ATy — Bitg|y 1 +Tlog det £, (22)

t=1
where M® = 2n,, + n,, and T and @ satisfy

/

MS | Ty Tyt /
% % :T[ ‘q};” grz } — 9%, (23)
t=1 ’ELt ﬁt rz #z

Our goal is to minimize () subject to model stability con-
straints. The main challenge is nonconvexity of the set
S of (Schur) stable matrices, i.e., the Lyapunov condition
A’PA—P < 0isnot jointly convex in A and P € S'}7,. One
can circumvent this difficulty by introducing an equivalent
implicit representation of the dynamics, e.g.,

El‘t+1 = F.’I}t + Kut. (24)

In what follows, let 0° = {E, F, K, %, }.

Lemma 2. A matriz A € R"=*"= 4s Schur stable iff there
exists £ € R"=*" and P € S}, such that the LMI

E+FE -P—-1 F

S5(6°) & 7 p | =0 (25)

holds with FF = FA.

ProoF. This result is a trivial modification of Lemma 4
and Corollary 5 in [17, Section 3.2].

By Lemma 2, ©° = {#° : 3P € §"*,, $°(0°) > 0} defines a
convex parametrization of all stable linear systems. Note
also that (25) implies E + E’ > 0, which ensures that the
implicit dynamics in (24) are well-posed, i.e. A= E~'F.
The challenge now becomes the optimization of @5
with models in the implicit form (24). Simply solving

. M ~ ~ ~ 12
egrélgs Zt:1|E:ct+1 — Fz, — K“t‘zgl + T'log det X,

is insufficient, as there is no guarantee that this will reduce
Q5. We proceed by using Lagrangian relaxation to build
a convex upper bound on )%. For clarity of exposition, let
us temporarily ignore the logdet X, term, as well as the
summation, in (22) and consider the nonconvex problem

min |jt+1 — A.’it - Bﬂt@,l st. AeS (26)

A,B,3,,
for some ¢. Problem (26) is completely equivalent to

min
Tyg1 ,0°€03

fftJrl —$t+1|§:;1 s.t. E$t+1 = F,ft—f—K’[Lt (27)

as both (26) and (27) have the same objective and feasible
set. Introducing A= -i?t—&-l — Tt41 and €t = Ejt—i—l — Fj?t —
K1, the Lagrangian relaxation of (27) is given by

J3(0°,t) =sup |A]Z 1 — MA) (EA — &) (28)
A w

for some multiplier A(A), c.f. Section 2.4. As J5(6°,t)

upper bounds (26), we can ‘construct a convex upper bound

for Q5 by combining ", J§(6°,¢) with a linear bound on

the concave log det ¥, term.!

Lemma 3. Consider the function

AS (ns\ A M® TS (NS —1

Qo) 2" KT (0. (@)
where Yo, is the estimate of ¥, stored in 0;,. Q5(6°) is a
convex upper bound on Q3%(0,0%).

The function Q% is a convex upper bound on Q5 for any
multiplier, . However, to be suitable for EM, i.e. for (5)
to hold, we require Q% to be tight at 6, ie. Q3(0;) =
Q3% (g, 0r). The following lemma provides a choice of mul-
tiplier that ensures this property.

Lemma 4. For each J;(05,t) in (29), t = 1,..., M, let
AA) = 2HA where H = (P')7'S," is such that 0} =
{P7PAk,PBk7Ewk} € ©°. Then Q%(GE) = Q§(9k79k);
i.e. the bound is tight at 0.

ProOF. Refer to Appendix B.1.

Before leaving the latent states case we note that the upper
bound @5 can be optimized as the following SDP:

i %) + Ttr (T8
Rpin tr (R®%) + T'tr (X, ) (30)
R EEH 0
s.t. H'EE HE+FEH 1 |>0,
0 I Zw

where R € §?"«*"u is a slack variable, Ef = [E, —F, — K],
and ®° is the empirical covariance matrix in (23). A com-
plete summary of the approach is given in Algorithm 1.

1The linear bound on log det 34 is tr (E;; Ew) + log det X, +

ngz, but we exclude the constant terms from (29) for brevity.



Remark 2. To ensure model stability, it is only neces-
sary to solve (30) if the spectral radius of Ay is too large,
where Ajq is the least squares solution from (11c), i.e., if
rsp(Als) > 1 — ¢ for some-user selected ¢ > 0, c.f. (3.2) of
Algorithm 1.

Algorithm 1 EM with latent States and Lagrangian
relaxation (EMSL)

1. Set k£ = 0 and initialize 6 such that A; € S and
Le, (y1.7) is finite; c.f. §3.

2. Expectation (E) Step: compute (12).
3. Maximization (M) Step:

(3.1) Update 6541 with least squares, as in (11).

