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Abstract—Equation error, a.k.a. one-step-ahead prediction er-
ror, is a common quality-of-fit metric in dynamical system
identification and learning. In this paper, we use Lagrangian
relaxation to construct a convex upper bound on equation error
that can be optimized over a convex set of nonlinear models that
are guaranteed to be contracting, a strong form of nonlinear
stability. We provide theoretical results on the tightness of the
relaxation, and show that the method compares favourably to
established methods on a variety of case studies.

Index Terms—Identification, stability of nonlinear systems.

I. INTRODUCTION

YSTEM identification, a.k.a. learning dynamical systems
from data, is a task of central importance in many areas of
science and engineering. Major challenges include capturing
long-term dynamic interactions, model stability, and non-
convexity of optimization criteria [1], [2].
This paper concerns identification of stable discrete-time
nonlinear state-space models of the form

Tt = aG(zt—hwt)v Yt = ga(xt,wt)~ (D

Here, x; is the internal state, and wy,y; denote the input
and output, respectively. ag and gy are finitely parametrized
by 6. State-space models offer a flexible description of dy-
namic behavior; special cases include autoregressive models,
Wiener/Hammerstein models, and recurrent neural networks.

Models that lack stability can achieve good fit to training
data, and yet behave unpredictably for previously unseen
inputs. However, verifying model stability, let alone enforc-
ing stability a priori, is a formidable challenge [1]. Similar
problems have been encountered in the machine learning
community (e.g. [2]), and in model reduction, where the data
come from “snapshots” of a more complex model (e.g. [3]).

To quantify the quality-of-fit of the identified model, we
will use the equation error:

N N
Jee(0) =D |2 — ag(Fr—1, @) > + Y _ |G — go (&, @)|%,
t=2

t=1

ak.a. one-step prediction error, where {w} ; and {7},
denote measured inputs and outputs, respectively, from some
dynamical system, and {#;}Y; denotes estimates of the
internal states. Here w; is a “generalized input” in the sense
that it can be given by any function of the previous measurable
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“physical” inputs, up until time ¢, e.g., Wy = fu, (U, - -, Ur—q)-
Equation error J.. is a metric frequently used in identification
problems, arising in scenarios such as:

Scenario one: minimization of equation error is a subprob-
lem in many common approaches to system identification, e.g.,
subspace identification [4] where 2, are estimated using matrix
factorization, or expectation maximization (EM) for maximum
likelihood identification, where z; denote samples from the
joint smoothing distribution, c.f., [5].

Scenario two: equation error may be used as a surrogate
for simulation error, i.e. the long-term prediction accuracy:

N
Joe(©) =Y e — gole, @),

a.k.a. output error, where z; = ag(z—1, W), ©1 = &1. Direct
optimization of Js. is often highly challenging. By contrast
Jee 1s a convex function of § when ap and gy are linearly
parametrized. If desired, the minimizer of .J.. can then be used
to initialize local optimization (e.g. via a gradient descent or
Newton’s method) of J,.

The problem that we address in this paper can be sum-
marized as follows: given training data {i, &y, 7 } Y1, find a
model of the form (1) that (i) minimizes equation error J,
and (ii) is stable, in the sense defined in §II. For non-trivial
model structures, characterising the subset of stable models in
a computationally tractable way is the main difficulty.

The problem of model stability in identification of linear
time invariant (LTI) systems has attracted considerable at-
tention. In subspace identification a number of strategies to
guarantee stability have been proposed, including: augmenting
the extended observability matrix [6], regularization [7], eigen-
value/pole location constraints [8], [9], and iterative constraint
generation approaches [10]. In all of these methods, there is
a trade-off between (i) minimizing the desired cost-function,
Jee, at the expense of conservatism in the model class, and (ii)
optimizing over all stable models, at the expense of distorting
the cost-function. There are fewer results for guaranteeing
stability of nonlinear models. In [11] results were given for
reduction of linear models in feedback with certain classes of
nonlinear dynamic models. The present paper builds upon the
work of [12], [13], which proposed a convex parametrization
of state-space models with guaranteed incremental stability
and contraction properties, as well as a family of convex upper
bounds on simulation error via Lagrangian relaxation [14].

