SIAM J. CONTROL OPTIM. (© 2004 Society for Industrial and Applied Mathematics
Vol. 43, No. 3, pp. 872-898

LEARNING COMPLEXITY DIMENSIONS FOR A
CONTINUOUS-TIME CONTROL SYSTEM*
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Abstract. This paper takes a computational learning theory approach to a problem of linear
systems identification. It is assumed that inputs are generated randomly from a known class con-
sisting of linear combinations of k sinusoidals. The output of the system is classified at some single
instant of time. The main result establishes that the number of samples needed for identification with
small error and high probability, independently from the distribution of inputs, scales polynomially
with n, the system dimension, and logarithmically with k.
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1. Introduction. Systems identification may be regarded as an instance of the
general problem of “learning” an unknown function. Computational learning the-
ory (CLT), which provides a theory for understanding the complexity of a learning
problem, can then be used to obtain new insight into identification; conversely, the
input/output maps associated to systems theory supply interesting new families of
classifiers to consider in CLT. The early paper by Ljung [16] already explored the
connection between CLT and identification. Independently, the papers [6, 7] had al-
ready developed learning theory complexity results for discrete-time linear systems
acting on finite-window data. However, continuous-time linear systems have not been
much explored from the CLT viewpoint. The immediate problem is that even for
finite-length inputs, the family of maps associated to a continuous-time linear system
is not “learnable” in the precise mathematical sense defined in probably approximately
correct (PAC) learning theory; for continuous-time systems, the Vapnik—Chervonenkis
(VC) dimension, which measures the learning rate, is infinite. This was proved in [23]
and, alternatively, can be derived by applying the discrete-time results from [6, 7]
at higher and higher sampling rates. However, if we have prior information on the
system we wish to learn, or if we are interested in less than the full input/output
map, we can ask if the identification problem becomes learnable in the CLT setting,
and if so, how many samples are needed. This is the issue motivating the work of this
paper.

In practice, it is not necessary or feasible to learn how a linear system classifies
every continuous-time input; it usually suffices to know how it acts on a sufficiently
rich class. In this paper we consider continuous-time systems acting on linear combi-
nations of k sinusoidals, which constitute a class of inputs used in assessing frequency
responses. The parameter k£ will then measure the richness of the class. To keep things
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as simple as possible, we focus our attention on two cases: (a) the map that gives the
sign of the output, observed at a single instant of time, namely, zero-one classifiers;
and (b) the full output observed at a single instant of time. For the learning theory
framework, we have opted for the cleanest setting. In the training stage, inputs are
generated randomly from our class of sinusoidals, and our object is to classify further
randomly drawn inputs correctly with high probability.

Variations on the above set-up, such as allowing selection of inputs (called active
learning) or modeling noise in the observations, can also be formulated. It is important
to emphasize that, in this work, we ignore observations at time instants other than the
last. This simplifies the problem and makes it easier to formulate our question in the
framework of learning theory. However, a full treatment of the identification question
in that framework will require further substantial research. One possibility is to see the
additional information afforded by data at intermediate instants as “side information”
available to the learner. In general, one expects side information to speed learning, so
our results here will bound any learning rates that incorporate it. However, quantify-
ing the advantage of side information in a general learning theory framework is a very
challenging problem. A preliminary study of how side information can affect learning
rates is carried out in [14, 15], in a simple model of learning intervals. One insight
of this study is that the side information advantage very much depends on the prob-
ability distributions assumed on the training data and the structure of the problem.
Because of this, the possibility of distribution free, model-independent side informa-
tion improvement in learning rates, based on general complexity measures such as VC
dimension, is not even clear; in any case, it is an open and difficult problem.

In summary, the system identification problem is posed as a noise-free paramet-
ric function identification problem with observations {(G1,51),...,(Gn,Sn)}, where
G1,...,G, are independent random variables defining the input as a linear combi-
nation of basis input functions w = (wy,...,ws)? and S; = sign(®x(G;w; 1)), where
sign z = 0if 2 < 0 and sign z = 1 if z > 0. Here X(u;t) is the output of the linear
system ¥ = (A, B, C, 2°) at time ¢ when the input is u.

Our results show that the upper bound of samples needed to learn (i.e., identify)
Y in the above setting with a small error and high probability, independently of
the distribution of Gj;, scales logarithmically with the “bandwidth” k. The sample
bound is analogous to the discrete-time case, in which k& appeared as the length
of the window employed. Also, we provide lower bounds on the number of samples
needed. Hence the results can also be seen as unlearnability results where the difficulty
arises from the richness of the input signals. Our second class of results concerns
systems, with additional assumptions, in which the full output is observed at some
time 7.

Our problem setting is selected so that it corresponds to the most standard learn-
ing scenario, which serves as the basic problem. In particular, our focus will be
on calculating certain complexity dimensions that determine the number of samples
needed to learn, given required accuracy and confidence. The CLT framework can
accommodate various learning paradigms, and they share a number of common fea-
tures. In particular, sample complexities are derived from complexity dimensions.
Hence, the complexity dimension estimates from the basic problem can be utilized
easily also in modified learning settings. We give more pointers to modified problems
in the next section.

For papers combining learning theoretic ideas to control theory, see [11, 9] and
references there as well as [12] for several results for nonlinear systems in discrete time.
The reader is referred to [19] for results that apply to a class of nonlinear continuous-
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time systems but which are formulated in terms of learning derivatives evaluated at
a particular instant (as opposed to time data).

This paper is organized in a top-down fashion. We give definitions and main
results in section 2, and in section 3 we state main upper and lower bounds for the
complexity dimensions. After that we concentrate on proving the results; central
techniques are discussed in section 4, and proofs are in sections 5 and 6. An example
of a class with VC dimension k is given in section 7.

2. Definitions and statement of main results. The simplest learning setting
is concept learning, in which there is some known concept class (e.g., “cars”) and some
target concept (e.g., “a sports car”) we wish to learn from a sequence of N randomly
chosen observations. Each observation is classified by some “oracle” that knows the
target concept. After N classified observations we are required to form an estimate
for the unknown target concept so that with high confidence, specified by parameter
6, the misclassification probability for a future unseen sample is smaller than a given
level e. The concept class is learnable if we can form an estimate that achieves
any given confidence level, §, and misclassification accuracy, €, by taking enough
observations. In this case, the number s(e, §) of observations needed to achieve the
confidence and misclassification levels is called the sample complezity. With this
definition, learnability is equivalent to the finiteness of the VC dimension, which
describes the “richness” of the concept class; VC dimension together with confidence
parameter § and accuracy parameter € determine the sample complexity s(e, ).

In the following subsections, we provide formal definitions, frame a linear system
learning problem, and state some main results.

2.1. VC dimension and fat-shattering dimension. We begin by defining
the key complexity dimension for this work.

DEFINITION 2.1 (Vapnik—Chervonenkis dimension). The richness of the collec-
tion C can be measured by its Vapnik—Chervonenkis (VC) dimension introduced in
[20]. A set S = {x1,...,2,} C X is said to be shattered by C if, for every subset
B C S, there exists a set A € C such that SN A = B. The VC dimension of C, denoted
VC(C), equals the largest integer n such that there exists a set of cardinality n that is
shattered by C.

For example, in R* the VC dimension of closed half-spaces through the origin is
k [22]. Thus, if VC(C) = d, C is not rich enough to distinguish all subsets of any
d+1 element set, but there is some d element set where subsets can be distinguished.
Proving exact values of the VC dimension is hard, and typically one looks for upper
and lower bounds for the VC dimension, as is also done in this paper.

For our purposes, it is more convenient to work with shattering in terms of di-
chotomies, i.e., Boolean-valued maps. We identify subsets of D with Boolean functions
¢ : D — {0,1}. Similarly, each set C' € C gives rise to a Boolean function on X, and
intersections C' N D are restrictions of functions to D. In this language, a subset
D C X is shattered by F := {¢; ¢ : X — {0,1}} if every dichotomy on D is a
restriction to D of some ¢ € F.

The VC dimension characterizes learnability of {0, 1}-valued functions, as formu-
lated in section 2.2. For learning real-valued functions we look for a generalization
of the VC dimension with similar properties. One such generalization is the pseudo-
dimension. Unfortunately, pseudodimension does not share the property the VC di-
mension has; there are learnable function classes with infinite pseudodimension; see
[21, p. 206] and [3].
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DEFINITION 2.2 (pseudodimension with respect to a loss function). Given a class
of functions F : X — Y and a loss function L : Y xY — [0,r], we introduce for each
f € F the function

(1) Afp: X xY xR —{0,1}; (2,y,p) — sign(L(f(x),y) — p),

and let Ar 1 denote all such Ay with f € F. The pseudodimension of F with
respect to the loss function L, PD[F, L], is defined as

PD[]:, L] = VC(A}"L).