(3.2) Ifrep(Agy1) > 10 for user-chosen § > 0, solve
07,1 = argming:cos Q3(6°), and update 011
with Apy1 = Bl Frq1, Bepr = B K,
and ¥

Wek41

4. Evaluate termination criteria, e.g. (21). If false,
k < k+ 1 and return to step 2.

4.2. Convex bounds with stability guarantees for latent
disturbances

We now turn our attention to the latent disturbances
formulation. The developments in this section follow the
same pattern as §4.1, however, the computations are more
involved. As in the latent states case, the global minimizer
(11a) of Q¢ remains unchanged, and so we concentrate on
optimization of Q¢ subject to a model stability constraint,
A € 8. Tt is convenient to conceptualize Q3 (6, 6;,) in terms
of simulation error, defined as

T
EOUY,2) 2 |y — Coy — Duyl2 ., (31)
t=1

where vec(xy.7) = NU + HZ, i.e., the simulated states.

Lemma 5. With simulation error defined as in (31),
Q5(0,0x) in (16) is equivalent to:

Md
Q5(0,0x) = £(0,U,Y, Z) + Y _£(6,0,0, 27) + Tlog det 3,

j=1
(32)

where MY = n, 4+ (T — 1)ny,, and Z7 € R?=+T=Dnrw gre
d .’
such that Z]A/il 777 =Q.

PrOOF. Refer to Appendix B.2.

Our task ming Q¢ s.t. A € S is challenging due to non-
convexity of both the objective and feasible set. As in
84.1, we circumvent the latter by introducing an implicit
representation of the dynamics in (13),

E$t+1 = Fﬁl’t + Kut + L’U}t. (33)

Setting ¢ = {E, F, K, L, %, } we can define the convex set
of stable models ©% = {#¢ : 3P € S}z, S4(6?) > 0}, with

E4+E -P—-6I F' ('
Sd(ps) & F P 0 | >0 (34
C 0 ZH}

for § > 0. We use the LMI (34), instead of (25), to ensure
finiteness of the supremum in (37), c.f. Appendix B.4.

To optimize Q9 with models in the implicit form (33),
we use Lagrangian relaxation to build a convex upper
bound on Q4. For clarity of exposition, let us temporarily
ignore the logdet ¥, term, and summation, in (32) and
concentrate on minimization of simulation error

mein E0,U,Y,Z)st. A€ S. (35)

Problem (35) is completely equivalent to

min Y —CA - DU|2Z_1 st. EA =¢, (36)
A,0€cOd Y

as both problems have the same objective and feasible set.
In (36), A € RT"= denotes the states x1.7 that we optimize

over, € RT"=*Tns and € € RT" are given by

-F F 0 Kuy + Lun
0 —-F E 0 & :

Kur_1 + Lwr_4

resp., and C, D, Yy are defined in (17). The Lagrangian
relaxation of (36) is given by

J(04,U,Y,Z) =sup |Y —=CA-DU[% . —A(A) (EA —€)
A Y

(37)
for some multiplier A(A) € RT" c.f. §2.4. As J¢ upper
bounds (26), we can construct a convex upper bound for
QS by replacing each simulation error term in (32) with
the appropriate bound:

Lemma 6. Consider the following function

Md
Qg(ed) £ j/\0(9d7 Uv Yv 2) + Z jkj (edv 07 07 Z])
j=1
+Ttr (5,15,) (38)
where ZJA/:; ZiZi" = Q as in Lemma 5, and %, is the

estimate of ¥, stored in 0x. Q$(0?) is a convexr upper
bound for Q3(6,0%).



PrOOF. Refer to Appendix B.3.

Notice, from (38), that Q4 depends on M+ 1 multipliers,
{N }]Ag), unlike Q5. Although Q$ upper bounds Q9 for any
choice of A, as in §4.1 we require Q3 to be a tight bound
such that (5) holds, i.e., we need Q4(0%) = Q% (6, 0x). To
obtain such a set of multipliers {\ jjvido, we propose the
following two-stage approach. At the k*" iteration,

i. For each of the j = 0,..., M bounds Jy;(6%) that
comprise Q$(64), c.f. (38), solve the convex program

J o : 7 . (pd
E| = arg min J)\JA(Q )
st. 0= {E,EAy, EBy, EGy, 5,,} € 07
where )\jA = 2A.

ii. Set A =2 (A4 hi) with h¥ € R7"= given by

hi = (B~ (@i(Eg)*lgi +& - O Sy LY - DkU))

(39)

where \Ilf¢ = C’,’ci;}ké’k - Ei — E’Iz,. Here E’i and E{;
denote E and €, resp., built with E = EJ, F = E] Ay,
K= E,in, and L = Ein. C), and Dy, denote C and
Dy, resp., built with C = Cy, D = Dy,

The following lemma guarantees that the multipliers gen-
erated by this two-stage procedure give a ‘tight’ bound:

Lemma 7. Given 0¢ € 04, let {N jvi% in (38) take the
form MA) = 2(A + h7) with b7 given by (39). Then
Q(0%) = Q3 (0, 0%), i.e. the bound is tight at 0y.