In this paper, we investigate the use of Lagrangian relaxation
(LR) to construct convex upper bounds on equation error that
can be optimized over convex parametrizations of stable non-
linear models. We refer to this construction as LR of equation



error (LREE). Unlike [13], this does not provide a true bound
on simulation error, but it offers significant advantages in terms
of computation, and performs better empirically in terms of
simulation error on some case studies.

The notation we use is as follows: the cone of real, sym-
metric nonnegative (positive) definite matrices is denoted S’}
(S%,). A= B(A >~ B)denotes A-B €8S} (A-B €S} ,).
The n x n identity matrix is denoted I,,. The transpose of a
matrix a is denoted @', and [a[Z, is shorthand for a’Qa. For
a polynomial p, p € sos denotes membership in the cone of
sum-of-squares polynomials [15].

II. PARAMETRIZATIONS OF STABLE MODELS

In this paper, we will impose the following strong notion
of stability on the identified models:

Definition 1 (Global incremental ¢2 stability). The model (1)
is said to be stable if the sequence {T; — &+}72, is square
summable for every two solutions (w,Z) and (w,%) of (1),
subject to the same input W = W.

The main obstacle to ensuring stability of an identified
model is the nonconvexity of the simultaneous search for
model parameters and a certificate of stability (e.g., Lyapunov
function). To circumvent this nonconvexity, we will work with
the following class of implicit state-space models:

eo(Tir1,uer1) = fo(we,ue),  ye = go(w,ue),  (2)

where eg : R"=X"w — R" fp : R"=X"u sy R"™ and
go : R™"=*"u s R™v are multivariate polynomials or trigono-
metric polynomials, linearly parametrized by unknown model
parameters 6 € R™. Explicit dependence on 6 is henceforth
dropped for brevity. The model (2) is a generalization of
the implicit models introduced in [12], which considered the
special case of e(x,u) = e(x). We shall enforce that e(-, u) is
a bijection for all u, i.e., for all w € R™ and b € R"= there
exists a solution s € R™ to e(s,u) = b. This implies that (2)
is equivalent to (1) with a(z;_1,w;) = e (f(24—1,us_1), us)
and we = (ut,ut_l).

The convex model sets in [13] are based on contraction
analysis [16] and differential L2 gain [17], which utilize an
augmented dynamical system comprising (2) and the dif-
ferential dynamics E(xtq1,utt1)0t41 = F(a¢, ut)dy, where
E(z,u) = W and F'(z,u) = W. Consider the dif-
ferential dissipation inequality Vi1 (i1, 0e+1) — Vi(z, 6r) <
—p|8¢|?, where V : Z x R"=*"= s R is a positive definite
differential storage function. It can be shown that if the
dissipation inequality holds for all solutions of (2) and the
differential dynamics, then the model (2) is stable, c.f., [13,
Thm 5]. [13, Thm 5] concerns a time-invariant V', however,
the proof is identical for time-varying V;. With the metric
Vi(ze,6) = |E(xy,u)04| %1, for P € S}7,, the family of
linear matrix inequalities (LMIs)

M9, P,x,u) := 3)
E(z,u)+ E(z,u) — P—ul F(z,u)
F(x,u) P

implies the dissipation inequality and, therefore, model sta-
bility, c.f. [13, §V]. Furthermore, E(z,u) + E(z,u) = P +

=0,

ul, YV, u ensures that the model is well-posed (i.e. e(-,-) is
a bijection), c.f. [13, Thm 1] To ensure that (3) holds for all
x, u, one can constrain the polynomial v’ M (6, P, x,u)v to be
sum-of-squares (SOS) [15], where v € R?"= are indeterminate
variables. This leads to the convex set of stable models:

©:={0:3P e S} st v'M(0,P,x,u)v €sos}. (4

Note that the model e(z,u) = z, f(z,u) = 0 and P = I leads
to M = I, which always satisfies the conditions in (4) and
hence the optimization problems we consider in this paper are
never infeasible.

