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Abstract—This paper proposes a novel approach to construct
data-driven online solutions to optimization problems (P) subject
to a class of distributionally uncertain dynamical systems. The
introduced framework allows for the simultaneous learning of
distributional system uncertainty via a parameterized, control-
dependent ambiguity set using a finite historical data set, and its
use to make online decisions with probabilistic regret function
bounds. Leveraging the merits of Machine Learning, the main
technical approach relies on the theory of Distributional Robust
Optimization (DRO), to hedge against uncertainty and provide
less conservative results than standard Robust Optimization
approaches. Starting from recent results that describe ambiguity
sets via parameterized, and control-dependent empirical distri-
butions as well as ambiguity radii, we first present a tractable
reformulation of the corresponding optimization problem while
maintaining the probabilistic guarantees. We then specialize
these problems to the cases of 1) optimal one-stage control of
distributionally uncertain nonlinear systems, and 2) resource
allocation under distributional uncertainty. A novelty of this work
is that it extends DRO to online optimization problems subject to
a distributionally uncertain dynamical system constraint, handled
via a control-dependent ambiguity set that leads to online-
tractable optimization with probabilistic guarantees on regret
bounds. Further, we introduce an online version of the Nesterov’s
accelerated-gradient algorithm, and analyze its performance to
solve this class of problems via dissipativity theory.

I. INTRODUCTION

Online optimization has attracted significant attention from
various fields, including Machine Learning, Information The-
ory, Robotics and Smart Power Systems; see [1]-[3] and
references therein. A basic online optimization setting involves
the minimization of time-varying convex loss functions, result-
ing into Online Convex Programming (OCP). Typically, loss
objectives in OCP are functions of non-stationary stochastic
processes [4], [S]. Regret minimization aims to deal with non-
stationarity by reducing the difference between an optimal
decision made with information in hindsight, and one made as
information is increasingly revealed. Thus, several online algo-
rithms and techniques are aimed at minimizing various types
of regret functions [6], [7]. More recently, and with the aim
of further reducing the cost, regret-based OCP has integrated
prediction models of loss functions [8]-[11]. However, exact
models of evolving loss functions may not be available, while
alternative data-based approximate models may require large
amounts of data that are hard to obtain. This motivates the
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need of developing new learning algorithms for loss functions
that can employ finite data sets, while guaranteeing a precise
performance of the corresponding optimization.

Literature Review. Due to recent advances in Data Sci-
ence and Machine Learning, the question of learning system
models as well as distributional uncertainty from data is
gaining significant attention. From the early work on Sys-
tems Identification [12], Willem’s Behavioral Theory and
fundamental lemma [13], [14] have been recently leveraged
to learn linear, time-invariant system models in predictive
control applications [14]-[18]. The aforementioned works rely
on the use of Hankel system representations of the LTI
system, and may be subject or not to additional uncertainty.
In particular, the work [19] leverages the behavioral theory
to obtain sub-linear regret bounds for the online optimization
of discrete-time unknown but deterministic linear systems.
Other approaches to learn LTI systems from input-output
data employ concentration inequalities and finite samples,
and include, for example, [20], exploiting least squares and
the Ho-Kalman algorithm, [21], using subspace identification
techniques for LTI systems subject to unknown Gaussian
disturbances, and [22], resorting to Lasso-like methods that
exploit the sparse representation of LTI systems.

On the other hand, classical online optimization relies on
Sample Averaging Approximation (SAA) (with bootstrap) to
derive optimal value and/or policy approximations. However,
SAA usually requires large amounts of data to provide good
approximations of the stochastic cost, which leads to non-
robust solutions to unseen data. In contrast, recent develop-
ments on measure-of-concentration results [23] have lead to a
new type of Distributionally Robust Optimization (DRO) [24]-
[26], which aims to bridge this gap. Particularly, the DRO
framework enables finite-sample, performance-guaranteed op-
timization under distributional uncertainty [24], [25], and
paves the way to dealing with the control and estimation of
system dynamics subject to distributional uncertainty. Moti-
vated by this, the works [27], [28] consider the time evolution
of Wasserstein ambiguity sets and their updates under stream-
ing data for estimation. However, the nominal dynamic con-
straints defined in these problems are assumed to be known,
while in practice, these models also need to be identified.
The previous work [29] proposes a method for integrating the
learning of an unknown and nominal parameterized system
dynamics with Wasserstein ambiguity sets. These ambiguity
sets are given by a parameter and control-dependent ambiguity
ball center as well as a corresponding radius. Taking this as
a starting point, and motivated by the direct use of these
ambiguity sets in a type of “distributionally robust control”,
here we further extend this setup in connection with online



optimization problems. Precisely, what distinguishes this work
from other approaches is the focus on learning the transition
system dynamics itself via control-dependent ambiguity sets.
The control method is derived from an online optimization
method [6], and, therefore, it does not aim to calculate exactly
an optimal control, but to find an approximate solution that
leads to a low instantaneous regret function value w.r.t. stan-
dard, online and regret-based optimization problems. Finally,
this manuscript connects with the topic online optimization
using decision-dependent distributions [30], [31], where the
uncertainty distribution changes with the decision variable. As
these problems are intractable, [30], [31] solve for alternative
stable solutions, or optimal solutions wrt to the distribution
they induce. In addition to this, and while [30], [31] can handle
dynamic systems, a main difference with this work is that a
dynamic system structure that is being learned is not exploited,
which can help reduce uncertainty more effectively.
Statement of Contributions. In this work, we propose a
novel approach to solve a class of online optimization prob-
lems subject to distributionally uncertain dynamical systems.
Our end goal is to produce an online controller that results
in bounded instantaneous regrets with high confidence. Our
proposed framework is unique in that it enables the on-
line learning of the underlying nominal system, maintains
online-problem tractability, and simultaneously provides finite-
sample, probabilistic guarantee bounds on the resulting re-
gret. This is achieved by considering a worst-case-system
formulation that employs novel parameterized and control-
dependent, Wasserstein ambiguity sets. Our learning method
precisely consists of updating this ambiguity set. The proposed
formulation is valid for a wide class of problems, including but
not limited to 1) a class of optimal control problems subject
to distributionally uncertain dynamical system, and 2) online
resource allocation under distributional uncertainty. To do this,
we first obtain tractable problem reformulations for these two
cases, which results in online and non-smooth convex problem
optimizations. For each of these categories, and smoothed-
out versions of these problems, we propose an online control
algorithm dynamics, which extends Nesterov’s accelerated-
gradient method. Adapting dissipativity theory, we prove op-
timal first-order convergence rate for these algorithms under
smoothness and convexity assumptions. This result is crucial to
guarantee that the online controller can provide probabilistic
guarantees on their regret bounds via the control-dependent
ambiguity set. We thus finish our work by quantifying these
dynamic regret bounds, and by explicitly characterizing the
effect of learning parameters with finite historical samples.

II. NOTATIONS

We denote by R™, R7,,, ZZ, and R™*" the m-dimensional
real space, nonnegative orthant, nonnegative integer-orthant
space, and the space of m X n matrices, respectively. The trans-
pose of a column vector € R™ is 2, and 1,, is a shorthand
for (1,---, 1)T € R™. We index vectors with subscripts, i.e.,
xp € R™ with k € Z>o, and given € R™ we denote its i
component by z;. We denote by ||x|| and ||x||- the 2-norm
and oo-norm, respectively. The inner product of R™ is given
as (x,y) == x'y, z,y € R™; thus, ||z|| := \/(z, ). The
gradient of a real-valued function ¢ : R™ — R is denoted as

Vi(x) and V¢(x) is the partial derivative w.r.t. x. In what
follows, dom(¢) := {& € R™ | — o0 < l(x) < +o0o}.
A function ¢ : dom(¢) — R is M-strongly convex, if
for any y,z € dom(¢) there exists g € R™ such that
U(y) > U(z)+g" (y—z)+ M|y — z|*/2, for some M > 0.
The function ¢ is convex if M > 0. We call a vector g a
subgradient of ¢ at z and denote by 9/(z) the subgradient
set. If ¢ is differentiable at z, then 0/(z) = {V{(z)}.
Finally, the operation II;;(X) : X — U projects the set
X C R™ onto Y € R™ under the Euclidean norm. We write
Iy (x) := argmin, |z — 2|?/2 + xu(z), where z € X,
and xy(z) = 0 if z € U, otherwise +oco. Endow R”
with the Borel o-algebra B, and let P(R™) be the set of
probability measures (or distributions) over (R™, 3). The set
of probability distributions with bounded first moments is
M = {Q € PR")| [z l|2][dQ < +o0}. We use the
Wasserstein metric [32] to define a distance in M, and the dual
version of the 1-Wasserstein metric dy : M x M — Rxg, is
defined by dy (Q1,Q2) :=supse, [ f(2)dQ; — [ f(2)dQ2,
where L is the space of all Lipschitz functions with Lipschitz
constant 1. We denote a closed Wasserstein ball of radius ¢
(also called an ambiguity set) centered at a distribution P € M
by B.(P) := {Q € M | dw(P,Q) < €}. The Dirac measure
at g € R” is a distribution in P(R") denoted by &z}
Given A € B, we have 5{:,30}(14) =1, if 5 € A, otherwise
0. A random vector & € R" with probability distribution Q
is sub-Gaussian if there are positive constants C,v such that
Qx| > t) < Ce="". Equivalently, a zero-mean random
vector £ € R" is sub-Gaussian if for any a € R™ we have
E [exp(a’x)] < exp(||al|?v?/2) for some v.