PrOOF. Refer to Appendix B.4.

A complete summary of the latent disturbances approach
to EM with stability constraints is given in Algorithm 2.

Remark 3. This EMDL formulation includes, as a spe-
cial case, models in innovations form, c.f. [14, §4.3]. For
such models, innovations replace disturbances in (1a) and
the latent variables reduce to the initial state, 1. EM in
this setting was studied in [37]. The difference between
[37] and our approach is the M step: in [37] Q(0,6y) is
optimized directly with a quasi-Newton method; we opti-
mize a convex upper bound on —Q(6,0;) over a convex
parametrization of stable models.

4.8. Correlated disturbances and measurement noise

For clarity of exposition, we have considered models
in which there is no correlation between disturbances and
measurement noise. However, the methods we have pre-
sented readily extend to the correlated case, i.e.

Zw E11)’[)

Wt .
|:/Ut:|NN(O’ESc)’ ZSC|:2;UU Y,

| o

Algorithm 2 EM with latent Disturbances and
Lagrangian relaxation (EMDL)

1. Set &k = 0 and initialize ; such that Ay € S and
Ly, (y1.7) is finite; c.f. §3.

2. Expectation (E) Step:
(2.1) Compute 27 and f]HT as in (12).
(2.2) Compute Z and Q as in (18).

3. Maximization (M) Step:

(3.1) Update {t, $1}rs1 = {&17, Syyr -

(3.2) Assemble {\ j1\/§) of the form M = 2(A + k')
by computing {h’ évﬂ) with (39).

(3.3) Obtain 0, = argmingaceas Q5(67).

(3.4) Update Oy with Agypy = Ej 1 Frgr, Brya =

Ei L Kiqt, Grya = Byl Lty and &

k+1 V1

4. Evaluate termination criteria, e.g. (21). If false,
k < k+ 1 and return to step 2.

With latent states, the joint likelihood becomes

T

po(yr.r, T1.1) = {Hpe(yt, Tt It)} po(z1),
t=1

with —Q%(0, 0x) < Q5 (0, 0;) + Q5(0, 6)) where

2
. M; Ty | | A B Ty
—Q:(0,0k) “thl { n } [ ¢ D ] [ Uy } Sh
+Tlogdet .. (41)

Here M¢ = 2n, +ny, +n,, and Z, g, u satisfy

th\iéd - ZZ;IE&- (GGl yrr] s

where ( = [i,§+1,§£,§:;,ﬂ,’5]/ and (; = [$;+1,y£,x;,u;]/.
Clearly, (41) has the same form as (22), and so the La-
grangian relaxation of §4.1 is applicable.

Similarly, in the latent disturbances formulation the

joint likelihood can be factorized as

T
pa(ylzT, X1, wl:T) = Hpe(yt, wt|581, wl:t—l)p(xl);
t=1

with p(ys, we|x1, wi.e—1) given by

C.%‘+DU Ev va
V(o3 = F )

where vec(x1.7) = NU + HZ. Introducing yf = [y}, wl],



C¢ =[C",0'), and D¢ = [D',0']" we have

Inge(y1:T7w1:T|$1) X

T
S0 I~ O~ Dfwl2 4 Tlogdet S, (42)

The resemblance to (31) is apparent. Computing the ex-
pected value of (42) leads to a quantity that takes the same
form as Q9 in (32), to which the Lagrangian relaxation of
§4.2 is applicable.

5. On the choice of latent variables

5.1. Singular state space models

In applications it may be known a priori that the di-
mension of the disturbance is less than that of the state
variable, i.e. n,, < n,. For example, consider a mechani-
cal system in which the disturbances are forces or torques.
There are typically fewer disturbance forces than state
variables (as force directly affects acceleration, but not po-
sition or velocity, in continuous time dynamics), and so G
is rank-deficient. As the transition density pp(ziy1|z:) =
N(Az; + Buy, GG') no longer admits a closed form rep-
resentation, when GG’ is singular, it is well known that
the standard EM algorithms based on latent states are no
longer directly applicable.