III. LAGRANGIAN RELAXATION OF EQUATION ERROR

Recall the problem statement from §I, which can be ex-
pressed as the optimization problem mingeg Jeo(6), where ©
is the convex parametrization of stable models (4). For ease
of exposition, consider the simplified problem

min |3 — a(F_1,10;) %, st. 0 €0, (5)

i.e., minimization of equation error for a single data point,
where a(z¢, w) = e (f(z¢_1,us_1),us). The problem

n}gl 1Tt — 4|2, st e(xg, @) = f(Fe-1,T-1), 0 €O (6)
is equivalent to (5), as it has the same objective and feasible
set. For clarity, we will refer to e := e(Zy, Ut) — f (T4—1, Ur—1)
as implicit equation error (at time t), to distinguish it from
Jee, which will henceforth refer to as explicit equation error.
Problem (6) is not jointly convex in € and x;. In fact, by
making use of implicit models, it may appear as though we
have simply shifted the problem of nonconvexity from the
model stability constraint to the cost function. In this section,
we develop a convex approximation to this nonconvex problem
based on Lagrangian relaxation (LR). To apply LR to (6) we
construct the function

J1(0) == sup{|Zi—xe| =2 (20) (e(we, i) — f(Foo1, T—1))}
” )

where \;(z;) may be interpreted as a Lagrangian multiplier.
For arbitrary (), the function .J;(6) has two key properties
[13]: (i) it is convex in 6, as it is the supremum of an infinite
family of convex functions, (ii) it is an upper bound for
objective in (6). Problem (6) may then be approximated by
the convex program mingee jt(G). A convex upper bound for
Jee can be constructed by summing the bounds for (6), i.e.,

JO) =" Ji0) > Jee. @®)

We refer to .J(#) as LR of equation error (LREE). The simulta-
neous search for § and A¢(x;) is not jointly convex; therefore,
A¢(2¢) must be specified in advance. For the rest of this paper,
we will make use of the multiplier A\;(z:) = x; — ;. This
choice of multiplier simplifies computation of the bound, c.f.
(12), and ensures perfect model recovery when Z constitutes
noiseless states from a true model in ©. It is possible to
iteratively optimize \;(z;) given some ‘current best guess’ of
the model, c.f. [18, §4.4] where this is applied for simulation
error minimization.

Though convex, minimization of J (0) is non-trivial, as eval-
uating (7) requires the supremum of a multivariate polynomial.



A. Approximation via Sum-of-Squares Programming

In this section we propose three approximations of the prob-
lem mingee J () based on sum-of-squares (SOS) program-
ming [15], each of which is in a form that can implemented
in a straightforward way using SOS parsers such as [22].

Firstly, we introduce the slack variable s; and a SOS
constraint to ensure s; > J;:

St — |J~3t — J)t|2 + 2/\t(l‘t)/ (e(mt,&t) — f(.ft_l, ﬂt—l)) € Sos,

©))

for all ¢ = 2,...,N. Combining this with the stability

constraint (4) gives our first and most precise SOS upper

bound for mingeg Jee (0):

SOS Program 1:

min (10)

6’,{st}f\'=2

A simpler approximation can be obtained by replacing each

SOS constraint (9) with an LMI constraint by linearizing the
nonlinear term e(zy, @) at Iy, i.e. using the constraint

N heco
Zt:2st, s.t. €0, 9).