III. PROBLEM STATEMENT, MOTIVATION, AND APPROACH
BASED ON AMBIGUITY SET LEARNING

We start by introducing a class of online optimization prob-
lems, where the objective function is time-varying according
to an unknown dynamical system subject to an unknown dis-
turbance. Consider a dynamical system that evolves according
to unknown stochastic dynamics

i1 =f(t, x¢,ur) + wy, from a given zy € R”, (D

where u; € U C R™ is an online decision or control action
at time ¢, f : Ryg x R® x R™ — R" is a measurable,
but unknown state transition function, and w; € R", is an
unknown, random, disturbance vector. Due to the Markov
assumption, x; € R™ can be described by an unknown
transition probability measure Py € P(R™), conditioned
on the system state and control at time ¢t — 1. Denote by
£:R™ xR" - R, (u,z) — £(u,x) an a-priori selected,
measurable loss function. Assume that ¢/ is compact, and we
are interested in selecting u; € U that minimizes the loss

{Br w2 i= [t 2) Bt}

This objective value is inaccessible since the state distribution
Py 11|¢ is unknown, and its evolution is highly dependent on
the system, disturbance, and as well as on the decisions taken.
In this work, we aim to propose an effective online optimiza-
tion and learning algorithm which tracks the minimizers of
the time-varying objective function with low regret in high

min
w €U R™



probability. Thus, at each time ¢, we aim to find u := u, that
minimizes the loss in the immediate future at ¢t + 1

Lnelitl Ept+1\t M(U, :I:)] )

P)

s.t. @ ~ Py q)¢, evolves according to (1).

This problem formulation is similar to a one-stage optimiza-
tion problems with unknown system transitions [33]. The
expectation operator with respect to P;,); is conditional on
the historical realizations &y, k < t, the adopted decisions
up, k < t — 1, the yet-to-be-learned unknown dynamical
system f, and realizations wy, k < t — 1. We will identify
Pip1e(de) = Py (da|ug, T = Ty, T = Tp, up = g, kb <
t—1) which, by the Markovian property, satisfies P, 1|;(dz) =
Piy1(de|us, xr = ). At time ¢, let w* := wu} denote an
optimizer of Problem (P) and consider the instantaneous regret

R, = ]EIP’tﬂ\t [é(ua .’E)] - E]P’Hl\t [E('u,*,:l:)] )

which is the loss incurred if the selected w is different from
an optimal decision. Our goal will be to develop a robust
online algorithm which ensures a probabilistic bound on the
regret. That is, with high probability p, the regret R; is upper
bounded by a sum of terms, a first one depending on the initial
condition xp; a second one depending on the instantaneous
variation of the loss of (P); and a third term related to how well
the unknown system f and the uncertainty are characterized;
please see Theorem V.1. While the second and third terms are
inherent to the system, the effect of the second one can be
reduced by considering a predicted loss of the system [11].
In this work, we aim to bound the third term and minimize
it by estimating the distribution P, ;|; via an ambiguity set
of distributions. We will show that, as historical data are
assimilated over time, this third term asymptotically decays
to zero. This is achieved under the following assumption

Assumption III.1 (Independent and stationary sub-
Gaussian distributions) The vectors w; € R", t € Z>,

are i.i.d. with w; ~ Q and zero-mean ¢ sub-Gaussian'.

Remark III.1 (On sub-Gaussian distributions) Sub-
Gaussian distributions include Gaussian random variables and
all distributions of bounded support.

Example 1 (Vehicle path planning and tracking): A two-
wheeled vehicle moves in an unknown 2D environment.
Assume that an accessible path-planner provides a control
signal for the vehicle to track a desired reference trajectory
under ideal conditions, see Fig. 1. Fig. 2 shows two examples
where, first, the vehicle implements a series of lane changes,
and, second, navigates through a planned circular/loopy route.
Since both the environment and dynamics are uncertain, exact
tracking is rare. Our goal is to learn the real-time road
conditions, and by solving the online problem (P), derive
a control signal that enables path following minimizing the
tracking error with high probability.

Example 2 (Online resource allocation in the stock mar-
ket): An agent aims to achieve a target profit of rqg = 130% in
a highly-fluctuating trading market. Thus, it actively allocates

IThat is, for all unit vector v, we have IE[e)‘”T“’t] < ero? /2, VA €R.
Equivalently, Q(|lw¢]| > A) < =22/ (40?) "y,

Fig. 1: A two-wheeled vehicle model with (z,y) € R? the position of the
center and 6 the direction.
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Fig. 2: The (gray) planned trajectory and (black) actual system trajectory in
various road zones, with the system state = (x,y,6) € R? x [—m, 7). The
red region indicates sandy zone while the blue region indicates the slippery
zone. Due to unknown road conditions, the actual system trajectories deviate
from planned trajectories.

wealth to multiple risky assets while trying to balance re-
sources among assets. As asset-prices are uncertain, modeling
the return rate of each asset is specially challenging. To
solve this, an agent can aim to learn the real-time returns
responsively, estimate the distributions of immediate returns,
and then allocate wealth wisely to maximize the expected
profit with high probability. This problem fits in the proposed
formulation, resulting in online, balanced resource allocation
with low regrets.

A. Online Constructions of Ambiguity Sets

Our main approach to obtain a suitable control signal is
based on learning a set of distributions or ambiguity set that
characterizes system uncertainty. More precisely, we employ
the dynamic ambiguity set P;4; proposed in [29]. The set
Pi+1 contains a class of distributions, which is, in high
probability, large enough to include the unknown P; | ;}; under
certain conditions. Thus, we can use it to formulate a robust
version of the problem at each time instant ¢. Such character-
ization enables an online-tractable reformulation of (P) later.
We summarize next the construction of these ambiguity sets
Pyy1. First, we assume the following on the unknown f.

Assumption IIL.2 (System parametrization) Given p €
Z~y, the system f can be expressed as

P
ftmu) =" ar fO(t,z,u),
=1

where a* := (af,... ,oz;)—r € R? is an unknown parameter,
and @ : Rso x R* x R™ — R, (t,z,u) — fO(t,z,u),



i€ {1,...,p} is a set of p linearly independent known basis
functions or predictors chosen a priori.

Now, given arbitrary («, u), the set P11 is a Wasserstein
ball centered at a parametric-dependent distribution P |, for
each t; that is,

Per1 = Be(Per1)) = {Q | dw (Q, Pryype) < €}

Here, ¢ will be a time-varying function ¢ = é(¢,T, 5, o, u)

which depends on a number of 7' measurements, and a
confidence 5 € (0, 1). More precisely,
IP)7H~1|t «, ’U, Z 6{2 'E,ii>(a7u)}; (2)

keT

see the footnote”, where 7 = {t —T',...,t}, fort > T+1. If
o = a*, then ) 7| aifl(j)(a u) € R” provides an outcome
ey = f(t @ u) +wy = S0, 0f fO(t 24, u) + wy, for
each k. For a general a = *, the Valu: P aigéz)(a,u)
provides “approximated” outcomes x,.’;, for each k =
1,...,T. Then, we claim the probabilistic guarantee of Py
by a selection of the parameter o and € for any u.

Theorem III.1 (Online probabilistic guarantee [29, Ap-
plication of Theorem 1]) Ler Assumptions I1l.1 and III.2
hold. For a given T € Zso, historical data {Zy}reT and
{urtrergy, T =1{t = T,...,t}, we select P,y as in (2)
where o is selected in [29, Theorem 2 (Learning of o).
Then, for given u and a confidence-related value 3 € (0,1),
a radius € := é(t, T, B, a,u) can be chosen such that

Prob (P11t € Pey1) = p(1). €)]

Here, the left-hand-side expresszon is a shorthand for the
probabzltty of the event {(;ct+1,... g)l) € R" x .- x

R™ [Pyyq): € Be (Ptﬂ‘t)} and Prob := }P’t 1t denotes the
probability measure defined on the T-fold product of Py s,
which evaluates the probability that the selection of samples
define an ambiguity ball which contains the true distribution.