Modifications of the EM algorithm have been proposed
to circumvent this difficulty. The work of [28] introduced
a perturbation model with full-rank process noise covari-
ance, and proved that the EM iterations remain well be-
haved when the perturbation is set to zero. However, this
approach was restricted to models in which the distur-
bances and measurement noise are uncorrelated. A sub-
sequent paper [29] addressed the case of correlated state
and measurement noise, but only considered models in in-
novations form; extension to the case of models in general
form was left to future work. Furthermore, this method
requires the variance of the initial state (i.e. 1) to be
excluded from the estimated parameters, 6.

The latent disturbances formulation of EM, c.f. §3.2
provides the most general solution to the difficulties asso-
ciated with singular state space models. Specifically, with
latent disturbances we can handle rank deficient G, with
the possibility of correlated state and measurement noise
(c.f. §4.3), as well as unknown initial conditions (u, 1),
for models not necessarily in innovations form, c.f. Re-
mark 3. When using latent disturbances we work with the
joint likelihood function pg(y1.1, 21, w1.7), given in (14).
Comparing (14) to (8), we observe that the problematic
transition density is replaced by the joint distribution of
disturbances pg(wi.7) which remains well-defined in the
singular case, n,, < ng.

5.2. Absence of disturbances or measurement noise

In this section, we study the auxiliary function Q(6, 0y)
in the limit cases of G = 0 and X,, = 0, for different choices
of latent variables. These results will offer insight into the

behavior of the EM algorithm as a function of disturbance
magnitude, which is explored in §5.3.

Proposition 8. Consider a model of the form (1), and let
0 be such that ¥, = 0, i.e. disturbances are omitted from
the model. The auziliary function built on latent states,
Q%(0,6%), is undefined when A # Ay or B # By,.

PROOF. Refer to Appendix C.1.

Proposition 9. Consider a model of the form (1), with
dynamics of the form (13), and let § be such that G = 0,
i.e. disturbances are omitted from the model. Furthermore,
suppose X1 = 0; i.e. the initial conditions 1 = p are mod-
eled without uncertainty. Then Lg(yi.7,2z1) = Q%(0,0)
for all 0,0y i.e., the auziliary function built on latent dis-
turbances, Q4(0, 0y), reduces to the log likelihood.

PrOOF. Refer to Appendix C.2.

Proposition 10. Consider a first order model of the form
(1), and let 6 be such that 3, = 0, i.e. output noise is
omitted from the model. The auziliary function built on
latent disturbances, Q4(6,6y.), is undefined for 6 # 0y, i.e.
the domain of Q(0,0x) collapses to a single point, 0 = 0.

ProoF. Refer to Appendix C.3.

Proposition 11. Consider a first order model of the form
(1), and let 6 be such that ¥, = 0, i.e. outpul noise is
omitted from the model. Let Q%(0,0y) denote the auxiliary
function built on latent states, then:

i. Q%(0,0r) is undefined for all 0 such that C # Cj or
D # Dy.

it. Q°(0,0r) = Lo(y1.7) for all § such that C = Cy and
D = Dy,.

ProOF. Refer to Appendix C.4.

5.3. Influence of disturbance magnitude on bound fidelity

In this section, we empirically investigate the fidelity
of Q(0,0r) as a bound on Ly(y1.7), as a function of the
magnitude of the disturbances, wy.r, and the choice of
latent variables. The results are presented in Figure 1,
which depicts Q°, Q4 and Lg(y1.7) for a first order (n, =
1) LGSS model, with A = 0.7, B = 0.3, C = 0.1, D = 0.01,
and GG’ = ¥,,. Each bound, Q° and Q9, is plotted as a
function of the single unknown scalar parameter 6 = A.
Note that S = {A: —1 < A < 1} is convex for n, = 1;
this is not true for n, > 1.

We begin with the case of ‘small’ disturbances (i.e.
Yuw < X,) as depicted in Figure 1(a), and observe the
following: Q4(6, 0)) represents Lg(y1.7) with high fidelity,
whereas Q°(0,0y) is localized about 6. Such an observa-
tion is not without precedent. For instance, in the latent
states formulation of [25, Section 10] it was noted that
an initial disturbance covariance estimate >,, = 0 results



in 0 = 0y for all k; i.e. the model parameters are not
improved. Proposition 8 makes this observation more pre-
cise: in the 1D case of Figure 1(a), when X, = 0, Q*(0, 6,)
is undefined for A # Aj. Taken together, Figure 1(a) and
Proposition 8 suggest that as X, becomes smaller (relative
to 3,) the bound @Q®°(6, 0);) becomes more localized about
01.; the domain collapses to a single point, § = 0y, when
Y = 0. Conversely, as %, (and ¥1) decrease, Q9 (0, 6%)
becomes an increasingly accurate representation of the log
likelihood, eventually reproducing Lg(y1.7) exactly, when
Y (and 1) are identically zero, as in Proposition 9.