(1)

for which the supremum over z; can be explicitly calculated:

e(Zy, Up) + BTy, ) (2 — Tp) = f(Te—1,Up—1),

s¢ > sup [Z — x4 = 20 (20) (B(Zr, @) (2 — 70) + &),

= (B(Zy, ) + E(Z, 1) — )7 ley = JIB),  (12)

for all ¢t = 2,..., N. Note that each constraint (12) can be
represented as an LMI in sy, 6 via Schur complement. This
leads to the second approximation:

SOS Program 2:

min

13)
07{‘”}{22

N

ZtZQSt, st. 0 €0, (12).
We refer to (13) as minimization of ‘linearized LREE’ and
denote J¢(0) := SN | JY(). The linearization (11) means
that (13) does not minimize a true upper bound on J(f),
rather an approximation, but in the authors experience both
(10) and (13) have been observed to give very similar bounds,
and consequently, very similar models. A disadvantage of (10)
and (13) is that the number of constraints grows linearly with
the number of data points, N, used for training.

The third approximation provides a true upper bound on
J (#) and results in a SOS program that does not grow
in complexity as a function of N, though it can be more
conservative than the first approximation. The construction is
based on an empirical moments representation, similar to that
developed in [19] for J.. The idea is as follows: instead of
introducing a slack variable s; for each data point, as in (9),
we replace s; with a function r such that

([, Ep—1, gy Up—1]) — |24 — 24| (14)

F2Xe () (e(xe, ) — f(Z1-1,0-1)) > 0,

for all possible problem data &, Z;_1, %, Us—1 and all x;.
The function r is chosen to be a polynomial of degree
d, such that nonnegativity in (14) can be enforced via
SOS. When (14) holds, r([Z¢, Z¢—1, U, Ut—1]) > J; and so

Zi2r([it,zfct,1,at7ﬁt,1]) > Zf;ft = J. We can then
minimize an upper bound for mingeg J(#) by the following:
SOS Program 3:

. N ~ ~ ~ ~
min ZtZQT([muwtq,ut,UtA]), st. 0 €0,(14), (15)

where 0, parametrizes r. Problem (15) has just two SOS
constraints, § € © and (14), regardless of N. For any given
data points [T, T¢—1, Ut, Us—1], r in (14) is an approximation
of s; in (9). The quality of the approximation is improved
by increasing degree d of r, at the expense of increased
computational cost. Before proceeding, we note that SOS pro-
gramming is powerful, but can be computationally expensive:
e.g., for an n = n, + n,-variate polynomial of degree 2d,
the dimension of the Gram matrix is (";d), and complexity
is quartic (worst-case) in this dimension. As such, though
constant in IV, complexity grows quickly with model size.
To conclude this section we note that in the special case of
LTI models, i.e. Ex;y1 = Fxy + Ku; and y, = Cxy + Duy,
from which A = E~'F and B = E~'K can be recovered,
several of the approximations become exact. First, there is no
conservatism due to the stability constraint, i.e., © is a convex
parametrization of all stable linear systems. Second, the LR Jy
in (7) and the linearized LR jf in (12) are equivalent, i.e., LR
can be applied directly. Similarly, an exact empirical moments
representation of J exists with quadratic 7. One can enforce
(14) exactly as an LMI, and (15) can be solved as an SDP. No
approximations based on SOS or linearization are necessary.

IV. QUALITY OF BOUND ON EQUATION ERROR

In §IIT we introduced a convex bound on explicit equation
error, Je.. In this section, we provide results on the quality
of this bound. First, consider the case in which problem data
{iis, 7}, represents noiseless inputs and states from some
true model 0* € O, such that J..(0*) = 0. From (12) it
is apparent that jf(é’*) = 0 Vt with noiseless data, i.e.,
the bound J¢ is tight to J.. at the true model parameters,
and SOS program 2 gives perfect model recovery. Next, we
turn our attention to identification with noisy problem data.
Consider minimization of explicit equation error J.., under
the following assumptions:

1. The model belongs to (1) with a(xz,w) = ags linearly
parametrized by ¢, to distinguish from the implicit model
(2) which is linearly parametrized by 6,

2. The global minimizer ¢* := argmin, J..(¢) gives sta-
ble ay- that is contracting w.r.t. the identity metric, i.e.
A;S*Acf)* = —I Vz,w, where Ay = Vyag4«.