In particular, the confidence value is

o(t) = (1- B) (1 —exp (—Qf]; (;fj%g)» ,

where c is a data-dependent positive constant and v > \/2¢
is a user selected parameter. Further, the radius is

2 M 2 1 —_ maxqn
¢ = ”T" 1n(5)+01T Vmax{n2} L At Tow), (4

where M and C; are positive constants, and

ZZ Hf() k, Ty, u) — f(i)(t7§3t>u)H’

=1 keT

H(t,T,u):

which bounds the variation of predicted system trajectories.

Idea of the Proof The probabilistic guarantees (3) are
a consequence of Lemma 1, Theorem 1, Theorem 2

26 (0 u) == fO(t &0, u) +@rpa /(@ 1) — FO (k, &, up), with
Zt, 41, T being the state measurements at time ¢, k41, k and uy, being
the past input at k, k € T.

3In [29, Theorem 2], the value d plays the role of w in this work.

and Eqn. (7) in [29] with Assumptions III.1 and IIL2.
Precisely, we achieve this by upper bounding the met-
ric dW(IPttm, Py (e, y)) using dyw (Pyp1)¢, P (@t w))
plus dw (Pyyq)e(a*,u), Py 1 (e, u)). Then, the first dis-
tance is handled via [29, Lemma 1] using standard mea-
sure of concentration results®, contributing to the first two
terms of the radius € in (4). Next, the second distance
dw (Pyp1je(a*,u), Py 1t (ar, w)) can be bounded in terms of
the difference || — a*|| via [29, Theorem 1], contributing
to the third term in €. Notice that the third term depends on
Assumption III.2 and the selected parameter v which relies
on the selection of « via [29, Theorem 2 (Learning of a*)].
The confidence value p(t) is achieved by Assumption III.1
applying to the same procedure as in [29, Theorem 2], which
essentially bounds || — a*[|o in probability. Pre01se1y, by
Assumption III.1, we have Q (Hth\OO > p) < e /(0%
Y n, resulting in E [|w]] < 22710l zF!, VI € ZZO,
analogous to [34, Lemma 2]. Then, with the proof similar
to [34, Theorem IV.2], we achieve

1 T 20e
Prob | = Willoo) > <e -+ — .
(T;u 3 )v) S
By selecting
A= T%_%a if’YZ\@Uez
0, if v < +/20e¢,

we follow the proof [34, Theorem IV.2] to achieve

1
Prob (T S (hwill) = 7)
keT
_M) ;
< exp( SVEoe(r 1 v/300) if v > v 20e€,
1, if v< V20oe.

By bound propagation, we have

2 J—
Prob (o — @ e <) > 1 — exp (— (" — Vae)T )

24/2 (C"}/ + \/502)

with v > Vv2¢ and ¢ is selected as in [29, Theorem 2]. Finally,
the combination of all the above considerations complete the
proof. ]

Theorem III.1 provides a methodology to construct online
ambiguity sets with guarantees in probability. In general, p(t)
is strictly smaller than 1 unless there is a way of making
a(t) — a*. This is implemented in [29] via an online learning
algorithm which leads to p(t) — 1 — 8 via Eqn. (7) in the
same work. Notice how these constructions are related to
the decision variable w and, in the following, we leverage
the probabilistic characterization Pyy; := Pry1(a, u) of the
distribution P 1), for solutions to (P).

IV. A TRACTABLE PROBLEM REFORMULATION AND ITS
SPECIALIZATION TO TWO PROBLEM CLASSES

In this section, we start by describing how to deal with the
unknown PP, ;; in Problem (P), via ambiguity sets, which

4Lemma 1 in [29] makes use of a stronger Assumption III.1, which requires
wy, to be white. However, this can be relaxed to the current assumption by
multiplying the upper bound in the lemma with a constant M/ > 0 associated
with noise whitening via an appropriate linear transformation.



results in (P1). By doing this, the solution of (P1) provides
guarantees on the performance of (P). Unfortunately, this
results into an online intractable problem. Thus, we find
a tractable reformulation (P2) which is equivalent to (P1)
under certain conditions. After this, we focus the rest of our
work on two problem sub-classes, which allows us to present
and analyze the online algorithms for these problems in the
following section. Formally, let us consider

min  sup Eg [4(u, x)],

ueU QEPi41(cx,u) (P1)

where, for a fixed a := a4 and u := u; € U, it holds that
P11}t € Piy1(c, u) with high probability. This results in

Prob Eptﬂ‘t [l(u,x)] <
Q€Pi41

sup Eq W%f@]) > p(t).
Observe that, the probability measure Prob and the bound
p(t) coincides with that in (3) and notice how the value p(t)
changes for various data-set sizes 7" in Theorem III.1.

The solution v and the objective value of (P1) ensure that,
when we select u to be the decision for (P), the expected loss
of (P) is no worse than that from (P1) with high probability.
The formulation (P1) still requires expensive online computa-
tions due to its semi-infinite inner optimization problem. Thus,
we propose an equivalent reformulation of (P1) for a class of
loss functions as in the following assumption.

Assumption IV.1 (Lipschitz loss functions) Consider the
loss function £ : R™ x R" — R, (u,x) — £(u,x). There
exists a Lipschitz function L : R™ — Rx( such that for each
u € R™, it holds that ||[{(u,z) — {(u,y)| < L(u)|jxz — y|
for any =,y € R"™.

With this, we obtain the following upper bound:

Lemma IV.1 (An upper bound of (P1)) Let Assumption IV.1
hold. Then, for each u, o, 8, T and t, we have

sup Eg [{(u, )]
QG'PH_l(a,u)

< Eﬂ"tﬂu(a,u) [l(u,x)] + €, T, B, a,uw) L(u),
where the empirical distribution ]f”t+1|t(a,u) and scalar

€(t, T, B, a,u) are described as in Section IlI-A.

Hereafter, see the appendix for all proofs.
Next, we claim that the upper bound in Lemma IV.1 is tight
if the following assumption holds.

Assumption IV.2 (Convex and gradient-accessible func-
tions) The loss function £ is convex in @ for each w. Further,
for each time ¢ with given u(= u;) € U and a(= o) € R?,
there is a system prediction > °_; aif,(j)(a, u) for some
k € T such that V¢ exists and L(u) is equal to ||Vl

at (u, 320 iy (e, w)).
The above statement enables the following theorem.

Theorem IV.1 (Equivalent reformulation of (P1)) Let
Assumptions IV.1 and IV.2 hold. Let E;1 denote the support of
the distribution Py y);. Then, if 2411 = R", (P1) is equivalent
to the following problem

min E; [l(u,x)] + €, T, B, o, u) L(w).

weld Pyt1)e(o,u)

(P2)

Remark IV.1 (Effects of Assumptions IV.1 and IV.2) We
note that Assumption I'V.1 on the Lipschitz requirement of loss
function is mild. In fact, many engineering problems take state
values in a compact set, which then only requires the loss ¢ to
be continuous. Assumption I'V.2 essentially requires accessible
partial gradients (in x) of loss functions ¢. For simple loss
functions /, e.g. linear, quadratic, etc, its partial gradient can
be readily evaluated. Notice that when Assumption IV.2 fails,
Problem (P2) still serves as a relaxation problem of (P1),
providing a solution with a valid upper bound.

Notice that the tractability of solutions to (P2) now depend
on: 1) the choice of the loss function ¢ and the associated
Lipschitz function L, and 2) the decision space /. To be able to
further analyze (P2) and further evaluate Assumption IV.2 on
gradient-accessible functions, we will impose further structure
on the system as follows:

Assumption IV.3 (Locally Lipschitz, control-affine system
and basis functions) The system f is locally Lipschitz in
(t,z,u) and affine in u, i.e.,

f(t,CC,'U,) = fl(tvm) + fQ(t7m)u7

for some unknown fi : R>g x R" = R”, fo: R5o x R" —
R»>*™ 4 c U and t € Zxo. Similarly, for each i € {1,...,p},
the basis function %) is selected to be

FO@z,u) = Ot x) + £t @),
for some known locally Lipschitz functions fl(i) and féi).

Assumption IV.4 (Convex decision oracle) The set U is
convex and compact. Furthermore, the projection operation of
u € R™ onto U, Iy (w), admits O(1) computation complexity.