Turning our attention to the case of ‘large’ disturbances
(i.e. ¥y > %,) as depicted in Figure 1(b), we observe the
opposite behavior: Q%(6,60y) faithfully represents the log
likelihood, whereas Q9 (6, 8;.) appears to be localized about
0i. Once more, studying the limiting case 3., = 0 offers in-
sight into this behavior: Proposition 10 states that when
Y, = 0, Q40,0) is undefined for A # Aj. Taken to-
gether, Figure 1(b) and Proposition 10 suggest that as 3,
decreases (i.e. as X, increases relative to 3,), the bound
Q%(0,0;) becomes more localized about 6; the domain
collapses to a single point, § = 6, when ¥, = 0. Con-
versely, for this 1D experiment with 8 = A, Proposition
11 states that Q°(0,6x) will reproduce Lg(y1.7) ezactly,
when ¥, is identically zero. Indeed, in Figure 1(b) with
Y, < Xy, we observe Q°(0, 0) representing the likelihood
faithfully.

To summarize: in the case of ‘small disturbances’ (i.e.
Yo < By), Q40,0;) will tend to bound Lg(yi.7) with
greater fidelity, compared to Q*(0, 0x). In the case of ‘large
disturbances’ (i.e. ¥,, > ¥, the converse is true.

We conclude this section by drawing attention to the
fidelity of the bounds from Lagrangian relaxation, i.e. Q4
and Q5. In Figure 1(a), QS provides an effective bound on
the likelihood, despite Lg(y1.7) not being concave in the
neighborhood of 0. In Figure 1(b), Q% almost perfectly
reproduces Q°, except at the boundary of the feasible set,
S, where it tends towards —oo as desired, unlike @Q®, which
remains finite for unstable models (A > 1).

6. Numerical experiments

6.1. Stability of the identified model

This section provides empirical evidence of the value
of the model stability constraints introduced in §4. We
present examples of model instability arising in the stan-
dard unconstrained latent states formulation, during iden-
tification of models depicted in Figure 4. The exact nu-
merical specification of these systems is avaiable at [24].
Figure 2 considers the case where measurement noise is
more significant than the disturbances, for singular state
space models; Figure 3 treats the ‘significant disturbances’
case with full rank covariance. In all examples, both the
true and identified models are fourth order. We make the
following observations. First, model instability can arise
even when the true spectral radius is far from unity; c.f.
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Figure 1: Bounds on the log likelihood Lgy(y1.7) of a 15 order system
with a single unknown scalar parameter, A. Q% and Q9 denote the
bounds based on latent states and disturbances resp., c.f. (10) and
(16). Q§ and Qg denote the bounds from Lagrangian relaxation,
using latent states and disturbances resp., c.f. (29) and (38).

Figure 2(b) and 3(b) concerning identification of the over-
damped System 2 in Figure 4. Secondly, the consequences
of instability are varied; e.g. in Figure 2(b), model insta-
bility leads to failure of the latent states algorithm due to
poor numerical conditioning, whereas in Figure 3(a) the
spectral radius of the identified model hovers above unity
for thousands of iterations. Such a model may achieve ade-
quate performance on training data, yet behave unreliably
should the unstable modes be excited during validation.

To supplement the results in Figures 2 and 3, we ran-
domly generated 1500 stable SISO systems, of varying or-
der, with Matlab’s drss function, and report instability
of the identified models in Table 1. Specifically, to gener-
ate problem data each model was simulated for T = 2ng
time steps (where ng is the number of parameters in the
model) with 3, set to give a SNR of 20dB, and GG’ of
rank 1 with eigenvalue 10~%. Each identified model was of
the same order as the system used to generate the training
data. The latent states algorithm [28] was then run for 60
seconds, randomly initialized with drss. The proportion
of trials for which the identified model was unstable for at
least one iteration is recorded in Table 1.
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Figure 2: Spectral radius of identified models at each iteration of two
methods: our latent disturbances method (EMDL), and the latent
states method [28] (EM); c.f. Figure 4 for Bode plots of true systems.
Both models (true and identified) are 4'" order. For each model,
the disturbance covariance is singular with G = [0, v10~°,0,0]’. In
each case, both algorithms were initialized with the same randomly
generated model from drss. Models were trained with 7" = 75 and
100 datapoints, in (a) and (b), resp.
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Figure 3: Spectral radius of identified models at each iteration of two
methods: our stable latent states method (EMSL), and the latent
states method [7] (EM); c.f. Figure 4 for Bode plots of true systems.
Both models (true and identified) are 4*" order. For each model, the
disturbance covariance is full rank. In each case, both algorithms
were initialized with the same randomly generated model from drss.
Models were trained with T' = 75 datapoints.