Under these assumptions, SOS program 2 returns the same

solution as unconstrained least squares, ming Jee ().

Proposition 1. Consider models of the form (2) with
e(r,w) = Ex for E € R"™*" and fp(x,w), parametrized
by 0, such that fg(z,w) = ag-(z,w) for some value
of 0. Then, under assumptions 1 and 2, (E*,0*) =
argming g J'(E, 0) st. (E,0) € ©, i.e., SOS program 2, c.f.
(13), are such that (E*)™! fo« (x,w) = ag- (z,w).

Proof. For e(z,w) = Eux, the linearized constraint (11) is
exact, and so linearized LREE J’ in (13) is equivalent to
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Fig. 1: Bias in stable identification for scalar linear systems, c.f. . a denotes
the pole given by minimization of (19) (implicit EE) or (13) (LREE). a«
denotes the true system pole in (17). Signal-to-noise ratio (SNR) = z/o.

‘direct’” LREE. Substituting £ = I and f = ag- into (7)
gives J¢ = J.., i.e., our convex bound is tight at ¢*. O

Note that Assumption 2 will not hold for unbounded func-
tions ag, such as polynomials (except in the linear case). The
assumption may, however, hold for bounded rational functions
and trigonometric polynomials.

Next, we elucidate the advantages of LREE in §III com-
pared to the simpler convex program

N
(16)

min le(Zy, @) — f(Fo1, Ur—1)|?,

0€0 “—~t=2
i.e., minimization of implicit equation error. We study the
scalar linear case, and prove that LREE avoids a bias intro-
duced by (16). Empirical evidence in §V demonstrates that
this improvement in performance carries over to the nonlinear
case. Consider the scalar linear output error model,

Tyy1 = QuTy + b*uta Ug ~ N (07 ]-) s
vy ~ N (0,0).

Minimization of J,, for (17) is an example of Scenario 2, c.f.
§I, in which J,. is used as a proxy for Js.. In the limit as
N — oo explicit equation error is given by

N
Zt_zpztﬂ—agzt—batﬁ = o(1+a®)+z(a—a,)?+(b—b,)?,

(18)
where z = b,/(1 — a?). The global minimizer is given by
ays = za. /(0 + z), by = b.. Approximating (minimization of)
(18) with (16) leads to:

(17a)

JEt = Tt + V¢, (17b)

Proposition 2. For the implicit dynamics exyy1 = fay+ kuy,
in the limit N — oo the cost in (16) is equivalent to

(01 4+ ) + 2(a — a)? + (b — b.)?) /(1 — P,
where a = f/e and b = k/e.

19)

Alternatively, LREE as in (13) returns the same solution as
least squares, i.e. (as, bys), as a consequence of Proposition 1.
The global minimizer of (19) lacks a closed form expression
that offers any insight, so we plot the minimizer, as a function
of a,, in Figure 1. It is apparent that LREE is significantly
more accurate, especially when |a.| ~ 1.

V. CASE STUDIES

In this section we examine the proposed method via a
number of case studies. Matlab code that generates these
results has been made available online [20].

10? ‘ ‘
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.E
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Fig. 2: Computation time as a function of training data length for a nonlinear
identification problem, c.f., §V-A. LRSE is solved with the specialized
algorithm in [21], LREE denotes the implementation in (13), i.e. SOS
program 2 and LREE (empirical moments) denotes the empirical moments
implementation of linearized LREE., i.e. SOS program 3. The polynomial r
has degree 7, c.f., (15).