Next we define the fat-shattering dimension that corresponds to shattering with
fixed “margin” 7. Both the pseudodimension and the fat-shattering dimension can
be used to bound certain covering numbers, and in this sense they act like the VC
dimension. Moreover, the fat-shattering dimension gives upper and lower bounds for
covering numbers of function classes, and the finiteness of the fat-shattering dimension
can characterize learnability (see [1] and [2]).

DEFINITION 2.3 (fat-shattering dimension). Let F be a set of real-valued func-
tions. We say that a set of points X is y-shattered by F if there are real numbers r
indezed by x € X such that for all binary vectors b, indexed by X, there is a function
fo € F satisfying

fo(z)

re+7v ifby =1 and
fb(x) Ty

— 7y  otherwise.

IN IV

The fat-shattering dimension fat. (F) is a function from positive real numbers to in-
tegers which maps a value 7y to the size of the largest fat-shattered set if it is finite or
infinity otherwise.

The shattering dimension when the margin v equals 0 is called the pseudodimen-
sion, and it is denoted by PD(F). Clearly, for all v > 0, fat(F) < PD(F).

2.2. Learning. In this section we discuss the learning setting more formally,
beginning with a general introduction to classification problems. In section 2.3.1 we
also indicate briefly modified learning settings that can be relevant in control problems.

Assume that a set X, to be called the input space, is given together with a
collection C of mappings X — {0,1}.! Let W be the set of all sequences

w = (ula ¢(U1)), R (u57 ¢(U5))

over all s > 1, (u1,...,us) € X°, and let ¢ € C. An identifier is a map ¢ : W — C.
The value of ¥ on a sequence w above is denoted as 1, instead of ¢(w). The “error”
of 1 is the probability that i will misclassify a future sample. More formally, the
error of ¥ with respect to a probability measure P on X, a ¢ € C, and a sequence
(u1,...,us) € X%, is

Err(P, ¢, u1, ..., us) := P{u € X; ¥y(u) # ¢(u)}.

IThe set X is assumed to be either countable or a Euclidean space, and the maps in C are assumed
to be measurable. In addition, a mild regularity assumption called “permissibility” is needed so that
all sets appearing below are measurable; for further discussion on the topic, see an appendix in [17].
In our context the measurability assumptions are satisfied.
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The class C is said to be PAC learnable if there is some identifier ¢» with the
following property: For each accuracy parameter e > 0 and confidence parameter
6 > 0 there is some s so that, for every probability P and every ¢ € C,

P {(u1,...,us) € X°; Err(P, ¢, u1,...,us) > €} <06,

where P*® is the s-fold product of P. In the learnable case, the function s(e, §) which
provides the smallest s achieving for any positive € and ¢ is called the sample com-
plezity. It can be proved that learnability is equivalent to the finiteness of the VC
dimension VC(C) of the class C. Moreover, for learning algorithms that classify the
observed samples correctly, the sample complexity is bounded by [18]

s(e,8) < max {6(1_1\@ (QVC(C) In <f) +In (;)) , %log2 (?) } .

In addition, there is a similar lower bound for the sample complexity.

Classification may be viewed as a problem of identifying systems with binary
outputs. More generally, we introduce a problem of identification for systems having
bounded outputs ([0, 1]-valued, for technical reasons) via an L!-error, following [4, 5]
(for similar statements with L?-error see [2]). Denote by F a class of mappings from
X to [0,1].

By definition, an identifier is a mapping from Ugen (X x [0,1])° to [0,1]X. Such
a map takes as data a sequence of labeled samples and produces a hypothesis. If h is
a [0, 1]-valued function defined on X and P is a probability measure over X x [0, 1],
we define the error of h with respect to P as

Erp(h) := /X><[O . |h(u) — y| dP(u,y).

For e > 0 and § > 0 we say that an identifier ¢ (¢, §)-learns in the agnostic sense with
respect to F from s examples if, for all distributions P on X x [0, 1],

P*{w; Erp(thy) > ;IelffErp(f) +e} <6

Similarly, for € > 0 the function class F is said to be e-agnostically learnable if there
is a function sg : (0,1) — N such that, for all 0 < § < 1, there is an identifier ¢ which
(¢, 6)-learns in the above sense with sg samples. In addition, if the identifier always
chooses a hypothesis from F, we say that F is properly e-agnostically learnable.

For learning [0, 1]-valued functions, a sample complexity result may be stated in
terms of the fat-shattering dimension. For ¢ > 0 and § > 0 there is an identifier ¢
that properly (e, 6)-learns in the agnostic sense with respect to F from [4, 5]

4 (6d . 7 ( 336e 7 8 1 1 1
samples, where 0 < a < ¢/4 is chosen so that d = fat./4_,(F) is finite. The quantity
fat, (F) is called the fat-shattering dimension of the class F, and it measures the
richness of the class F with scale ~.
The sample complexity results show us that the difficulty of system identification
in the learning theoretic setting can be analyzed by studying various complexity di-

mensions, and deriving bounds on the complexity dimension is the main focus of this
paper.
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2.3. Linear systems. In the context of learning we discuss continuous-time
linear control systems

(2) & = Az + Bu, z(0) = 2°, y=Cz,

where A, B, and C are n X n, n X m, and p X n real matrices, and the time interval
is [0,1]. We study sign-observations (see [13] for related work in control theory)

sign y(1) = (sign y1(1),...,sign yp(l))T ,

where sign z = 0 if z < 0, sign z = 1 if z > 0, and 7 stands for the transpose. For
scalar observations this is a classification problem; each output is classified as either
0 or 1. The value of the final time plays no role in the results and is taken to be 1 for
notational convenience.

Unlike the VC dimension associated to discrete-time linear systems [6, 12], the
VC dimension of the classification problem for continuous-time control systems is
unbounded [23], even when n = 1, and the identification problem is not learnable in
the sense discussed earlier. Therefore, we restrict the class of admissible controls in
order to achieve a bound for the VC dimension. We consider controls u = (u, ..., Un)
such that © = Gw, where G is an m X k matrix that parameterizes the control. The set
of basis input functions Q = {wy,...,w} is fixed. The bounds for the VC dimension
or other complexity dimensions will depend on the properties of the set €.

For scalar inputs (i.e., m = 1) the VC dimension associated to the mapping from
inputs G to scalar sign-observations is bounded by k, which in fact can be very large
in applications.? However, by considering band-limited controls a better bound can
be achieved. In this work we consider the set of basis input functions

Q= {wl, e, Wk W1, ..., wy linearly independent and
(3) w; =t et sin(B;t) or wy = t'e%t cos(B;t)
Withfj EN,Oéj,ﬁj eR,j= 1,...,]{},
and let
(4) lmax = max{ly,..., 0}

The results in this paper hold with straightforward modifications if the basis input
functions wj,j = 1,...,k, are, for example, linear combinations of functions of the
above form.

DEFINITION 2.4 (sign system concept class, Cp, ). Order the set of basis input
functions Q and denote w = (w1, ...,wx)T. Let

Xo ={Gw:[0,1] = R™; G € R™*},

and for each linear system ¥ = (A, B,C,2°) of dimension n define the mapping
Dy Xg — RP by Ox(Gw) = y(1), where y(1) is the solution of ¥ with control
u = Gw. Similarly, we define the mapping for sign-observations as

Sy 1 Xqg — {0,1}°, Guw — sign(®x(Gw)).

2This bound is tight; we give an example of a function class © for which the associated VC
dimension is indeed k (see section 7).
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We call the class of above mappings the sign system concept class, Cy,, = {S; £
linear system of dimension n}.
We formulate two theorems about bounding sample complexities as main results.
They are immediate corollaries of learning complexity bounds proved in this paper.
THEOREM 2.5 (sample complexity for concept learning). For sign systems con-
cept class Cp 1 with scalar observations, i.e., p =1, the sample complexity s(e,§) for
identifiers which agree with the observed sample can be bounded as

s(e, §) < max {6(1_1@ <2 VC(Cpy) In (S) +1n (i)) élog2 (2) } ,

VC(Cpn1) < 2(2mn? + 4n + 1) log,y[8e(8mn?k(n + lmax) + 1)(2nk + 2(1 + 2k)™))

where

and lpax is given by (4).