For simplicity of the discussion, we rewrite (P2) as

leI/ll G(tau) = G(t7u|£’LvTvﬁaaa]P)t-‘rHtvé)?
ue

where G represents the objective function of (P2), depending
on variables ¢, L, 8, o, and P;41, which are kept fixed in
the optimization. Then, Assumption IV.3 allows an explicit
expression of G w.r.t. u := u; and Assumption IV.4 charac-
terizes the convex feasible set of (P2). Note that G(t,u) is
locally Lipschitz in ¢.°

In the following, we consider two classes of general prob-
lems in the form of (P2): 1) an optimal control problem under
the uncertainty; 2) an online resource allocation problem with
a switch. These problems leverage the probabilistic character-
ization of the system and common loss functions ¢. Then, we
propose an online algorithm to achieve tractable solutions with
a probabilistic regret bound in the next section.
Problem 1: (Optimal control under uncertainty) We con-
sider a problem in form (P), where the system is unknown
and is to be optimally controlled. In particular, we employ the
following separable loss function

K(u,m) = El(u) +€2($), El :R™ — R, 52 R™ — ]R,

with ¢; the cost for the immediate control and ¢, the optimal
cost-to-go function. We assume that both ¢; and /5 are convex,

5This can be verified by the local Lipschitz condition on f (i), £, and finite
composition of local Lipschitz functions are locally Lipschitz.



and in addition, /5 is Lipschitz continuous with a constant
Lip(¢2) € Ryg, resulting in L(u) = Lip(¢2). Then, by
selecting the ambiguity radius €¢ and center I@)t+1\t of Py
as in Section III-A, the objective function of (P2) becomes

252 Pr.t)

keT

G(t u) = El
b

L
+ Lip(to)e + TR zan
i=1keT

where Pt HS) € R™ are affine in u, for each i, k, as

p
pk,t = Zal ( 1(1)(t7:ﬁt) - f(l)(k7'%k7uk))
=1
p .
+ Ty + <Z i fy” (tafct)> u,
1=1

Ot 20 — 0t @),

and parameters a € R?, € € R>¢ and v € R are selected
as in [29, Section IV]. Intuitively, p , is the k™ projected

HY (w) = O (k, &5, up) —

outcome of the random variable x;y; and H S) quantifies
the variation of predictor f(*) with respect to its previous
k™ value. Notice that the objective function G is convex
in uw and therefore online problems (P2) are tractable. In
addition, if /> has a constant gradient almost everywhere, then
Assumption IV.2 on accessible gradients holds and (P2) is
equivalent to (P1).

Problem 2: (Online resource allocation) We consider an
online resource allocation problem with a switch, where a de-
cision maker aims to make online resource allocation decisions
in an uncertain environment. This problem is in form (P) and
its objective is

l(u,x) = max{0,1 — (u, ¢(x))},

where ¢ is an affine feature map selected in advance. The deci-
sion maker updates the decision u online when (u, ¢p(x)) < 1,
otherwise switches off. Notice that this type of objective func-
tions appears in many classification problems. In particular, we
assume that the system f is independent from the allocation
variable, i.e., fo = 0. See Section VI-B for a more explicit
problem formulation involving resource allocation with an
assignment switch.
Then, problem (P2) has the objective function

w)= 3 max{0, 1~ {u, 6(py,))} + @ L(w),
keT

¢: R —»R™,

where time-dependent parameters p;, , € R", ¢ € R are
p .
Prt = Tr41 + Zai ( 1(1)<t,53t) —
i=1

a=ct 7 20 D I ) — 1730,

i=1keT

l(i)<k’:i:k)) , Vk, t,

Vi,

with o € R, € € R>g and v € R as in [29, Section IV].
We characterize the function L(u) by subgradients of the loss
function ¢.

Lemma IV.2 (Quantification of L) Consider {(u,x) :=
max{0,1 — (u,p(x))}, where ¢(x) is differentiable in .
Then, the function L(u) is

L(u) =

sup lgll,

g€ L(u,x), TER™

where the set 0z¢(u,x) contains all the subgradients of { at
x, given any u in advance, i.e.,

Oul(u, ) = h(@, ) - gi( Ju,
where
_1a lf(uv(b(w» < 1
Bww) =0, if (w ) > 1.
[—1,0], otherwise

In particular, if ¢(x) = Jx for some matrix J € R™*",
then L(u) = ||J "u|. If = is contained in a compact set X,
then L(u) = Lip(¢)||u||,where Lip(¢) € R>¢ is the Lipschitz
constant of ¢ on X.

Lemma IV.2 indicates that, given a properly selected feature
mapping ¢, the objective G is convex in u and therefore online
problems (P2) are convex and tractable. In addition, if ¢ is
a linear map almost everywhere, then Assumption IV.2 on
accessible gradients holds and (P2) is equivalent to (P1).

V. ONLINE ALGORITHMS

Online convex problems (P2) are non-smooth due to the

normed regularization terms in G. To achieve fast, online solu-
tions, we propose a two-step procedure. First, we follow [35],
[36] to obtain a smooth version of (P2), called (P2’). Then,
we extend the Nesterov’s accelerated-gradient method [37]—
known to achieve an optimal first-order convergence rate
for smooth and offline convex problems—to solve the prob-
lem (P2’). Finally, we quantify the dynamic regret [4] of online
decisions w.r.t. solutions of (P1) in probability.
Step 1: (Smooth approximation of (P2)) To simplify the
discussion, let us use the generic notation F' : U — R
for a convex and potentially non-smooth function, which can
represent any particular component of the objective function
G(t,u) of (P2) at time ¢.

Definition V.1 (Smoothable function [35]) We call a convex
function F(u) smoothable on U if there exists a > 0 such
that, for every p > 0, there is a continuously differentiable
convex function I, : U — R satisfying
(1) Fy(u) < F(u) < F,(u) + ap, for all uw € U.
(2) There exists b > 0 such that F,, has a Lipschitz gradient
over U with Lipschitz constant b/, i.e.,
b

[VFu(u1) = VE,(up)] < ;Hul —usf, Vui,uz €U.

To obtain a smooth approximation F), of F', we follow the

Moreau proximal approximation technique [35], described as
in the following lemma.

Lemma V.1 (Moreau-Yosida approximation) Given a con-
vex function F' : U — R and any > 0, let us denote by
OF (u) the set of subgradients of F' at wu, respectively. Let
D = supycopu) ucu llgll? < +oo. Then, F is smoothable



with parameters (a,b) := (D/2,1), where the smoothed
version F,, : U — R is the Moreau approximation:

{F(z) +ols

In addition, if F' is M-strongly convex with some M > 0,
then F,, is M/(1+ pM)-strongly convex. And further, the
minimization of F(u) over w € U is equivalent to that of
F.(u) over w € U in the sense that the set of minimizers of
two problems are the same.

= inf

FH <u) zelU

—u||2}7 ueU.

From the definition of the smoothable function, we know
that: 1) a positive linear combination of smoothable functions
is smoothable®, and 2) the composition of a smoothable
function with a linear transformation is smoothable’. These
properties enable us to smooth each component of G, i.e., {1,
{5, h and ||-||, which results in a smooth approximation of (P2)
via the corresponding G, as follows

min G, (t,u).

el (P2

Note that G, is locally Lipschitz and minimizers of (P2’)
are that of (P2). We provide in the following lemma explicit
expressions of (P2’) for the two problem classes.

Lemma V.2 (Examples of (P2'))
Problem 1: Consider the following loss function
1
lu,x) = iHuHQ + F,(x), given some p > 0,
where F,, : R — R is a smoothed {3-norm functiong, with
Lip(F},) = 1. Then, the objective function G, (t,w) is

1 1 1y ;
Sull? + 5 37 Fulpe) + e+ 5 > Y Fu(H),
keT i=1 keT

where p, H are affine in u, defined as in Section IV.
In addition, we have the smoothing parameter of G, (t,u),

(a,b) :== (1 +pv)/2,p + S0+ D_; 8i), where
P ' T /»p '

s0=Omax | | 2ooifs (b)) | D aifi(t20) ) |,
=1 =1

SIf Fy is smoothable with parameter (a1,b1) and Fh with parame-
ter (a2,bz2), then c1F1 + coF> is smoothable with parameter (ciai +
caaz, c1b1 + caba), for any c1,ca > 0.

TLet A : U — X be a linear transformation and let b € X. Let £ :
X — R be a smoothable function with parameter (a,b). Then, the function
F:U — R, u +— £(Au + b) is smoothable with parameter (a, b||A[|?),
where ||A]| ;= max,|=1[|Aull. If X =R, then ||A[| is the £oc norm.