A. Comparison to relaxation of simulation error

In this section, we explore differences between LREE and
LR of simulation error (LRSE), c.f. [13, §V], [21], which
provides a convex upper bound on simulation error, Js.. More
precisely, we actually compare against LR of an approximation
of Jg called linearized simulation error, c.f. [13, §V]. As
discussed in §I, one of the motivations for minimization of .J.,
is to provide a cheap, convex surrogate for Js, i.e. Scenario
two. LRSE also provides a convex approximation (upper
bound) to J,, although the construction requires computing
the supremum of a function w.rt. 1.8 € RN7= A naive
implementation of LRSE leads to an SDP with computational
complexity that scales as a cubic function of the number of
data points, N; however, by carefully exploiting structure,
complexity can be reduced to O(N), c.f. [21]. In contrast,
LREE provides a convex approximation (upper bound) to
equation error. As shown in §III, its construction requires the
supremum over a single state, z;, to be computed N times,
c.f., (7). Consequently, a direct implementation of (10) or (13)
leads to convex programs that scale linearly with N, without
the use of custom solvers. Furthermore, unlike LRSE, LREE
admits an empirical moments representation (15), for which
complexity remains constant with N. An empirical comparison
of computation time is provided in Figure 2. All optimization
problems were formulated with Yalmip [22], and solved using
Mosek 8.1.0.37.

Next, we compare the quality of models identified with
LREE and LRSE. LREE approximates .J.., which is a function
of all state-estimates Z;.n. LRSE approximates .J,., which
depends only on Z;. As such, it is reasonable to expect that
LREE will be more sensitive than LRSE to the quality of Z1.xn.
In what follows, we investigate this sensitivity on numerical
examples. First, we consider identification of a simulated
mass-spring-damper, for which the spring has a nonlinear
force-displacement relationship. The system is excited by an
applied force (measured input), and the displacement of the
mass s is the measured output. We use two methods to obtain
Z1.n. Figure 3(a) shows the results when #; = [sq, ]/, i.e.,
position and velocity ($ is approximated by applying a high-
pass filter to s). That is, we exploit a priori knowledge of
mechanical systems to construct high-quality state estimates.
In this case, LREE performs better than LRSE. Figure 3(b)
shows the results when Z; ~ [s4, s;_1], i.e., a truncated
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Fig. 3: Comparison of LREE and LRSE on a nonlinear mass-spring-damper.
LREE performs better when the state estimates are of high quality, as in (a).
The converse is true in (b), where states are arguably of lower quality.
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Fig. 4: Comparison of: i) explicit equation error minimization (LS), LREE,
and LRSE for a closed-loop subspace identification problem.

history of outputs. In this case, where  are of arguably lower
quality than before, the situation is reversed: LRSE performs
better than LREE. One cannot draw general conclusions from
a single experiment, but these results suggest that when you
have high-quality state estimates 2., equation error provides
a good measure of model fit, and so LREE performs well. The
converse is true when the state estimates are poor.

Next, we consider a problem that is ubiquitous in applica-
tions: identification of an LTI system while operating under
closed-loop control. It is well known that methods based
on equation error minimization, e.g. subspace identification,
produce biased estimates in this setting [23]. Our experimental
set-up is as follows: we randomly generate 30 stable LTI
systems (n, = 7) using Matlab’s drss. Each system is
simulated under closed-loop control, provided by a state-
feedback linear quadratic regulator. White noise (SNR 27dB)
is added to the output. State estimates 2.y are then produced
by a subspace algorithm [4]. We emphasize that our goal is not
to benchmark against state-of-the-art subspace algorithms, but
rather, compare LREE and LRSE in the challenging closed-
loop setting. The results are presented in Figure 4. It is
apparent that LRSE has superior performance over both least
squares and LREE.

In summary, LREE provides a computationally cheaper
alternative to LRSE, and may even give better models when
the state estimates Z are of ‘high quality’. Conversely, when
equation error is inappropriate due to poor-quality states or
closed-loop identification LRSE may still be preferred.

B. Liquid-saturated steam heat exchanger

In this study, we identify a system in which water is heated
by pressurized steam in a copper tube. The input 4, is the
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Fig. 5: Performance of identified models on validation set for the heat
exchanger, c.f. §V-B. Despite simulating reliably for the first 1000 points,
cubic narx-s diverges after an additional 95 timesteps of simulation.

liquid flow rate, and the output g; is the outlet liquid tempera-
ture. For further details, and problem data, c.f. Dataset 97-002
in the DalSy database [24]. We use N = 1000 datapoints
for training, and the next 2000 datapoints in the sequence for
validation. For states, we take &y = [§;, §t—1, Jt—2] € R>.