Sketch of proof. The VC dimension bound is based on the observation that, due
to the structure of the input, 2y can be written as a function of the parameters of X
which is piecewise rational. (The parameterization is derived from the eigenstructure
of matrix A.) The complexity upper bound utilizes the Goldberg—Jerrum bound.
(Matching lower bounds are based on the notion of dual VC dimension and axis
shattering.) |

In terms of n (the dimension of the state space) and k (the bandwidth), the upper
bound for the VC dimension is of the form O(n®log,(nk)). The next section states
also a corresponding VC dimension lower bound, in terms of the bandwidth, of the
form O(log(k)), and, together with a lower bound for the sample complexity, this
provides an estimate for the number of samples needed in learning. In particular, in
a typical setting of fairly small system dimension n and large bandwidth k, the log k
bound is a clear improvement over the linear bound given by elementary analysis.

For learning [0, 1]-valued functions the role of the VC dimension is replaced by
other complexity dimensions such as the pseudodimension or the fat-shattering di-
mension that give upper bounds on sample complexities in the corresponding learn-
ing paradigms. In the setting of learning [0, 1]-valued functions we consider the time
interval [0, 7], with 7 > 1 in order to show the impact of the final time on the sample
complexity.

For the system

(5) & =Ax + Bu,
y =Cu,
we can write Ce* B = [yy, ..., vm], where each ; is a linear combination of n func-

tions £1,...,&,. Bach & is of the form ‘e sin(bt) or ‘e cos(bt) with ¢ € {0, ...,
n—1} and a+ib an eigenvalue of A. Assume that A has a fixed Jordan block structure,
and let ap+1ibg be an eigenvalue of A. We take a1y, ..., Qum,a1,b1,...,ar, b, to be the
system parameters, where v;(t) = 2?21 a;;§;(t) fori =1,...,mand a1,b1,...,ar, b,
are n eigenvalue parameters. For example, the eigenvalue parameters for a real 4 x 4
matrix A with eigenvalues a; + b1i, as, and az would be aq, by, az, and az. Similarly,
the eigenvalue parameters with purely complex eigenvalues a1 £b1¢ and as £ bsi would
be a1, b1, as, and bs, whereas real eigenvalue parameters would be listed as a1, as, as,

and ay.
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Let U € R™ be a bounded set. Define a mapping F' : A\ x U — R such that
F(X\u) =y(r), where 7 > 1 and y(7) is a solution of (5) with system parameters A
and initial condition z(0) = 0.

DEFINITION 2.6. Assume that the system © = Ax + Bu, y = Cz, 2(0) = 0
can be parameterized by X € R*™+1) a5 above and Moo = maxi<i<n(msr) A < 1.
Let F(\,u) = y(7) be the solution of (5) with system parameters A\ and control u =
(U, um) € U = {u = (u1,...,un); [y lui(t)|dt < M, i =1,....,m}. Denote
B (c) := {z € R¥; ||z|| < ¢} and define

Fp={F(\,): U —R; xe BUm+D (1)}

A suitable learning notion for the above function class Fp is the proper agnostic
learning, defined formally in section 2.2. The related sample complexity result is as
follows.

THEOREM 2.7 (sample complexity for proper agnostic learning). Let1/4 > k > 0
be an arbitrary real number; then the class Fp, given in Definition 2.6, is properly
agnostically learnable from

]. 9 1 1
0] (62 <fat(1/4—n)e(f3)log - + log 6)>
samples, where

anT”eTk;MJ

fat(1/a—m)e(Fp) < (m+ 1)nlogy {(1/4;{)5

and M is a constant satisfying
.
/ lu; (1 —t)|dt < kM
0

foralli=1,...,m. In the above, |x| stands for the integer part of x. If the inputs
are of the form u = Gw, then also

fat(1/a—p)e(FB) < 2(m + 4)nlogy(8e(nmkd(n 4 lmax) + 1)(2nk 4+ 2(2k +1)")),

where Lmayx is as given by (3) and (4).

Sketch of proof. The proof is developed around a Lipschitz bound on Qy as a
function of unknown parameters, which gives the upper term in the fat-shattering
bound. The lower term in the bound is in turn a pseudodimension bound that can
be derived from an associated VC dimension bound. 1]

2.3.1. Modified learning settings. In this paper we have opted for the stan-
dard setting in CLT in which inputs are random and observations are noiseless. How-
ever, CLT can accommodate various modified learning settings that typically share
common features with the standard setting.

A paradigm in which a learner can select the samples to be classified is called
active learning. The set of PAC learnable concept classes is not enlarged by active
learning but, in general, fewer training samples are needed (concept classes that are
“dense in themselves” make an exception) [8].

For dealing with the case of noisy observations the reader is referred to [21]. For
example, it is shown that learning a concept class with a “noisy oracle” (that makes
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a mistake with probability 5 < 1/2) to accuracy e is the same as learning the same
concept class to an accuracy €/(1 — 23) with a perfect oracle.

Finally, we have considered the case in which only the final state output is ob-
served; i.e., observation is done only on a single instant of time. However, typically in
control applications observations are made at multiple time instances. If one wishes
to learn the mapping from inputs to final state outputs, but one can also see interme-
diate observations, can one learn faster by utilizing this additional information? This
has motivated further research by the authors on “learning with side information”
[14, 15]. The main problem is that in the control problem considered the samples
become dependent, which poses a challenge in the theory of learning.

3. Complexity dimensions; main upper and lower bounds.

3.1. Bounds. We begin by stating bounds in the easiest learning setting, i.e.,
classifying the final state observations as either 0 or 1.

THEOREM 3.1 (VC dimension upper bound, p = 1). The VC dimension of the
sign system concept class Cp, 1 with scalar observations can be bounded as

VC(Cpn1) < 2(2mn® + 4n + 1) log,[8e(8mn?k(n + lmax) + 1)(2nk + 2(1 + 2k)™)],

where Lpayx is given by (4).

In terms of n (the dimension of the state space) and k (the bandwidth) the upper
bound is of the form O(n?log,(nk)).

All VC dimension upper bounds are based on the fact that input basis functions
satisfy a certain rationality condition. Remark 5.3 indicates how the bound is formed
when the input functions satisfy the more abstract rationality condition. In that
case the degrees of the polynomials and the number of polynomial evaluations are
different. However, in terms of n and k, the bound is of the same form. VC dimension
or pseudodimension bounds stated in this paper can be modified for the rationality
condition in the same way.

The lower bound for the VC dimension is in terms of n and k. It holds for linearly
independent, continuous basis input functions, and, compared to upper bounds, no
particular form of the functions is needed. The bound is obtained by imposing a
specific structure on control systems, and a lower bound for a restricted class of
control systems provides a lower bound for more general classes.

THEOREM 3.2 (VC dimension lower bound, m =1, p = 1).

VC(Cy) > max{m’ {1og2 MH m}

where m’ = min{n, k}.

In terms of k the upper and the lower bound match up to a constant. For n and
k the lower bound is typically of the form O(nlog,(k/n)). Note that if the system
dimension n is small compared to the bandwidth £, the VC dimension upper and
lower bounds in Theorems 3.1 and 3.2 become tighter, both being of the form clog, k
(with different values of the constant c).

Extending the upper bounds to the case of vector-valued observations can be done
in various ways based on the result obtained for scalar observations. For example, we
may consider the p-dimensional output as bits representing a number in {0, ...,2P -1}
and introduce a loss function for each f € C,,p, as Lo.1,f(2,a) = Lo1(f(2),a) = 1,
when f(z) # a, and 0 otherwise. We define the VC dimension of the p-dimensional
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observation as the VC dimension of the above class of loss functions. Modifying the
argument used with scalar observations leads to a bound of the following form.
THEOREM 3.3 (VC dimension upper bound).

VC(Cinp) < 2(2pmn® + 4n + p)
x log, {Se(smn%(n  la) +1) (2P — 14 2p(2k + 1) + an)] ,

where Lyax is given by (4).

Next we state the main result concerning learnability of the actual input/output
mapping, i.e., learning without taking the sign of the final state observation.

DEFINITION 3.4 (control system concept class, G, ). Let F = {®x : Xq —
RP; 3 linear system of dimension n}, and define the control system concept class as
Gp1 = A;,L, where Af,L is given by (1).

Methods for calculating upper bounds for the VC dimension readily extend to the
case of pseudodimension with respect to loss that preserves the rationality structure
of the output. A typical example is illustrated by the loss function,

(6) L(z1,22) = (21 — 22)%/ (1 + (21 — 22)?),

and the following result.
THEOREM 3.5 (pseudodimension upper bound, p =1).