Table 1: Proportion of trials for which the identified model was un-
stable for at least one iteration, using the latent states algorithm
[28]. 300 trials were conducted for each model order. The true SISO
models were generated with drss. Each identified model was of the
same order as the true model; c.f. Section 6.1 for details.
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Figure 4: Bode plots of 4P order systems used in the numerical

experiments of Section 6. Refer to [24] for exact specifications.

6.2. Convergence rate and computation time

In this section, we demonstrate that although the per-
iteration complexity of our latent disturbances formula-
tion (EMDL), c.f. Algorithm 2, is much greater, total
computation time remains competitive with conventional
latent states methods in cases where measurement noise
dominates disturbances. This is due to the higher fidelity
bounds on likelihood achieved using latent disturbances,
e.g. Figure 1(a), meaning fewer iterations are required to
significantly improve the likelihood. To illustrate this, we
identify three 4" order linear models, the Bode plots for
which are given in Figure 4. Each of these systems has GG’
of rank 1, with eigenvalue 1075 (G = [0,v1075,0,0]").
We set ¥, to give a signal-to-noise ratio (SNR) of approx.
20dB, which means ¥, is two to three orders of magnitude
larger than GG’. The experiment consists of 50 trials; in a
single trial we repeat the following process for each system
in Figure 4. First we simulate the system for 7' = 250 time
steps, excited by u; ~ N(0,1), to generate problem data
ur.r and y;.7. We then run EMDL and [28] for 30 min-
utes. Each algorithm is initialized with the same model
(randomly generated for each trial), with system matrices
close to zero.

Figure 5 presents the log likelihood as a function of
computation time. The longer per-iteration time of EMDL
is immediately apparently; tens of seconds elapse before
the first iteration completes. After 200 seconds of compu-
tation, EMDL is approx. equal to (or greater than) EM,
and after 30 minutes EMDL has surpassed EM in almost
all cases. These higher likelihoods correspond to more ac-
curate models, as revealed by Figure 6, which plots the
H,, and prediction error (on validation data) of the sys-
tems identified in Figure 5.

For the highly resonant System 3, both formulations of
EM exhibited poor performance due to apparent capture
in local maxima or stationary points. To illustrate this
phenomenon, we compare performance with two different
initialization strategies, and show the results in Figure 7.

The “cold start” results are as above, with the algo-
rithms initialized with random system matrices close to
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Figure 5: Log likelihood as a function of computation time for EMDL
and the latent states formulation of [28] (EM). 50 trials were carried
out for each system, and 7' = 250 datapoints were used for fitting.
Bode plots for System 1 and 2 are depicted in Figure 4.
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Figure 6: Prediction error (on validation data) and He error for
EMDL and the latent states formulation of [28] (EM). The systems
used are those reached at the conclusion of the trials depicted in
Figure 5.

zero. In Figure 7(b) we see that the normalized Hy, error
is close to unity for both choices of latent variables, indi-
cating only marginal improvement over a model with all
matrices zero. The “warm start” results follow the com-
mon approach of initializing EM with a model produced
by subspace identification. Here we used the modified sub-
space method of [32] which uses Lagrangian relaxation in
place of least-squares for the second stage in order to guar-
antee model stability. Again we observe little improvement
over the initial model in terms of prediction and H., er-
ror, c.f. Figures 7(a) and (b), respectively. The results
in Figure 7 suggest that for highly resonant systems, it
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Figure 7: Prediction error (on validation data) and Heo error for
(EMDL) and the latent states formulation of [28] (EM), after identifi-
cation of the highly resonant System 3, c.f. Figure 4. ‘Cold start’ and
‘warm start’ denote initialization with a random model (with system
matrices close to zero) and a model from the subspace-Lagrangian
method of [32], respectively.

can be difficult for EM algorithms to make significant im-
provements to the initial model estimate, regardless of the
choice of latent variables.

Finally, we analyse the performance of EMDL as a
function of the number of datapoints used for training, 7.
Figure 8 presents H,, and prediction error for increasing
T, for identification of System 2. System 2 was selected
because capture in local maxima is less common, allowing
us to study the asymptotic behavior of the global max-
imum more reliably. Both EMDL and the latent states
algorithm [28] were run for 30 minutes in each trial. For
EMDL, we observe an increase in accuracy (i.e., a decrease
in both H,, and prediction error) for increasing T'. In fact,
for T > 200 the prediction error of the identified model is
approximately equal to that of the true model. For the la-
tent states algorithm, this trend is much less pronounced.
The weak performance of latent states, along with the la-
tent disturbances outliers, appears to be due to capture in
local maxima, as model quality fails to improve in these
cases, even after many additional iterations.