8 The /5-norm function: Consider 2z € R", F : & — ||=||, and p > 0.
Clearly, F' is differentiable almost everywhere, except at the origin. Then,

1
Fy(x) == min {Hzll +oolle- :cH?} ,

z€ER™

= in

1
min m {r + — (T2 — 22z + H:CHQ)} ,
r>0 [z]=r 24

1
= min {r + E (7"2 —2r||x|| + ||:1:H2)} ,

r>0

[EIS
= 2p 0
Izl — %,

with the smoothing parameter (1/2,1).

if [lz|| < p,
otherwise,

With 0max denoting the maximum singular value of the matrix,
and

o Dt a0 e 1
S; Omax f2 (tth) f2 (t7wt) ,’LE{ 7---ap}-

Problem 2: Let us select the feature map ¢ to be the identity
map with the dimension m = n, and consider

l(u,x) :=max{0,1 — (u,x)}, with L(u) = ||u],

resulting in

Cultu) = 72 3 FS () + aFulw),
keT

where > 0, parameters p, q are as in Section 1V, and
functions FE :R = Rand F, : R" — R are the smoothed
switch function’ and fo-norm function®, respectively. Note that
G,, has the smoothing parameter (a,b) := (1 4+ ¢)/2,q; +

|

VT et [1PrllZ)-

Step 2: (Solution to (P2’) as a dynamical system) To
solve (P2’) online, we propose a dynamical system extend-
ing the Nesterov’s accelerated-gradient method by adapting
gradients of the time-varying objective function. In particular,
let u;, t € Z>o, be solutions of (P2’) and let us consider the
solution system with some uy € U and y, = uo, as

U1 = HZ/{(yt - EtVG/—t(tvyt))v
Yip1 = Uri1 + (W1 — ur),

(&)

where ¢; < u/b,; with positive parameters p and b; := b being
those define G, (t, w). We denote by VG|, the derivative of G,
w.r.t. its second argument and denote by II;,(y) the projection
of y onto U as in Assumption IV.4 on convex decision oracle.
Note that, the gradient function VG, can be computed in
closed form for problems of interest, see, e.g., Appendix A for
those of the proposed problems. Further, we select the moment
coefficient 17; € R>( as in Appendix B. In the following, we
leverage Appendix B on the stability analysis of the solution
system (5) for a regret bound between online decisions and
optimal solutions of (P1).

° The Switch function: Consider v € R, FS : u + max{0,1 — u},
which is differentiable almost everywhere. For a given p > 0, we compute

1
Fi(u) = 121161]% {maX{O, 1—2z}+ ﬂﬂz — u||2} ,
. . 1 2 L1 2
=minqminl — z+ — ||z — u||*, min — ||z — u||* ;.
2<1 2/,L z>1 2}1,
Given that

1 Lt —u|?, if u>1—p,
minlz+||zu||2:{2“| I K
z<1

24 1-—u—5,, if uw<1-—uyp,
and
1 L —wl?, if u<l,
min — ||z —ul|? = 2““ I .
2>1 2u 0, if uw>1,
resulting in
u .
S ll—u—5,2 ¥f u<1l-—upu,
FS(u)i={ 1 —ul2, it 1-p<u<l,
0, if w>1,

with the smoothing parameter (1/2,1).



Theorem V.1 (Probabilistic regret bound of (P1)) Given
any t > 2, let us denote by u; and u; the decision generated
by (5) and an optimal solution which solves the online Prob-
lem (P1), respectively. Consider the dynamic regret to be the
difference of the cost expected to incur if we implement u,
instead of uy, defined as

Ry :=Ep,,,, [(ug, )] — Ep, ., [l(uy,x)].
Then, the regret R, is bounded in probability as follows

4W;

where W, depends on the system state at time t — T, and F
depends on the variation of the optimal objective values in T,

Le., B
Iy = G ., — G} L
: g%ﬂ i —GrHl}+ L,

where G, .= G(k,u}) is the optimal objective value of (P2),
or equivalently that of (P1). Further, L is the variation bound
of G w.rt. time, and the rest of the parameters are the same
as before. Furthermore, if all historical data are assimilated
for the decision uy, then, we have

litm inf Prob (R; < TF; +au) > 1 -,
— 00
with B a given, arbitrary confidence value.

Theorem V.1 quantifies the dynamic regret of online decisions
u w.r.t. solutions to (P1) in high probability. Notice that, the
regret bound is dominated by terms: TFy, au and L(u})é,
which mainly depend on three factors: the data-driven param-
eters €, 7 and p of the solution system (5), the variation I} over
optimal objective values, and the parameters 7', 3, v and € that
are related to the system and environment learning. In practice,
a small regret bound is determined by 1) an effective learning
procedure which contributes to small €; 2) a proper selection
of the loss function ¢ which results in smoothing procedure
with a small parameter ap; and 3) the problem structure
leading to small variations F; of the optimal objectives values.
Furthermore, when we use all the historical data for the
objective gradients in the solution system (5), the effect of
system ambiguity learning is negligible asymptotically.
Online Procedure: Our online algorithm is summarized in
the Algorithm 1.

Online Optimization and Learning Algorithm 1 Opal(Z)

1: Select {fM}4, £, B, U, ug, p, and t = 1;

2: repeat

3 Update data set Z := Z;

4: Compute o := a as in [29];

5: Select P, 4}, in (2) and € := é(¢, T, B, o, u) in (4);
6:

7

8

9:

Run dynamical system (5) for w := uy;
Apply u to (P) with the regret guarantee;
: t+—t+1;
until time ¢ stops.

VI. IMPLEMENTATION

In this section, we apply our algorithm to the introduced
motivating examples, resulting in online-tractable, effective
system learning with guaranteed, regret-bounded performance
in high probability.

A. Optimal control of an uncertain nonlinear system

We consider the two-wheel vehicle driving under various
road conditions, and our goal is to learn one-step prediction
of the system state distribution and leverage for path tracking
under various unknown road zones. In particular, we represent
the two-wheel vehicle as a differential-drive robot subject to
uncertainty [38]:

Tpp1 =24 + hcos(0y)dr 1 + hw 4,

Yer1 =Y¢ + hsin(6;)d1 s + hwa 4,

Or 41 =0, — hday + hws g, ©)

r
dis =§(Ul,t + U+ e1t),
doy :i(vl,t — Urt +€24¢),

where components of states x; := (zy,y:,0;) € R2 x
[-7,7) = R x S! represent vehicle position and orienta-
tion on the 2-D plane. We take the discretization parame-
ter h = 0.01 and assume subGaussian uncertainty w; :=
(w1, wa ¢, w3 ¢) € R3 to be a zero-mean, mixture of Gaussian
and Uniform distributions with ¢ = 0.5. The intermediate vari-
able d; := (d1,d2,) depends on the wheel radius r = 0.15
m, the distance between wheels R = 0.4 m, the controlled left-
right wheel speed u; := (v;+, v, +) and an unknown parameter
e; := (€1, ea,t), which depends on the wheel quality and road
conditions. For simplicity, we assume that the planner adapts
the system (6) with e; = (0,0) and w; = (0,0,0), and the
vehicle can move over three types of road zones, the regular
zone with e(?) := (0,0), the slippery zone with e(®) = (4,0),
and the sandy zone with e(®) = (—1.2, —0.2), where locations
of these zones are described in Fig. 2.

To adapt the proposed approach, we consider Problem (P)
with the following loss function

1 : 1 .
lu,z,y,0) =—||lu — ™% + x — ™|+
(o ,01.8) = s = w24 =
1 4 289 2
—— |y — Y™ 4+ —— (cos(#) — cos(0" +
ik 5 (cos(0) ()
289

= (sin(0) — sin(&mf))2 ,
where (u™f, 27l ¢ grf) are signals generated by the planner,
and we select the parameter i« = 10~* for components which
are not smooth. In addition, we assume U = [—20,20]? and
utilize p = 3 basis functions {f®}; in form of (6), with
w; = (0,0,0), and

i=1, e=0, e=0,
1=2, e =10, ey =0,
i:3, 61:0, 62:10.

Note that the ground truth parameter a* := (1,0,0) in the
regular zone, a* := (0.6,0.4,0) in the slippery zone, and
a* := (1.14,-0.12,—0.02) in the sandy zone. At each time
t, we have access to model sets {f("}; and as well as the
real-time data set Z; with size Ty = 100, which corresponds
to the moving time window of order 0.1 second. For the
system learning algorithm, notions of norm and inner product
are those defined on the vector space T(R? x S) = R3. We
employ our online optimization and learning algorithm for
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Fig. 3: An example of the (gray) planned trajectory and (black) controlled
system trajectory in various road zones, with the system state @ = (z,y, 6).
The red region indicates sandy zone while the blue region indicates the
slippery zone. With the implemented control, the vehicle follows the planned
path with low regrets in high probability.

the characterization of the uncertain vehicle states, learning of
the unknown road-condition parameter e, and control towards
planned behaviors in real time. The achieved system behaviors
are demonstrated in Fig 3, contrasted with the case without the
proposed approach, as in Fig. 2. In the following, we analyze
each case separately and notice how the proposed approach
strikes balance between the given planned control w™f and the
actual control w4 which reduces the weighted tracking error in
road uncertainty.

Example (Lane-changing behavior adaptation) In this
scenario, we assume the initial system state o = (10,0, 7/2).
Further, the vehicle can access path plan in Fig. 2(a) and as
well as the suggested wheel speed plan as the gray signal in
Fig. 4(a). To demonstrate the learning effect of the algorithm,
we show in Fig. 5 components «; and a5 of & = (a1, ag, ag),
where the black lines indicate value of the ground truth o*
on the planned trajectory and the gray lines represent the
learned, real-time estimate of «; and as at the actual vehicle
position. Notice that a* is inaccessible in practice, and from
this case study, the proposed approach indeed learns the system
dynamics effectively. See, e.g. [29] for more analysis regarding
to the effect of the learning behavior and ambiguity sets
characterization on the selection of € and .