PD(Gy1,1) <2 (2mn® + 4n + 1) log,[16e(8mn’k(n + lmax) + 1)(2nk + 2(2k + 1)™)],

where the loss function L is given by (6) and lyax is given by (4).

This differs from the corresponding VC dimension bound only by the maximum
degree of the polynomials, which is doubled. Extending this pseudodimension bound
for p-dimensional observations can be done naturally by modifying the loss function.
Lower bounds for the VC dimension are lower bounds for the pseudodimension as
such.

The next results summarize upper bounds for the fat-shattering dimension. We
begin by illustrating how the fat-shattering dimension can be bounded for Lipschitz
functions in certain cases.

THEOREM 3.6 (fat-shattering bound). Let F(A\ u) : R¥ x U — R be such that
F(-,u) is Lipschitz with constant L, i.e., |F(A1,u) — F(A2,u)| < L||A1 — X2|| for all
u € U. For any subset B C R*, consider the following class of functions:

Fg={F(\,-):U—R; X\ € B}.
Then
fatw(]:B;;O(c)) < klog, {CVLJ ,
faty (Fpr (o)) < klogy <1 + LCLJ> ;

)

fat, (Fp,,) < klog, <C+

= |~
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where

k _ k. — .
BL(C) = {z € B [la]l = max |oi] < C},

Bk = RF: = | <
0 (C) ={z € RY; ||z 1I£fg<k|ﬂ?z| <C},

_ [k
BE(C) = {xERk; lz|l2 = Zizle §C’}.

THEOREM 3.7 (fat-shattering bound for a control system). Assume that the
system & = Ax + Bu, y = Cz, z(0) = 0, can be parameterized by A € R™™+1) g
in Definition 2.6 and ||\, < 1. Let F(\u) = y(r) be the solution with system
parameters X and control u = (u1,..., upm) € U = {u = (u1,...,um); [ lus(t)|dt <
M,i=1,...,m}. Define

Fp={F(\-):U—R; A& B (1)}.
Then

2 n TM
fat, (Fi) < n(m + 1) log, W@WJ .

4. Techniques for proving VC dimension results. Our main results are
based on the fact that the basis input functions satisfy a certain rationality condition.
In this section we first formulate this rationality condition, and then we summarize
existing results that are used in proving upper and lower bounds for the complexity
dimensions.

We recall briefly the control system setting. We study systems

&= Ax+ Bu, z(0)=2° y=Cxz,
u=Gw, and w;€Qforj=1,...,k,

with basis input functions

Q= {wl, e, Wk W1, ..., wg linearly independent and
w; =t et sin(Bt) or wy = te% cos(B;t)

WithfjEN,aj,ﬂjER,j:L...,]{}},

such that lpax = max{ly,..., ¢}

DEFINITION 4.1 (rationality condition (RAT)). Let n be a positive integer. We
say that a bounded function w : [0,1] — R satisfies the rationality condition relative
to the class of n-dimensional systems if there exist h polynomial functions f1,..., fn :
R* — R and 2yn rational functions run €412 je{L,... v} and 0 € {1,...,n},
with no poles on subsets Siji of R*, such that the following properties hold:

1. For each i € {1,2}, /e {1,...,n}, R* is a disjoint union of S,y;, . . S
2. Each Sijé’ can be defined in terms of a Boolean expression involving [f1 = 0],
., [fn = 0], where we say that for functions fi,...,frn : R* = R, [f; = 0]

has value 1 if fi(x1,x2,23,24) =0 and 0 otherwise.
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3. Letr;:R* - R, i€ {1,2}, £ € {1,...,n}, be defined as

rai(v) ifve S,
rip(v) =" :

Ti,ﬂ;(v) ifve SMZ;

then for each a,b € R, and for all { € {1,...,n},
1
/ "= e cos(bt)w(t)dt = r,7(a, b, e” cosb, e sinb),
0
L.
/ "L sin(bt)w(t)dt = ryz(a, b, e® cosb, e sinb).
0

We denote by dpax the maximum degree of any polynomial (i.e., fi,..., fr, nu-
merators and denominators of r; ; ;7's) appearing in the rationality condition.

Remark 4.2. First, entries of e4? are functions of the form #*e% cos(bt) and
t*e sin(bt). Solving (2) involves convolutions of e* and the basis input functions
wj, and we require those to be rational functions.

Ezample 4.3. Let w(t) = sin(ct), with nonzero ¢. Then

1 1 1
/ e sin(bt)w(t)dt = % / e cos((b — c)t)dt — % / e cos((b + c)t)dt.
0 0 0

After integration this can be split into cases with no poles yielding

ey i i 0,2 #0,

1
/ e sin(bt)w(t)dt = { b=sinbeosd if f1 =0,f2#0,

0
smch(;)sb—b if fl ?é (]’f2 = O,

where fi(a,b,e%sinb, e? cosb) = a? + (b+c)?, fa(a,b, e sinb, e® cosb) = a® + (b—c)?,
and p(a, b, e® cos b, e® sinb) stands for the polynomial
—dabe + 4abee® cos b cos ¢ — 2ace® cos csin b + 2b%ce® cos csin b
—9¢3e% cos csin b — 2a2be® cos bsin ¢ — 2b3e® cos bsin ¢ + 2bc%e® cos bsin ¢

+2a3e?sin bsin ¢ + 2ab%e® sin bsin ¢ + 2ac?e® sin bsin c.

LEMMA 4.4. Eachw; € §) given by (3) satisfies the rationality condition. Further,
the mazimum degree of polynomials in (RAT) is at most 4(n + lmax), where Cpayx is

given by (4).

Review of VC dimension techniques. In the context of control theory it
is sometimes easier to work with the dual VC dimension. Assume that a function
F:AxX —{0,1} is given. This induces two function classes

F={F(\-): X —{0,1}; A€ A}
and

Fr={F(,z): A—{0,1}; x € X}.
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The complexity dimension VC(F*) is called the dual VC dimension of F, and it is
related to VC(F) as follows [21]:

(7) VC(F) = [log, VC(F7)],

where |z is the integer part of x.

A sharper estimate can be obtained if A can be written as a product Ay x---x A,,.
The following construction and result are due to DasGupta and Sontag [6]. We study
in particular those dichotomies that are defined on “rectangular” subsets of A. Let
L =1Ly x---x L, be a subset of A such that for each i, L; C A; is nonempty. Given
any index 1 < k < n, a k-azxis dichotomy on L is any function 6 : L — {0,1} which
depends only on the kth coordinate; i.e., there is some function ¢ : L, — {0,1} so
that (A1, ..., An) = @(A,) for all (Aq,...,\,) € L. We say that a mapping is an axis
dichotomy if it is a x-axis dichotomy for some k. A rectangular set L is said to be
azxis-shattered by F* if every axis dichotomy is a restriction to L of some function of
the form F(-,z) : A — {0, 1} for some z € X.

THEOREM 4.5 (axis-shattering bound [6]). If L = Ly X --- x L, C A can be
azis-shattered and each L; has cardinality r; > 0, then VO(F) > |logy(r1)| + -+
I_IOgQ (rn)J .

Upper bounds for VC dimensions of concept classes that are obtained by evalu-
ating polynomial equalities and inequalities can be obtained in terms of the number
and degrees of the polynomials.

THEOREM 4.6 (Goldberg—Jerrum bound [10]). Given a function F : A x X —
{0,1} and the associated concept class F := {F(\,-) : X — {0,1}; XA € A}, suppose
that A = R and X = R¥. Let F be defined in terms of a Boolean formula involving
at most s polynomial equalities and inequalities in £ + k wvariables, each polynomial
being of degree at most d in A for all x € R*. Then, VO(F) < 2{log,(8eds).

The Goldberg—Jerrum bound is based on a result showing that the number of
sign assignments {—1,0, 1} to polynomials cannot grow too quickly.

THEOREM 4.7 (see [10]). Suppose that fi,..., fm are polynomials of degree at
most d in n < m variables. Then the number of distinct vectors

[sign fi(z),...,sign fn(x)] € {-1,0,1}™
that can be generated by varying x over R™ is at most ((8edm) /n)".
5. Proofs of VC dimension bounds.

5.1. An upper bound for the VC dimension with scalar observations.
We begin this section by proving Lemma 4.4 stating that the input basis functions
satisfy the rationality condition (RAT) and bounding the degrees of polynomials
appearing in (RAT). As a proposition we formalize how control systems can be pa-
rameterized. After that, as a lemma, we develop an upper bound for the VC di-
mension induced by the control system (2) with its initial state fixed to be zero.
Theorem 3.1 with an arbitrary initial condition is then a simple modification of the
argument.