We fit the following models: (i) LREE, as in SOS program 2
(13), (ii)) LRSE, as in [21], (iii) {EE-s, using implicit EE
(16), and (iv) iEE, using implicit EE without the stability
constraint (but with a well-posedness constraint). All models
use e(xy) = f(xi—1,us, ur—1). We also fit (using the Matlab
System Identification Toolbox) nonlinear ARX models y, =
Joarx (Ye—1, Ue—2, Je—3, Ug, Ug—1) Where foax is polynomial.

Results are presented in Table I, from which we make
the following observations. First, for methods that enforce
stability (LREE, LRSE, and iEE-s), performance on validation
data improved with model complexity. The stability constraint
appears to act as a regularizer. On the other hand, for NARX
models there is clearly a trade-off between model complexity
and validation performance. In particular, the most complex
NARX model (cubic narx-s) achieves the best fit during
training, but diverges during validation. An example trajectory
is shown in Figure 5.

In Table II we further explore this phenomenon. The NARX
models that performed best on validation data (quadratic narx-
p and narx-s) are observed to diverge when subjected to
synthetic inputs of slightly larger magnitude than the training
data. In contrast, the proposed method provides models that
are globally stable for all possible inputs.

So while NARX can provide very accurate models, indeed
quadratic narx-s achieves the lowest validation error of all
models in our test, the task of regressor selection can be
challenging. In particular, it is difficult to guarantee sensible
behaviour on unseen inputs, and therefore there are benefits
to model sets that guarantee stability a priori.

Within the methods guaranteeing stability, the approach of
[13], [21] (LRSE) offers slightly superior performance than
LREE, at the expense of greater computation time.

C. Stable subspace identification for temporal textures

In this section we briefly illustrate the application to linear
system identification, combining LREE with subspace iden-
tification. We compare least squares/N4SID (LS), LREE, the
method of [8] (LB), and the method of [10] (CG). The data
come from a temporal texture modeling problem, similar to
that studied in [10], c.f. [25] for data. The goal is to learn



TABLE I: Computation time (sec) and simulation error (x100) on training (fit) and validation (val) for the heat exchanger, c.f. §V-B. For the state-space
models of the form (2), model denotes the degrees of the polynomials (e, f, g). For the NARX models narx-p and narx-s (fit by targeting prediction and
simulation, respectively), model denotes the monomials used in the nonlinear function fhax. Computation times for iEE-s and iEE were < 1 sec.

LREE LRSE iEE-s iEE narx-p narx-s
model time fit val time fit val fit val fit val model time fit val time fit val
(1,1,1) | 1.89 398 828 | 225 380 7.60 | 497 100 | 400 7.79 linear 0.065 2.82 11.0 | 547 2.37 10.9
(3,1,1) | 398 270 859 | 181 231 632 | 418 9.88 | 596 17.6 | quadratic | 0.320 1.60 424 | 33.1 0.787 242
(3,3,1) | 402 238 492 | 593 190 479 | 348 7.56 | 6.87 18.1 cubic 0903 196 528 166  0.709 )
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Automatica, vol. 30, no. 1, pp. 75-93, 1994.
Max input, |u] 12 14 15 1.6 1.8 2.0 22 [5] T. B. Schén, A. Wills, and B. Ninness, “System identification of
narx-p (quadratic) 0 0 0 0 0 32 100 nonlinear state-space models,” Automatica, vol. 47, no. 1, 2011.
narx-s (quadratic) 4 54 98 100 100 100 100 [6] J. M. Maciejowski, “Guaranteed stability with subspace methods,”
Systems & Control Letters, vol. 26, no. 2, pp. 153-156, 1995.
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