As the proposed loss function ¢ measures the weighted
tracking error, the resulting control system trajectory in
Fig. 3(a) already reveals the effectiveness of the method and
as well as the low regrets in probability. On the other hand, be-
cause the system is highly non-linear and uncertain, evaluating
the actual optimal objective value of Problem (P) is difficult.
Therefore, it’s very challenging to evaluate the regret I; in
practice, even though the its probabilistic bounded is proved.
Here, we provide in Fig. 4(b) the realized loss £ and as well as
the realized objective value of Problem (P2), where the loss /¢
reveals one possible objective value of (P), and the objective
value of (P2) serves as an upper-bound of that of (P) in high
probability. In addition, notice that the derived (black) control
signal in Fig. 4(a) has undesirable, high-oscillatory behavior.
This is because the chosen loss function ¢ is only locally
convex in x. When the system disturbances are significant,

Realized loss £
Realized loss of (P2)

(@) (b)

Fig. 4: (a) The (gray) control signal provided by the planner and an example
of the (black) control signal derived from the proposed approach. (b) The
realized loss £ and the achieved objective of (P2).

0 50 100 150

Fig. 5: The component «; and ag of the real-time parameter @ :=
(a1, 2, a3) in the learning procedure.

the proposed approach then revealed certain degradation and
control being oscillatory. Nevertheless, a desirable system
behavior in Fig. 3(a) is achieved.

Example (Circular route tracking) In this scenario, we
consider &y = (0,30,0). We omit the details as the analysis
shares the same spirit as the last lane-changing example.

B. Online resource allocation problem

We consider an online resource allocation problem where
an agent or decision maker aims to 1) achieve at least target
profit under uncertainty, and 2) allocate resources as uni-
formly as possible. To do this, the agent distributes available
resources, e.g., wealth, time, energy or human resources, to
various projects or assets. In particular, for the trading-market
motivating example, let us consider that the agent tries to make
an online allocation uw € U of a unit wealth to three assets. At
each time ¢, the agent receives random return rates x; € Rio
of assets from some unknown and uncertain dynamics B

i1 = ¢y + hA(t) + hw;, with some x( € R3, (7)

where h = 1073 is a stepsize, the vector A(t) is ran-
domly generated, unknown and piecewise constant, and the
uncertainty vector w; is assumed to be sub-Gaussian with
o = 0.1. Note that this model can serve to characterize
a wide class of dynamic (linear and nonlinear) systems. In
addition, we assume that the third asset is value preserved,
i.e., the third component of A(t) and w; are zero and z3 = 1.
Over time, an example of the resulting unit return rates x is
demonstrated in Fig. 6. Then, we denote by rp = 1.3 and
(u,x41) the target profit and the predicted instantaneous
profit, respectively. Note that the decision maker aims to
obtain at least a 30% profit and allocate resources online for
this purpose. In particular, the decision maker implements an
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Fig. 6: An example of random returns & = (z1,x2,z3), where returns of
the first two assets 1, 2 € [0, +00) are highly fluctuating and the third is
value-preserving with return x3 = 1. Without asset allocation, agent does not
achieve the goal profit 7o = 1.3 and has a chance of losing assets.
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Fig. 7: The component o1 and ag of the real-time parameter o :=
(a1, a2, 3) in learning, where the values o and of are the online-
inaccessible ground truth. Notice the responsive behavior of the proposed
learning algorithm.

allocation online if (u,x:11) < ro, otherwise does nothing.
This results in (P) with the loss function

1
lu,z) = max{0,1 — —(u,xz)},
To
and set U a unit simplex. We propose p = 3 basis functions
fO =z, f@ =x+0.1he;, f® =z +0.1he,,

where e; = (1,0,0)" and e; = (0,1,0) . At each ¢,
we assume that only historical data are available for online
resource allocations. Applying the proposed probabilistic char-
acterization of =,y as in (P1), we equivalently write it as in
form (P2’), where

1
Gﬂ(tvu) = T Z F3(<ua
keT

b
B0y + L F (), p=0.01,
To To

with functions Fsg and F/LS, and real-time data jo and ¢
determined as in Problem 2. We claim that G, (t,u) has
a time-dependent Lipschitz gradient constant in w given by
Lip(G,) = q/ro + 1/(3T) Yyer [Py %, and we use
e := 1/Lip(G},) in the solution system (5) to compute the
online decisions.

Fig. 7 shows the real-time evolution o; and ao of the
parameter & := (a1, g, v3), while the behavior of ag can
be similarly characterized. In these figures, black lines o} and
o are determined by the unknown signal A(t) while gray
lines «; and «p are those computed as in [29]. Note that a*
represents the unknown dynamics f and they are not accessible
in reality. It can be seen that the proposed method effectively
learns a*.

Fig. 8 demonstrates the online resource allocation obtained
by implementing (5) and the achieved real-time profit (u, x).
The decision w starts from the uniform allocation ug =

SOV

—— Achieved profit < u, >
——Goal profit ro=1.3
————— Baseline

RS P |
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Time (x10° s) Time (x10° 5)

Fig. 8: Real-time resource allocation w and profit (u,x). Notice
how the decision w = (u1, us2,us) respects constraints and how the
allocation tries to balance the assets when the goal profit 7o is met.
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Fig. 9: The realized loss £ and the achieved objective of (P2).

(1/3,1/3,1/3) and is then adjusted to approach the target
profit 1o = 1.3. Once the target is achieved, the agent then
maintains the profit while trying to balance the allocation if
possible. When the return rate = is low/unbalanced, as in
Fig. 6, the agent tries to improve and achieve the target profit
by allocating resources more aggressively. Though did not
appear in the current scenario, in case that the return rate is
high and the target profit value is achieved, the agent focuses
on balancing the allocation while maintaining the profit. If
both the target profit and allocation balance are achieved,
then the agent stops re-allocating resources and monitors the
return rate x until the switch turns on, e.g., when the near
future profit prediction drops below 7y again. In addition,
notice how the target profit was achieved with the proposed
control strategy as demonstrated in Fig. 8, which contrasts
with uniform allocation case as in Fig. 6.

Fig. 9 demonstrates the evaluation of the time-varying loss ¢
as well as the realized objective value of Problem (P2). Due to
the unknown time-varying distributions P;;_1, the evaluation
of the objective values of Problem (P) is intractable, and the
realized loss of (P2) serves as a high-confidence upper bound
of that of(P). Nevertheless, the target profit is achieved with
low regret in high confidence, as revealed in Fig. 8.

VII. CONCLUSIONS

In this paper, we proposed a unified solution framework
for online learning and optimization problems in form of (P).
The proposed method allowed us to learn an unknown and
uncertain dynamic system, while providing a characterization
of the system with online-quantifiable probabilistic guarantees
that certify the performance of online decisions. The approach
provided tractable, online convex version of (P), via a series
of equivalent reformulation techniques. We explicitly demon-
strated the framework via two problem classes conforming
to (P): an optimal control problem under uncertainty and an



online resource allocation problem. These two problem classes
resulted in explicit, online and non-smooth convex optimiza-
tion problems. We extended Nesterov’s accelerated-gradient
method to an online fashion and provided a solution system
for online decision generation of (P). The quality of the online
decisions were analytically certified via a probabilistic regret
bound, which revealed its relation to the learning parameters
and ambiguity sets. Two motivating examples applying the
proposed framework were empirically tested, demonstrating
the effectiveness of the proposed framework with the bounded
regret guarantees in probability. We leave the relaxation of
assumptions and the comparison of this work with other
methods as the future work.

APPENDIX
A. Computation of the objective gradients
Let ¢/, G and G|, be those in Lemma V.2 on examples

of (P2'). We now derive VG, := VG, (t,u) as follows.
Problem 1 (Optimal control under uncertainty):

VoG, (t,u) =
Lt 2 0y (0
;u + T Z VuFu@k,t) + T Z Z VHFM(HkZ )s

keT i=1 keT

where, for each k € T, the term V,, F),(py ) is

T

Py 15 if ([pyll < ps

HE s wan)

i=1

T
P .
Hpi Al (Z Oév:fz(z) (t,-’i't)) P Otherwise,
: 1

i=

and, for k € T, € {1,...,p}, the term VuFM(ng)) is

i ~ T i . i
L) HY i [ H <
i NN )
_m(fé )(t’wt)) H;(c)7 otherwise .
k

Problem 2 (Online resource allocation):

1
VuG/L(t7 U’) - ? Z v“F/§(<u7pk,t>) + thUEt(u)a
keT

where

Ly,

VuFu(u) = {"

mu, otherwise,

if [lul < p,

and, for each k € T, the gradient V,, F} ((u,pj, ;) is

_pk7ta if <u7pk7t> S 1- 122
_% k,t> if 1—p< <u7pk,t> <1,
0, if (u,py,) >1.