Proof of Lemma 4.4. If w(t) = t*e®! sin(Bt) or w(t) = t*e®! cos(Bt) with £ < lpax,
then in place of

1 1
(8) /tée“tsin(bt)w(t)dt or /tle“tcos(bt)w(t)dt,
0 0
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by combining exponents and using sum formulae for sin and cos (see Example 4.3), it

is enough to study terms of the form fol theat sin(bt)dt or fol theat cos(bt)dt, where k €
{0,...,n+ lmax — 1}. In fact, each expression in (8) is one of the following types:

</Oltfgatcos b— B)t)dt /ltz atcos((ﬂmt)dt)’
(

—_

1

/ tleat cos ((b+ B)t) dt + ! cos (
0

1
tleat sin (

1

1
2
1
2
1
2
% t2e sin ((b + B)t) dt +

sm t)dt

N:ﬁo\

i),
< e sin ((b+ Bt dt)
( ),

where @ = a + a. Because for k > 0

o— —

m(dsing — beosb)

a

_k
a2 + b2

1 g - ~
) / tFeit sin(bt)dt —
0

1 7 -~ ~ ~ ~
/ th=1ed (@ sin(bt) — beos(bt))dt
0
and

e®(asinb — bcosb) + b
a2 + b2

(10) /0 1 e sin(bt)dt =

and similar formulae for fol theat cos(Bt)dt hold, we see by induction that the numer-
ator of fol theat sin(lN)t)dt is a polynomial of a, l~), e cos l~), and €% sin b. By using sum
formulae for sin and cos, the previous expression is in turn a polynomial of a, b, e* cos b,
and €% sin b because @ = a+ a and b = b+ 3 for some fixed a and 8. By similar argu-
ments, the denominator is a polynomial of a¢ and b. Note that, for example, e® equals
a constant times e, so this process does not change the degrees of the polynomials.
Further, observe that the denominator of fol tfe sin(bt)w(t)dt consists of at most

two products of variables a and b of the form ((a+a)? + (b4 8)?)*+**+1, and similarly
with the cos(bt) term. Let us index the basis input functions wy,...,wy so that wy
has parameters «,, and (§,. Hence the functions f; in (RAT), defining the subsets
without poles, can be taken as

{(a+am)2+(bfﬂﬁ)2v(a+an)2+(b+ﬂm)25 H:L"-ak}'

Furthermore, the sets S, ;i are as simple as

Uﬁ:1 {{(331,9?2,333@4); Tl = —Qgx, T2 = —ﬁn} U {(3317962,333,354); Tl = —Qgx, T2 = @a}}

and

R\ UF_ {{(z1, 2, 73, 24); 71 = —0vg, 72 = — B}
U {(‘T17$2,$37$4); Tl = =0, T2 = ﬁﬁ}}
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We turn to estimating the maximum degree of polynomials appearing in (RAT).
We already saw that functions f; are polynomials of degree 2. Equations (9) and (10)
show that the degree of numerator is not higher than the one of denominator. We
claim that

1. (s P2(k+1 -
/ theat bm(qt) dt = M for k=0,1,...,
0 cos(bt) (@2 + b2)k+1

where P(2(k+1)) stands for some polynomial in a, b, €% sin(b), and e cos(b) of degree
2(k 4 1). Clearly, the claim is true for k& = 0 by (10), and the inductive argument
follows from (9). Assuming the claim is true for k — 1, we get

L -
/tke“tsin(bt)dt
0
. o ) - 1. .
_ P(Z)~ B ka~ tkfle“tsin(bt)dtJr kb~ tkfleatcos(bt)dt
Q2452 az+02Jo a?+b%Jo
P(2) P(1)  P(2k) P(1)  P(2k)

T2 (@2 + b2) (a2 + b2)k + (@2 + b2) (a2 + b2)k
P2)(a@+b2)F —2P@2k+1)  P@2(k+1))

(a2 + b2)k+1 (a2 + b2)k+17

and similarly for the cos(@t) term, concluding the proof of the claim. As a corollary
of the claim,

PEE+1) | PE(E+1D)
(@2 + (b+ 5)2)12+1 (a2 + (b — 5)2),;“’

1
/ tfe® sin(bt)w(t)dt =
0

where k =+ ¢ and a = a + a.

Hence the maximum degree of denominators of expressions in (8) is 2(k + 1) +
2k +1) = 4(k + 1) with & € {0,...,lmax +n — 1}. Thus the maximum degree of
polynomials appearing in the (RAT) is 4(n + fmax)- 0

The next proposition indicates how control systems are parameterized and later
the concept or function classes associated to control systems are obtained by varying
the parameter vector.

PROPOSITION 5.1. Denote the basis input functions by w = (w1, ...,wr)?, assume
that each w;, i = 1,...,k, satisfies the rationality condition (RAT), and let A =
R2Pn°m 5 R4™ x RP. Then there exists a mapping H : A x R™* — RP (depending on
w) such that for each ¥ = (A, B, C,2°) there exists a A € A satisfying

O (Gw) = HN\G) ¥V G eR™,
Proof. Given a system ¥ = (4, B, C, zY),

1
Py (u) =y(1) = Ceta® + C/ e Bu(t)dt.
0

By an argument based on the real Jordan form of et the entries of A0t are
linear combinations of functions of the form t‘e® cos(bt) and t‘e® sin(bt), where
(c{0,...,n—1} and a + ib is an eigenvalue of A. Hence we define the 2n func-
tions &;(a,b,t) = t"1e cos(bt), &45(a,b,t) =t~ 1e sin(bt) for j =1,...,n.
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By the rationality condition (RAT), for all £ =1,...,2n,

/ &(a, b, t)w;(t)dt Pfj(abe cos b, e?sin b)
Q€J<a7b,e cos b, e® sin b)

for all a,b € R and where ]3@ and ng are piecewise polynomial expressions.
Let H(A,X,h,G) = (Hy,...,H,)T, where for 1 <k <p

Ho(A X, h,G) = Zizawénzgw Pej{rt, 213, s, ra) + h

i=1r=1¢=1 ij le?zr27Ir37xr4)
and
A= (airén)lzl,...,m7 X = (xm)T,L )
r=1,....n =1,...,
(=1,....2n
k=1,...,p
h = (hlv 7hp)T, G (glj) m

Next, we relate &y, and H and we write

Yir - Vim
Cer0-B = :

Yp1 -+ Ypm

887

We list the eigenvalues of A as a, + ib, for r = 1,...,n and let &.,(t) = &(ar, by, 1)

forr=1,...,nand £=1,...,2n. Then there exists some () such that

n 2n
(11) 'Yrﬂ ZZ zrl/{&r/{
r=1¢=1

Let A = (A, X, h), where A satisfies (11), X = (z,y), where 2,1 = a,, 20 =

by, Tr3 = €% cosb, and T,4 = e sinb,, and h = Ce?z®. We claim that
H\G) =y(1) = &5(Gw) VYV G e R™.

Note that the kth component of &5 (Gw) is given by

1 m
/ Zm(t)ui(t)dwrhm
0 =1
_Zzza”m/ Ere(t Zgu% t)dt + hy

i=1r=1/¢=1

ZZOZW!K ZQ'L]/ ge (LT,bT,t (,dj( )dt+h
- Pfg $r1,1‘T2,$T3,xT4)
Z Z Aijrlr Z 9ij = + A,

QZJ (lea Tr2, Tr3, mr4)

= ||P”13 uMg

(A,X,h,G). 0
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Next we take p = 1 and study the VC dimension of the sign system concept class,
Cm,1, where each control parameterized by G gives rise to signy(1).

LEMMA 5.2. The sign system concept class Cp,1 with initial condition x(0) = 0
satisfies

VCO(Cp1) < 2 (2mn® + 4n) log, [8e(8mnk(n + lax) + 1)(2nk + 2(1 + 2k)™)],

where lpayx is given by (4).

Proof. By Proposition 5.1, y(1) = H(\, G), where A € R2mn* % R4" are consid-
ered as parameters. In fact, y(1)= 57 where P and @ denote piecewise polynomial
functions. As in the statement of Goldberg—Jerrum bounds, we have a function
F: AxR™F — {0,1} defined by F(\, G) = sign H(\, G). The concept class associated
to the system identification problem is F := {F(\,-) : R™* — {0,1}; A\ € A}, where
A = R2mn’+4n Before applying the Goldberg—Jerrum bound, we need to determine
the possible degrees of P and ) with respect to the parameters.