Table 2 records the mean computation time for a sin-
gle iteration of the experimental trials carried out in Fig-
ure 8. Latent states methods, including EMSL, scale lin-
early with 7', as the cost is dominated by the filtering and
smoothing operations in the E step. In principle, EMDL,
is O(T?), as optimization of each of the M + 1 bounds
in (38) requires O(T), [32]. In practice, all M9 singular
values of €2 are not typically required for accurate approx-
imation of Q3(6,0%).

Table 2: Mean per-iteration computation time (in seconds, to 3 sig.
fig.) for the trials in Figure 8. EMSL and EMDL denote Algorithm 1
and Algorithm 2, respectively. EMSL is included for reference.

Data length, T 50 100 150 200 250
EM [28] 0.028 0.0541 0.08 0.103 0.126
EMSL 0.197 0.214 0.235 0.254 0.271
EMDL 37.5 40.7 489 54.6  65.6
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Figure 8: Prediction error (on validation data) and Heo error for
EMDL and the latent states formulation of [28] (EM). The true
model is the overdamped System 2, c.f. Figure 4. For each T, 50
trials were carried out, and each algorithm was run for 30 minutes.

7. Conclusion

This paper has incorporated model stability constraints
into the maximum likelihood identification of linear dy-
namical systems. By combining the EM algorithm and
Lagrangian relaxation, we construct tight convex bounds
on the (negative) likelihood, that can be optimized over a
convex parametrization of all stable linear systems, with
semidefinite programming. The key practical outcomes of
this work are as follows. The de facto choice of latent
states leads to the simplest algorithms, as well as higher
fidelity bounds on the likelihood when disturbances are
more significant than measurement noise (i.e. X, > ¥,).
Concerning software implementation, incorporating stabil-
ity constraints into standard latent states algorithms is
straightforward: if the identified model becomes unstable,
simply replace the usual M step (1lc) with the convex
program (30), to continue the search over a convex set
of stable models. On the other hand, when measurement
noise is more significant than disturbances it may be advis-
able to formulate EM with latent disturbances. Although
the per-iteration computational complexity of the ensuing
algorithm is greater, the improved fidelity of the bounds
on the likelihood can lead to faster convergence and more
accurate models (e.g. by avoiding local maxima). Fur-
thermore, latent disturbances lead to the most broadly
applicable formulation of EM for identification of singular
state space models.
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Appendix A. Proofs for Section 3

Appendiz A.1. Proof of Lemma 1

The first term in (16),
focus on Q9.

¢, is identical to Q3, so we
The p.d.f. pg(y1.7|z1,w1.T) is given by

po(Y|Z) = N(Y;uy,Xy), where py and Yy are given
n (19). Q4 may then be expressed as

Eg, [log N (Y py, By ) [y1.7]

Tn
= —Ty log 2m — log det £y — Eg, {|Y — ,Lty|22;1 ly1.7

Letting Z and ©, defined in (18), denote the mean and
covariance (respectively) of pg, (21, w1.7-1|y1.7), gives

Q3(6,0;) o —Tlogdet X, — tr(Xy (CHQH'C' + AA")),
(A1

A1)
where A = Ey, [Y — ,uy|y1;T] is defined in (20). O

Appendix B. Proofs for Section 4

Appendiz B.1. Proof of Lemma 4

Evaluating the supremum in (28) yields

J0° ) =, H(HE+EH-S;))" He.  (B1)
Let e, = %441 — A%y — Biy, such that ¢, = Fe;. Then
substituting H = (E,)"'X,! into (B.1) gives J5(05,t) =
e}y ey, ie. (28) is tight to (26) at 6. O

Appendiz B.2. Proof of Lemma 5

First consider the tr(SyAA’) term in (A.1). From
(20), A is clearly the difference between the measured out-
put y1.7 and the simulated output of the modelA with the
expected value of the latent disturbances, i.e. Z. There-
fore, tr(ZyAA) = ST |y — Oz — Duy?,_, where
vec(z1.7) = NU+HZ. Next, consider tr(Xy'CHQH'C").

d . .7
Decomposing §2 = Zjvil 7777 leads to

M Mm% T ,
tr(Sy CHQH'C') = |CHuwy[S, . = 2.2 [t
j=1 j=1t=1

where Vec(x{:T) = HZJ. ie. the sum of M* simulation
error problems with Y =0, U =0 and Z = Z7. O

Appendiz B.3. Proof of Lemma 6

As Q4(n) is defined by a summation of convex func-
tions, it is itself a convex function. Summation of the
following inequalities