These explicit expressions provide ingredients for the solution
system. With different selections of the norm, the expression
varies accordingly.

B. Stability Analysis of the Solution System

Here, we adapt dissipativity theory to address the per-
formance of the online solution system (5). This part of
the work is an online-algorithmic extension of the existing
Nesterov’s accelerated-gradient method and its convergence
analysis in [39]-[41]. Our extension (5) inherits from the work
in [40], where the difference is that gradient computations

in (5) are from time-varying objective functions in (P2’). To
simplify the discussion, the notation we used in this subsection
is different from that in the main body of the paper. Consider
the online problem, analogous to (P2'), defined as follows

min fi(x), t=0,1,2,... 8)

where f;(x) is locally Lipschitz in ¢ with the parameter h(x)
and, at each time ¢, the objective function f; are m;-strongly
convex and L;-smooth, with m; > 0 and L; > 0. The convex
set X C R™ is analogous to that in Assumption V.4 on convex
decision oracle. The solution system to (8), analogous to (5),

1S
e = H(y, — Vfi(y,)),
Yir1 = Teg1 + Brr1 (Ter1 — T), 9
with some y, = xp € &,

where oy < 1/L; and f; is selected iteratively, following

1+ +/1+ 467 0p—1—1
5_1 = 1, 6t+1 = B .

) Bt = o
Note that 62 —§; = 67 ;,t =0,1,2,.... The projection II(x)

at each time ¢ is equivalently written as

1
(z) = argmin = ||z — x||* + a:l(2),
zeRn 2

with ¢(z) = 0 if z € X, otherwise +o0c. Note that the
projection operation is a convex problem with the objective
function being strongly convex. Thus, II(x) is a singleton (the
unique minimizer) and satisfies the optimality condition [42]

x —Tl(z) € a;90(T1(x)),

where the rh.s. is the sub-differential set of ¢ at II(x).
Equivalently, we write the above condition as

I(z) = x — o, 0¢(II()).
We apply this equivalent representation to the solution sys-
tem (9), resulting in

Ti1 =Y, — oV fi(y,) — . 0l(wy),
Yigr = Te1 + Begr (X1 — ),

Wi =Tt41-

(10)

Note that (10) is not an explicit online algorithm, as the
state x;4; is yet to be determined. However, we leverage
this equivalent reformulation for the convergence analysis of
solutions to (9) to a sequence of optimizers of (8), denoted by
{z}}. To do this, let z; := (x; —x}, ®1—1 —x;_;) denote the
tracking error vector and represent (10) as the error dynamical

system
u v
Zt41 = AtZt =+ Bt Ut =+ Bt V¢,
with 21 = (@1 — =7, Ty — x7),

(11

with the gradient input u; := V fi(y,) +0¢(w;), the reference
signal v, := (x} — x;_;, T}, — z;), the matrices
_ 1+ B8 =B w _ | T v _ B —1
At—[1 o B0 B =0 o)

and the auxiliary variables

y,—xr=[14+6: —Bi]z+[B 0]vy,
we — ar;: = [1 O] Zt4+1 + [0 1] V.



We provide the following stability analysis of the system.

Theorem A.1 (Stability of (9)) Consider the solution algo-
rithm (9), or equivalently (10).
(1) For each t > 1, we have the following

fe(@e) = fe(mesn) > €, X140 €,

fe(@?) = fe(@epr) > €, Xoy €,

Here, &, := (2zt, us, v¢), and

mp*  —mp® -B mp* 0
1 [-mp> mp? B —mf® 0
Xi;==| -8 B  a@-La) -B 0],
2 m,B2 7mﬂ2 75 mﬁZ 0
0 0 0 0 0
m(l+8)? - -(1+8) 0 0
1 =1 mp* B -mp* 0
KXoy = 3 —-(1+8) B a(2 - La) -8 0],
n —mB2 -8 mp 0
0 0 0 0 0

with n = m(1 + )3 and the parameters (m, L, a, ) are a
short-hand notation for (my, Ly, oy, Bt).

(2) Given the horizon parameter Ty € Z~q with T =
min{t — 1,Tp}. Then, for any t > 2, the solution x; from (9)
achieves

4G,

ft($t> - ft(w:) < (t + 2)2

At =T — 1+ 6p)? .
i (e~ i)

where the time-dependent parameters G, F; and K, are
determined by f;, ay and S;.

+TF+TK;

Proof of Theorem A.1: (1) By the m-strong convexity and
L-smoothness of f, we have

f@) = fw) 2 Vi) @y +Gle-yl’ a2

Fly)~ f(@) > Vi) (- 2) - 5y o

(1a) Consider (12) with (z,y) = (x,y,). We leverage y, =
xy + B (xy — ;1) and the distributive law '° for

fla) = fy,)
2

> BV S () (@ — ) + T ey — P,

(13)

2
= B(Vf(y,) + (w,)) (x4—1 — @ — 2y +})
2
m
T s — @y —

2
+B(Vf(y,) + 0l(wy)) " (x}_, — 27)
— B@f(wt)—r(:ct,l —xy)
+mpB (1 — @ — 2 +a)) (2, — )
m/?

* * |2
+ B iy — x|

WApply HaTc=(a+b) (c—d)+(a+b) d—bTcand2) c'c=
(c—d) T (c—d)+2(c—d) d+dTd, with a = Vf(y,), b = dl(w),
c=x4 1 — o, d=x:)_| — ],

We re-organize the the right-hand-side into the matrix form as

mp®  —mp* —  mp®
2 2 2

%5; 7T/6ﬁ mg g 77_7’%8 6t—ﬂ(%(wt)—r(wt,1—wt),
mp®  —mp* - mp®

with 8, = (xs —x}, @1 —x5_1, V. (y,) +00(w:), xF —x;_1).

(1b) Consider (13) with (z,y) = (@t41,y,). We leverage
i1 = Y, — oV fi(y,) — adl(w,) and the distribution law,
resulting in

F(ye) = F@en) 2 aVi(y,) (Vf(y,) +00(w)
- B9 () + w7

= AR =L G ) 1 ot () |2

2
— adl(wy) " (V£(y,) + 0l(wy)).

Now, we sum the terms involving 9¢(w;) in the rh.s. of
inequalities in (la) and (1b), leverage (10), and then apply
the convexity of ¢, ; € X and w, = x;11 € X, to obtain
the following

— BOU(wy) " (w1 — @) — adl(wr) " (V(y,) +0l(w,))
= —00(wy) " (2 — wy) > U(wy) — L) = 0,
which results in f(z;) — f(zes1) > &, X1 &,
Note that we have identified (f,m,L,«,) with
(ft, me, Ly, o, By), and note that V fy(xz}) + 0(x}) = 0.

(Ic) Similarly, consider (12) with (z,y) = (x},y,). From
y, = x; + B (xy — x4—1) and the distributive law,

f(@}) — f(y)

> Vi) @ — ) + 5 2l — vl

= (Vf(yy) + 0t(w))) " (x} — g, + pa — Pa}_y)

+ Sl = L+ B e — @) + Blaer — i)

= BV f(y,) + 0t(w) (2} — 2f_y) — 0(w) " (@} — y)
—mBl=(1+ B) (@ — @) + Blae — @i )] (@ - @)

2
T
m(1+8)?  -n  —(1+p) 7
e[ w8 me?
cleassn s 0 g %
U -mB  -p mf3?

— Ol(wy) " (@} —yy),

with n = m(1 + §)8. We add this inequality to that in (1b)
and leverage

— 0l(wy) " (x} —y,) — adl(wy) " (Vf(y,) + 0l w,))
= —0l(wy) ' (zF — we) > L(wy) — L(x}) =0,

resulting in f(zF) — f(xip1) > &, Xoy &,
(2) Let us define the time varying function

:
Zt Zt

Vi(zs) i = H,

)= o | B ey —wp |



where we take

1 6t71
Hi = 1 =01 [515—17 1 =641, 5t—1] )
20[t_1 6t—1

with {a;}; those in the solution system (9) and {d:}; the
sequence of scalars which defines {f;};. Now, verify

Vir1(ze41) — 0;1 Vi(ze) = & ' Ji&,,
t
where &, := (z;, wu, v;), which are those define (11),
resulting in &, = (x¢¢ — x}, @1 — x;_|,Vi(y,) +

ag(wt)vw; - wzflv x:Jrl - 13:) and

0 0 —atétét_l _51&—1 0
2
1 0 0 atﬁtét ﬁt(5t 0
— 2 252 2
Jt = g *Oét(st(st_l atﬂtét (&% 5t *O[tﬂt(st 0
2
¢ =01 Bide —ayB0i 1 =261 0
0 0 0 0 0
Let us compute
My =871 X1, + 61 X2,
my (63 — 1) —miBdedy_q —0¢8¢—1 m¢Bdedi_q O
1| —meBesEs. 1 myBES7 Bi587 —myBF 67 0
= - —84841 Bi67 g (2 — Lyayg)s? —B1 62 ol
myBroLdy 1 —m¢BF 67 —B¢57 myBF 67 0
0 0 0 0 0

and then achieve

:
sﬁut—Mt)et:[* . } N [mf }

— ozt(l — Ltat)utTut,

with, for each ¢t > 1,

1 —mt(5t2 - 1) meBe0ids—1  —myS040s1
Nygi= - mBi640—1 —mtﬂfég mtﬁt25t2 )
—myBi0bi—1 PP} —my 3707
my —(67 = 1) Bided1 O
= o Brddy—1 *535,‘,2 0] =0,
0 0 0

and, using the fact that §; > (¢ +1)/2, V¢ > 0, we have

1 0 0 —0r—1
N2,t = 5 0 0 Btét j 0.
—0p—1 Pdy 1 =20,

Then, if we select oz < 1/Ly, it results in
&' (Jo — My)€, <O0.