The rationality condition implies that

max {deg(Pej),deg(QZj)} < dmax-

i<t<n
1<5<k

Then

SO deg(@ig) < kdmax and deg(ﬁig) < kdpax. Note here that we are calculating the
degree with respect to the system parameters, and the inputs g;; do not contribute.
By continuing in a similar fashion and combining r-summation to the /-summation

in Proposition 5.1, we write P;/Q; = Z?Z aiz.ﬁw/@ie to conclude that deg(Q;) <
2n? deg(@ig) = 2n2kdmax and deg(P;) < 2n?kdmax + 1. Finally, P/Q = Zyil P/Q;
with deg(Q) < m2n?kdmax and deg(P) < m2n2kdmax + 1.
Recall that with p = 1 and initial condition x(0) = 0, using the notation of
Proposition 5.1,
y(1) =Y

=1 r=

2n k 1
> iy gij / Eo(@r1, Tp2, D)w; (t)dt.
16=1 0

Jj=1

The proof of Lemma 4.4 indicates that the denominator of fol &o(Tr1, Tro, t)w;(t)dt
equals

((Tr1 + a;)® + (T2 + 85)1)7 (21 + ) + (T2 — B;)%)7,

where «;, (; are fixed parameters of the basis input function w; and zg; € N.
By carrying out the summations we get y(1) = P/Q, where @ consists of powers
of polynomials f;j1, fijo with
fint (A X, G) = (zin + o) + (w2 + 55),
fij2(A X, G) = (w41 + Oéj)2 + (zi2 — ﬂj)Qa

andi=1,...,n,7=1,... k.
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Our final step before applying the Goldberg—Jerrum bound is finding out the
number of polynomial inequalities s needed in the Boolean formula and evaluating
the sign of the final state output. This is done by studying the number of different
P/Q expressions without poles.

An upper bound for different P/Q expressions without poles can be obtained by
applying Theorem 4.7 to 2nk polynomials fi;1, fije, ¢ =1,...,nand j =1,...,k,
and viewing those as polynomials of 2n variables and each polynomial having degree
2. This gives the upper bound (16ek)?".

However, a more specific bound can be obtained in this problem. Note that vary-
ing ;1 and x;2 we can make at most one of the 2k polynomials f;;1, fij2, 7 =1,...,k,
to be zero. For example, 7y zeros among f;;1, fijo, 4 =1,...,nand j =1,...,k, can be
obtained in (2k)” (:) ways, and the number of possible sign assignments is obtained
by summing over v yielding

Zn:(%)W <Z> = (1+2k)".

7=0

Thus the number of P/@Q expressions without poles is (1 + 2k)™, which gives rise to
2(1 4 2k)™ polynomials.

Note that in order to write sign y(1) as a Boolean formula evaluating polynomial
inequalities and equalities one also has to include the 2nk polynomials f;;1, fije, ¢ =
1,...,n,5=1,..., k. Values of these polynomials determine which P/Q expression is
the valid one to determine signy(1). The Boolean formula for signy(1) can be given
as a truth table involving polynomial inequalities of 2nk f;j1, fijo expressions and
2(1 4 2k)™ different P and @ expressions.

Using Lemma 4.4 for bound on d,,,x, we apply the Goldberg—Jerrum bound with
s =2nk + 22k +1)", d = m2n%kd(n + lpax) + 1, and £ = 2mn® +4n. 0O

A simple example of a piecewise polynomial function P/@ together with the
decision table for the final output is provided in the appendix.

Remark 5.3. The VC dimension bound is modified for the more abstract rational-
ity conditions as follows. Evaluating the sign of the output involves the evaluation of
2(8edmax2n?kh/4n)4™ + 2n2kh polynomials; 2n2kh evaluations are needed to find an
appropriate piece, and by Theorem 4.7 the maximum number of possible expressions
of the type P/Q is bounded by (8edya2n?kh/4n)*". Applying the Goldberg—Jerrum
bound with s = 2(8edmax2n?kh/4n)*"+2n%kh, d = m2n2kdpax+1, and £ = 2mn2+4n
gives the result.

Proof of Theorem 3.1, the VC dimension upper bound, p = 1. By using the
previous notation, y = Ce?2? + Cfol e By(t)dt. Let 7 = CeA2’. Then y =
i+ P/Q=(Q+ P)/Q = P/Q. This has 2mn? + 4n + 1 parameters and deg(P) <
m2n2kdya + 1. 0

5.2. Lower bounds for the VC dimension. The lower bounds for the VC
dimension are developed for a single-input single-output system with initial state zero.
The control is

k

u:Zgjwj :[0,1] — R.
j=1

We derive lower bounds by fixing the structure of A, B, and C and using the dual
VC dimension and axis shattering following the ideas of DasGupta and Sontag [6].
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Lemmas 5.5, 5.6, and 5.7 given in this section together prove Theorem 3.2. These
lower bounds are very general; we just assume that the input functions are continuous
and linearly independent; thus no particular structure of input functions is required
as in the upper bounds.

To make the next proof cleaner we formulate a part of it as a separate proposition.
(The proposition is a standard fact and we omit the proof.)

PROPOSITION 5.4. Let w; : [0,1] = R, j =1,...,k, be continuous and linearly
independent. Then the functions

1
hj(A):/O Mw;(t)dt, j=1,...,k,

are linearly independent.
LEMMA 5.5 (lower bound 1). The sign system concept class C1,1 with scalar inputs
and scalar outputs satisfies

VC(Cry) = m! {ng MH ,

where m’ = min{n, k}.
Proof. Let w;(t), 5 = 1,...,k, be continuous and linearly independent. Let A
have n distinct real eigenvalues —Aq,...,—\,, and take B and C so that

OeA(lft)B _ Ze)\it7
i=1

where m’ = min{n, k}. Then the final output of the system is

1 k m’  k 1
y(1) = / CeAIBY " giwi(t)dt =Y Y g, / eMtw;(t)dt.
0 j=1 i=1j=1 0

Define hj(\) = fol eMw;(t)dt. By Proposition 5.4 the h;’s are linearly independent

and we can find Aq,..., A\ such that the matrix
hi(A) -0 he(A1)
hi(Ak) o h(Ae)

has rank k.
The control system with sign-observations gives the mapping F : R™ x R* —
{0,1} by

/
m

k
()\15"'7)‘m’>glv"'agk¢) = Sigl’l Zzgjhj()\l>

i=1 j=1

We show that the mapping from parameters A1,..., A\, to {0,1} can be axis-
shattered. Let L = {A1,..., Az} be so that [h;()\;)];; has rank k. Denote by

Ly,..., Ly disjoint subsets of L such that |L;| = |k/m’|, and let M = L\ {U:i1 L;}.
Next we want to interpolate in the points of L.
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Fix s,1 <s<m/,and let ¢ : Ly — {0, 1} be any dichotomy. Next find g1,..., gk
such that

k
> gihi(A) =6\ VA € Ly,
j=1
k
> gihi(A) =0 VA e (LUM)\ L.
j=1

Let g7,...g; satisfy (12). (A unique solution exists because [h;(A;)] has rank k.)
Then

m'  k
F[A157Am’7gfa792]281gn Zzg;hj()\l) :¢(A)’

i=1j=1

when A € L, and for all (A, ee oy Am) € Ly X oo X Ly
Let F = {F(A1,..., Amrs-) - RF — {0,1}; (A1,..., Ap) € R™ ). By the axis-
shattering bound given in Theorem 4.5,

VC(F) > m’ {1og2 UZH 7

and thus VC(Cy,1) > VC(F), where C1,1 is the control system concept class with
p=m=1. a
LEMMA 5.6 (lower bound 2). If k <n, then

VC(C11) > k.

Proof. We make a small modification of the above argument. Assume that k <
n, and let A have n real eigenvalues A1,...,A,. Next we take B and C so that
CeAl=DpB = S0 M3, where (B1,..., B, A1y--., An) are considered as system
parameters.