Jyo (0w, yrr, &1y, W) > E(, urr, yrr, 1y, 1),
Jri (n,O,O,x{,w{:T) > E(U,O,O,z{,w{:T), j=1,...,T,

tr(X,'S,) + logdet B, + ny > logdet ¥,

gives Q3(n) > —Q3(B,0x). Notice that n, + logdet X, +
tr(X;'%,) is an affine upper bound on the concave term
log det 3J,,, which is tight at our current best estimate of
the covariance, %, . O



Appendixz B.J. Proof of Lemma 7

For 6¢ € ©4, we have ¥), < 0, c.f. [30, Theorem 6]. The
Lagrangian in (37) is then concave in A, so the supremizing
A satisfies WA = E}h3 + C}(Y — DyU) — €. Substituting
k7 from (39) into the above yields YA = WE, '€,. As
U is full rank, this implies ExA = €. Then J(0¢,A) —
AF(0L,A) = J(0F, A) = £(62). O

Appendix C. Proofs for Section 5

Appendiz C.1. Proof of Proposition 8
When 3, =0, pg, (z1.7|y1.7) is supported on the set

X(ek) = {xlzT : VeC(.’lﬁlzT) = NU+EZ v é-l c Rnr}
where Z = [¢},0] and G = 0. Then,

Q°(0,6;) = / log pg (1.7, Y1.7)Poy (1.7 |y1.7)dX 1.7
X(ek)

As ¥, =0, pg(xo.7|z1) is deterministic. When A # Ay or
B # By, log pg(zo.7|z1) = 0 for all xz1.7 € X(0), and so
log pg(z1.7,y1.7) is undefined. As a consequence, Q*(0, 0y,)
is undefined.

When A = Ay and B = By, po(ze.r|z1) = 1 for all
x € X(0;) and so Q%(0,0;) can be evaluated as usual. O

Appendixz C.2. Proof of Proposition 9

As G =0, X1 =0 the p.d.f. pg, (x1,w1.7|y1.7) is triv-
ially deterministic, evaluating to unity when z; = p and
wi.r = 0, and evaluating to zero otherwise. Therefore

Q%(8,0k) = log py(y1.1. 1, 0) = log pe (y1:7| 1)
The log likelihood can be decomposed as

Lo(y1.7) = IOg/p0(yl:Ta-Tl)dx1

= log/pe(yl::r|$1)p9($1)d$1 = log po (y1:7|1),

where the final equality follows from the fact that pg(x1)
is a d-function, at x; = p. |

Appendiz C.3. Proof of Proposition 10

For a given 6, let 29, denote the unique state sequence
that is ‘consistent’ with the data, i.e. SL‘%T e {z1.0 19 =
Cxy + Dug,t = 1,...,T}. There is also a correspond-
ing unique disturbance sequence, denoted w(f:T = {wi.r :
$t9+1 = AZL’? +But Jrth,t = 1,,T}

As ¥, =0, the p.d.f. pg, (1, w1.7|y1.7) is a é-function
at T1 = m?’“ and wi.r = wi. The auxiliary function is
then given by Q4(,6;) = logpg(ylzT,w(fk,wffT). We can
decompose pg(ylzT,z(f’“,wff‘T) as in (14). As 3, = 0, the
p.d.f. pe(yir|r1,wir) is also a d-function at z; = =
and wi.p = wlp. If 0 # 0 then 2f # 2% and w?, #
w? .. In this case po(yr.r|zl*, w.) = 0 and so Q4(6, 0x)
is undefined.

When 6 = 6, pg(y1:T|x(f’“,wffT) =1 and Q4(0,0;) can
be evaluated as usual. O

14

Appendiz C.4. Proof of Proposition 11

For a given 6, let x‘f:T denote the unique state sequence
that is ‘consistent’ with the data, i.e. 2¢., £ {z1.7: ys =
Cxy + Dug,t = 1,...,T}. As X, = 0, given y;.7 both
po, (z1:7|y1:7) and pg(yi.r|r1.7) are o-functions at xy.7 =
2Y.;. The auxiliary function is then given by

Q*(0,01,) = log po(yr.1, 27%7).
Let us now consider the two cases:

i. When C # Cy or D # Dy, . # 2%, and so
po(y1.r|2?%,) = 0. Therefore, Q(6,6)) is undefined.
ii. When C' = Cy and D = Dy, 29, = x?fT and so
Q(0,0) = log py(yr.7[27.r)pe(a1.7) = logpo (Y 7)-

The likelihood can be expressed as

Lo(y1.7) = log/pe(ylzT|$1:T)p0(96‘1:T)d331:T
= logpg(I?:T),

where the second inequality comes from the fact that
po(y1.7|x1.7) is a d-function. Therefore, Lg(yi.7)

Q*(6,01).

O
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