We study the mapping

n k
(ﬂla"'3/67“)\17"'7)\117917"'7916)'_)Sign Zzgjh]()\z)ﬂz
i=1 j=1
k n k
= sign [Zgj Zhjo\i)ﬁi] =sign | > g;7;
j=1 i=1 j=1

Vi

Given (71, ...,7), by linear independence of hq, ..., hx, we can find Ay, ..., A, O1, .. .,
Bp such that >0 hj(N)Bi =74, =1,....k. But (71,...,7%) can be viewed as a
normal vector for a hyperplane through the origin in R*, and the concept class as-
sociated to the mapping (g1,...,9%) — sign[X:?:1 9;7v;] as (y1,...,7) varies has VC
dimension k. Hence VC(Cy 1) > k. a

LEMMA 5.7 (lower bound 3). Ifn <k, then

VC(CLl) Z n.
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Proof. Our construction for the control system is as in the previous proof, but
now we assume that n < k, and we study

n k
(515'")ﬂ’VL?)\l?"'?)\TL?gl?"‘mgk) = SigIl Zzgjh]()\l)ﬂl

i=1 j=1

n k n
s 3300 =[S
=1 7= 1=

gi

and again by linear independence and the above hyperplane argument (now via first
transforming (g1, . .., gx)) we can conclude that the above mapping has VC dimension
n. Thus VC(C1,1) > n. O

5.3. VC dimension upper bounds for p-dimensional outputs. We begin
by proving Theorem 3.3.

Proof of the VC' dimension upper bound. We develop an upper bound based on the
bound for a scalar sign-observation. We have seen that under the rationality assump-
tion (RAT) the scalar output is a piecewise rational expression P/Q. In general, the
control system maps G to (sign(P1/Q1),...,sign(P,/Q,)), which is understood as a
binary representation of a number in {0,1,...,27 —1}. Let f : R™* — {0,...,2P -1}
be the mapping given by the control system, and denote the class of all such mappings
by F. For each f € F introduce a loss function Lo.1,¢(2,a) = Lo.1(f(2),a) = 1, when
f(2) # a, and 0 otherwise. Define the class Lo.1 # = {Lo.1,f; f € F}.

In order to calculate the value of the output, after determining an appropriate
piece, one needs to know the truth values of the expressions P, > 0,Q1 >0, ..., P, >
0, and @, > 0, where P’s and )’s are polynomials on inputs and parameters of the
control system. To evaluate the value of the loss function Lg.1 f(2,a), one needs the
truth valuesof y =0,y =1,...,y = 2P — 2.

In the general case one needs 2nk + 2p(2k + 1)™ + 2P — 1 truth values. As this
procedure evaluates only polynomials, we can use the Goldberg—Jerrum bound again.
The maximum degree of the polynomials is m2n2k4(n + fmax) + 1, and the total
number of parameters is 2pn?m + 4n + p, where the last term comes from the initial
condition. O

6. A fat-shattering bound. We begin this section by proving Theorems 3.6
and 3.7. As a corollary of Theorem 3.7 we prove the fat-shattering bound appearing
in Theorem 2.7 bounding the sample complexity for proper agnostic learning.

Proof of Theorem 3.6. For the first part of the proof we use a generic set B for

the parameters. Assume that we can y-shatter a set of inputs {uy,...,uq} and there
exists {r1,...,74} such that, for each assignment b € {0,1}%, there exists a A\ € B
such that

F()\,ui>27"i+’)/ if b; = 1, and
F(A\u;) <r;—~ otherwise.

We write A ~ p if and only if the parameters A and p give the same assignment
for all {uy,...,uq}. Further, let A = {\1,..., ¢} be a collection of parameters
that shatter {ui,...,uq}, and let A;, \; € A. Now A; o4 A; implies that there exist
u* € {u1,...,uq} and r* € {ry,...,rq} such that F(\;,u*) >~y +r* and F(\;,u*) <
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v —r*, or vice versa. Hence 2y < |F(X\;,u*) — F(A;,u*)| < LA, — A;|| and so
[Ai — Ajll > 2y/L. That is, the set A of cardinality 2¢ is a 2v/L-separated set in
B. Now the fat-shattering bounds follow by calculating 2-/L-packing numbers for
different sets B.

If B = BY(C), the maximum possible cardinality for an e-separated set is

20/6 k, and thuS

and solving for d yields d < klog,|CL/7v|.

Similarly, if B = B (C), the maximum possible cardinality for an e-separated
set is (1 4+ [2C/€])* and by a similar argument we arrive at the bound d < klog,(1+
LC/D). )

For B = B%(C), let P(¢) be a collection of e-separated sets in B5(C), and let
|P(e)| denote its cardinality. As all open balls with radius €/2 with centers at e-
separated points have to be disjoint and their union has to be inside a ball of radius
C+e/2, we get that |P(e)|a(k)(e/2)* < a(k)(C+e/2)F, where a(k) = 7%/2 /T (k/2+1)
is the volume of a unit ball in R¥. Hence |P(¢)| < (C + 2/€)* and 2¢ < (C + L/~)";
ie., d <klog,(C+ L/v). O

Next we prove Theorem 3.7 by applying the Lipschitz bound to a control system.

Proof of Theorem 3.7. Our aim is to compute the Lipschitz constant associated
to the control system in Definition 2.6, and then we apply Theorem 3.6.

Denote the system parameters (a1, ..., Qnm, a1,b1,...,ar,b,) by A and assume
Ao < 1. Let

Fovu) = o0) = [ 1303 auti(0u(r -

0 j=1¢=1

Functions &1(t),...,&u(¢) are of the form £(t) = te* sin(bt) or £(t) = te® cos(bt),
where a + ib is an eigenvalue of A and ¢ € {0,...,n — 1}. Thus taking a partial
derivative with respect to a or b will increase the power of ¢ by one and change the
trigonometric functions. Therefore,

ZZdzf/& Yui (T — t)dt

i=1 (=1

‘8F(A,u)

O

(%zm
< nm/ |€e(t)ui (T — t)| dt < nmr™ te™ M,
0

because supc(o - [€¢()| < e77" and d(i,£) = dav;;/Ocvsy, = 1 if (i, €) = (k, p) and zero
otherwise. Similarly we calculate

OF(A,u) = 9y(7) < nm7"e™ M and
da,, Oa, | —
OF (A, u) y(7) nor
P <
‘ an,. ’ o, | = nmt"e’ M

DEo(t t
as supPsefo ] | =5 = )| < e’7" and sup;c(g 5 | Ob( )| <e’
Now the L1psch1tz constant can be taken to be L =n’me” "M as

[F(\ u) — FOA", u)| = |[VF - (A= X)) < LA = X co-
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The number of system parameters is at most nm+n = (m+ 1)n and we get the level
fat-shattering bound by applying Theorem 3.6 with space dimension n(m + 1) and
L =n?me™ " M. ]

As a corollary, we combine the above result together with a pseudodimension
bound to prove the fat-shattering bound given in Theorem 2.7.

COROLLARY 6.1 (fat-shattering bound in Theorem 2.7). Assume that the system
& = Az + Bu, y = Cz, z(0) = 0, can be parameterized by X\ € R™™+1) g5 in
Definition 2.6 with ||A|, < 1, and assume in addition that the control is given by
u = Gw, where the input basis functions w; are in Q given by (3). We denote the
corresponding control system class by

Fp={F(\-):U—R; X € B}.
Then
n®mr"e” kM
(m + 1)nlog, Lf )

faty(Fp) < min { 2(m + 4)nlog, (8e(nmkd(n + lmax) + 1) (2nk + 2(2k + 1)),

where lyax is given by (3) and (4) and M is a constant satisfying

/ i (7 — O)|dt < kM
0

foralli=1,... m.

Proof. The first part of the bound follows from Theorem 3.7 with kM in place
of M.

The remaining part of the bound comes from the pseudodimension bound. First
we derive the associated VC dimension bound. As we assumed that A has a fixed
Jordan block structure, every entry of eA(1=% is a linear combination of n functions
&1(t), ..., & (t). (That is, we do not need to consider all possible functions over differ-
ent Jordan block structures.) This implies that in the Goldberg—Jerrum argument of
section 5.1 we can take £ = mn—+4n, d = nmk4d(n+~lmax)+1, and s = 2nk+2(2k+1)".
Moreover, in that section the VC dimension bounds were derived for the time interval
[0,1]. However, the upper bound depends on the number of system parameters and the
degrees of polynomials to be evaluated. Changing the time interval to [0, 7] means just
that we replace the eigenvalue parameters (referring to the proof of Proposition 5.1)
a,b,e®cosb, e sinb by at, br, e cosbr, e sin br.

The above bound is also a bound for the pseudodimension. Observe that for
G = {g : X — R}, the pseudodimension can be defined as PD(G) = VC{Ind(x,y) =
sign(g(x) —y); g € G}. Hence we want to study the VC dimension associated to
sign(y(7) — z) = sign(P/Q — z) = sign(P/Q), where P = P — 2Q has the same degree
as P with respect to the parameters. Here z is a new input, but the bound utilizing
Goldberg—Jerrum technique does not depend on the dimension of the inputs, and
hence the above VC dimension bound is also a bound for the pseudodimension. (Note
that here in the scale sensitive setting we do not apply the pseudodimension results
of section 5.3 using loss functions, as those rescaled the outputs.) 0

7. A class of systems with VC dimension k. For the control system (2) with
scalar control u(t) = Zle giw;(t) and unrestricted wy, . . ., wy, the standard half-space
argument gives an upper bound k. This bound is tight. We will give an example of a
single-input, single-output one-parameter family of control systems in dimension two
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that has VC dimension k, when the controls are of the form u(t) = Zle giw;(t) and
wi(1 —1t) = 1~ 2-i420], Where a = =2(k + 1).
Consider a control system

1;1 = T2,
(13) Ty = —/\21‘1 + u,
Y= —x1.

For time interval [0,1] and initial condition (x1,z2) = (0,0), the output is given by
y(1) = [, sin(At)u(l — t)dt.
LeEMMA 7.1. Controls {wy,...,wx} such that wi(1 —t) = lg—i 2-iq90], where
a = —2(k+1), are shattered by the control system (13) with sign-observations.
Proof. Let T ={27% i=1,...,k} and J C T. Define \; = 772?:1 a;2', where
a; =1if 27" ¢ J and a; = 0 otherwise. Now if t = 27¢, then

k —1 k
Agt = wZaiQi*Z = W(Zaﬂie +ap + Z aﬂif[ ) ,
i=1 i=1

i=0+1

1/2 Cc2 2cy

where ¢ € Nand 0 < ¢g < 2.

Hence sin(Ayt) = sin(n(1/2¢2 + ag)). Note that if ap = 0, then 1/2¢9 + ay €
[0,1—27], and if a; = 1, then 1/2 ¢y +ap € [1,2 —27¢]. Thus sin(r(1/2ca +ar)) >0
if ap = 0, and sin(7(1/2¢c2 + ar)) < 0 if ag = 1. Therefore, sin(A;t) >0 < a, =0
sin(Ayt) > 0 < ¢ € J. Further,

2t yoo
/ sin(Ast)dt >0 < a; =0,
2—¢

where « is taken so that
k
(14) > 2o <om(H,
j=1
This ensures that when ¢ < k and t € [27¢,27¢ +2%], A\;t € [0,7(1 — 27¢ +
Z?:1 2722)] C [0,7) if ap = O or similarly A\st € [r,27) if ap = 1. In (14) we can

take o = —2(k + 1) as Z§:1 9 — 9k+1 _ 9

— e
In this way the integrand in f;e 2 sin(Ast)dt is either positive or negative.
For S C{1,...,k}, let J={27",i € S}. For each w;,

1 271422
/ sin(\st)ws(1 — t)dt = / Sin(Ast)dt > 0= i € S;
0 2

—1

i.e., the set of controls {w1,...,wy} is shattered by the mapping
1
w; — sign [/ sin(Ajt)w; (1 — t)dt} . O
0

Appendix. An example of the Goldberg—Jerrum bound.
We begin this appendix with an informal discussion on the Goldberg—Jerrum
technique used to prove the VC dimension upper bounds in this paper.
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We want to write y(1) = P/Q, where P and @ are polynomials. Unfortunately,
the value of signy(1) cannot be obtained by just evaluating P and @ since @) may
have zeros. Therefore, we need to write

Pl/Ql iffl#oa"'vfﬂ#oa

y(1) =4
P’Y/Q’Y lfflzoavfu#o
so that after evaluating p polynomials f1,. .., f,, we can pick a definition P;/Q); with-
out poles in a region defined by the p polynomials. When y(1) is defined in this way,
sign y(1) can be easily expressed by a Boolean formula evaluating 2y + p polynomial
inequalities and equalities.

For simplicity we assume that p = 1 and the initial condition z(0) = 0. Then
using the notation of Proposition 5.1 we write

m n 2n

k 1
g1 => 33 ain Zgij/o Eo(@r1s T2, t)w;(t)dt,

i=1r=1¢=1 j=1
and by the proof of Lemma 4.4

ng
((zr1 + )2+ (zr2 + 5)2)7 (21 + j)2 + (22 — 5;)2)77

1
/gé(ﬂjrl, Tr2, t)wj (t)dt =
0

where Py; is some polynomial, z;; € N, and w;(t) = tYe%!sin(B;t) or w;(t) =
thi et cos(B;t). Hence the denominator of Z?Zl ij fol &o(zr1, Tro, t)w;(t)dt is

(@1 + 1) + (@2 + 51)2)221 (1 + 1) + (T2 — 51)2)251
x o (@1 + ar)? + (@2 + B)2) ™" (01 + ar)? + (T2 — Br)?)

Zlk

By carrying out all summations y(1) = P/Q. The denominator @ consists of the
product

H (((@r1 4+ a1)? + (@2 + 81)%)" ((@r1 + 1) + (202 — £1)?)°

r=1

X oo X ((zrl + Olk)2 —+ (xr2 + ﬂk)2)* ((IL’M + Oék)z + (1'7"2 - ﬂk)z)* )a

where *’s stand for some unspecified powers. Hence the zeros of () are determined by
2nk polynomials fij1 = (z1 + ;)? + (w2 + B)?, fijo = (wir + aj)* + (zi2 — 5;)?, and
i=1,...,n,j=1,... k. The number of different sign assignments determining = is
calculated as in the proof of Lemma 5.2.

Ezample. The purpose of the following example is to illustrate the function y =
P/Q used in the Goldberg—Jerrum technique together with the sequence of polynomial
evaluations involved and a table for the final output depending on the outcomes of
the polynomial evaluations.

Take m = 1, n = 2, k = 2, and assume that A has complex eigenvalues a +

ib. Take basis input functions to be wi(t) = e' and wy(t) = e*. Then y(1) =

1 .
212:1 o Z?Zl gj fo & (t)w;(t) dt, where & (t) = e sin(bt), & (t) = e cos(bt), o, ag,
a, b, e*sinb, and e cos b are system parameters and g1, go are input parameters.
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By using formulae

1 5 YN G U
/ e™ sin(bt) dt = e"(@sinb b~cos b +b and
0 a’ + b2
/1 ¢ cos(bt) dt = e“(acosb+ b~sin b) — 67
0 a% + b2

we calculate the integrals appearing in the rationality condition, and we call them
T11, T12, T21, and rag:

1 1 : 2 2
/ El(t)wl(t) dt — / e(a+1)t Sln(bt) dt — T11 1f (CL + 1)2 + b2 7& 07
0 0 0 lf (a + 1) + b = 0,

! o 12 if (a + 2)2 + b2 7£ 0,
/0 1B () df = {0 if (a+2)% + % =0,
1 - T21 if (a + 1)2 + b2 7é 0,
/0 Eat)n () df = {1 if (a+ 1)+ =0,
! e if (a+2)2 4 0% #£0,
/0 EaB)wn () df = {1 if (a+2)2+b2 =0

The computation of signy(1) = sign(z:?:1 y 2321 gj fol &(t)w;(t) dt) is divided
into three cases:
e Case (a+1)2+b2#0, (a+2)%+b% #£0:

. . . Py
signy(1) = sign(a1g1711 + a192r12 + Q21721 + Q2gara2) = sign (Q) .

e Case (a+1)2+b2=0, (a+2)%+b% £0:

. . . P
signy(1) = sign(a1gar12 + @291 + aagaras) = sign 0. )
e Case (a+1)2+b2#0, (a+2)?+b2=0:
. . . Ps
signy(1) = sign(a1 91711 + a2gorar + qago) = sign 0s )
3

Thus we have three different expressions of the form g.

Next we form the Boolean formula, F' = signy(1), evaluating polynomials f; =
(a+1)24+b02=0, fo=(a+2)>2+b =0, P >0,Q; >0foriec {123} In the
following table 1 means true and 0 means false for the above polynomial evaluation
(#x = 1 or 0, i.e., extend the table).

f1:0 fQZO P >0 Q1>0 P, >0 Q2>0 P;>0 Q3>0 F

0 0 1 1 K%k K% Kk *%k 1
0 0 1 0 K% K% Kk *k 0
1 0 *k *k 1 1 *k Kk 1
1 0 Kk Kk 1 0 *% Hok 0
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In this case (see the statement of Goldberg—Jerrum bounds), A = {ay, as, a, b, e* cosb,
e?sindb}, X = {g1,92}, s =8, d =12, and | = 6.
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