We rewrite it as
«

Vi1 (ze41) — ——Vi(z;) < & M€,
t

[e%

<67 (fe(me) — fr(mesn)) + 0e(fe(x)) — fe(@esa)),
= =67 (fi(xis1) — fe(®))) + 671 (fr(me) — fe())).

As f; being locally Lipschitz in ¢, there exists a non-negative
function h(x) such that

Jer1(®eq1) — fr(@er1) < h(meyq),

resulting in

a¢—1
ay
< =67 (ferr(@er1) = ferr(@iyn)) + 67 (fel@e) — fe(w?))
= 8¢ (fer1(@i) — ful@))) + 0Fh(@isa), Vi

Summing up the above set of inequalities over the moving

horizon window ¢ € T = {t—1,...,t =T}, where T =
min{t — 1,7y} with some Ty € Z~q, we obtain

Vt(zt) + Z(l —

keT
< =071 (felae) — fol))
+ 07y (fror(®i7) = fior(2i_7))
=3 G (frra(@hp) = fe(@p)) + > Gph(zrs).

keT keT

Vig1(ze41) — Vi(zt)

O"“;l)vk(zm —Vi_r(z_r)

Let us denote by G;, K3, and F}, respectively, the horizon
accumulated potential, the bound of the locally Lipschitz
function h, and the variation bound of the optimal objective
values. That is,

G =Vier(zeer) — Vilz) = Y (1 = ) Vi(z),
keT Ck

Ky == max {h(z41)},
F; = Ig€12§{|fk+1(w2+1) — fre(xi)l}

Then, using the fact that (1) §;—1 > (¢t 4+ 2)/2, for all ¢t > 0;
Q) 6i_p_1 <t—T —1+ 68 with 6y = (14 /5)/2, and (3)
d¢ is monotonically increasing, we have

fulee) — fil@]) < 2

42y +TF, +TK,
+ A _5;21);_ %)° (fi—r(@e—1) = fior(2}_7))-
Note that, when ¢t < Ty + 1, we have T' =1t — 1. This gives
i) = filai) < ias + (= DF+ (6= DE;
)~ (e

C. Proofs of lemmas and theorems

Proof of Lemma IV.1: By the definition of the ambiguity set,
we have that, for any distribution Q € P41 (a, u)

dw((@yﬁbwl\t) <§,
which, by Kantorovich-Rubinstein Theorem, is equivalent to
/ h(x)Q(dx) — / h(@)Prye(dz) < ¢, VheL,
Zz z
where L is the set of functions with Lipschitz constant 1 and

Z is the support of the random variable . For a given u, let
us select h to be




where L is the positive Lipschitz function as in Assump-
tion I'V.1. Substituting h to the above inequality, we have

/Z ((u, 2)Q(dx) — /Z O(u, )Py i) (dz) < eL(u),
or equivalently

Eg [l(u, x)] < E;

Pt+1\t(a7u) [

L(u,x)] + éL(u).
As the inequality holds for every Q € P;,1, therefore
Eq [((u, )]

sup
QEPi41(a,u)

< El@’t+m(a,u) [l(u, )]+ €, T, 5, ,u)L(u). W

Proof of Theorem IV.1: We show this by constructing a
distribution in the ambiguity set. By Assumption IV.2 on
convex and gradient-accessible functions, there exists an index
jeT such that the derivative Vo l(u,z) at (u,z")),
zW) =3 azf( )(a u), satisfies

) = L(u).

Now using this index j, we construct a parameterized distri-
bution as follows

Q(Ax) =

IVt (u, 2

1 1
— 0 » ) + =01z
OYI. {z()+Ax}>
T2 Yt dieun T

where Az € R™ with ||Az| < T¢. By the definition of the
ambiguity set and, since the support of the distribution P is
Ety1 = R”, we have Q(Az) € Pryi(a,u).

Next, we quantify the lower bound of the following term

Eq(aq) [((u, )] — E; [£(u, z)]

Pit1)¢(onu)
— % (g(u’@(j) + Az) — g(%@(j))) .
By Assumption IV.2 on the convexity of ¢ on x, we have
0w, 29 + Az) — O(u, 39)) > Vo l(u,39) " Ax.
Then, by selecting

(4)
Ag o TeV l(u, 7))
IIme(u,w(”)ll

we have

Vazl(u, i(j))TAx =TéL(u).

These bounds result in

Eqae [0, @)] — By, o [u,2)] > eL(u).
As Q(Ax) € Pii1(a, u), therefore
sup  Eglf(w.@)] 2 By, o [lu,@)] + EL(u).

QEP;iy1(cx,u)

Finally, with Assumption I'V.1 on Lipschitz loss functions and
Lemma IV.1 on an upper bound of (P1), we equivalently write
Problem (P1) as

inf E, [/(u,

weld Pt+1\t(‘1 u)

which is the Problem (P2). |

x)| +é(t, T, B, w) L(w),

Proof of Lemma IV.2: This is the direct application of the
definition of the local Lipschitz condition. ]

Proof of Lemma V.1: First, we have
1
F,(u) < F(u) + 2—||u —ul?* = F(u), Vucl.
"

Then, we compute
1 2
) = sup 2~ 5ol - ul?},
zel { 2:“’

<su{

< sup {g

F(u) = Fy

where the equality comes from the definition of F),(u), the
first inequality leverages the convexity of F', the second one
relaxes the constraint set, the third one applies the achieved
optimizer z* = uw — ug(u), and the last one is from the
boundedness of subgradients.

Further, given F' as described, it is well-known (see,
e.g., [43, Proposition 12.15] for details) that F), is convex and
continuously differentiable where its gradient VF,, is Lips-
chitz continuous with constant 1/. In addition, the minimizer
z*(u) of F), is achievable and unique, resulting in an explicit
gradient expression of F), as follows

V() = (== ().
In addition, we claim that, if /' is M-strongly convex, F}, is
M/(1 + pM)-strongly convex, following [44, Theorem 2.2].
Finally, we equivalently write the minimization problem as
follows

min F,(u) =

1
min min min {F(Z)+2H”Z_UQ}

uweld zeld

1
= min min {F(z) +—|z— u2}
zeU ueld 2u

SR
where the first line applies the achievability of the minimizer
of the problem that defines F),, the second switches the
minimization operators, the third applies the fact that u = z
solves the inner problem. This concludes that any w that
minimizes [, also minimizes ', and vice versa. |

Proof of Theorem V.1: Let us consider the solution sys-
tem (5). At each time t, let us select ¢ := ¢, = 1/ Lip(G,,),
or equivalently, 11/b with b = maxye7 bg. Let 7, satisfy

1+ +/1+ 452 6p—1—1
01 =1, 0441 := , My = .
2 Ot
Then, by Theorem A.l with ¢ > 2, the following holds
4W,
Gu(t,w) — Gult,uf) <——= +TH, (14)

(t+2)2



where u} is a solution to (P2'), T = min{¢t—1, Ty} with some
horizon parameter Ty € Z. Notice that T} is the length of
the used historical data whenever such data are available. The
time-varying parameter WW; depends on the initial objective
discrepancy and the accumulated energy storage in the con-
sidered time horizon 7, and F} is the variation bound of the
optimal objective values in 7. Specifically, we have

Fy = Gk + 1, wir) = Gl i) [} +

with L the variation bound of G, (t,u;) w.rt time t. Let

us consider the storage function Vi(z;) := z¢ | Hyz, where
ze = (uy —uf, w1 —uj_q, uf —ur_ ) and
1 6t71
H; = 1—=0i 1| [6im1 1—6im1 6i—a] =0,
2811 0r—1

Then we have

Wi =Vier(ze—r) — Vi(zt) — Z(l -
kET

+t-T-1+ 5())2(ft7T(wt7T) — fi-r(Ti_1)),

where the first two term is the energy decrease in the horizon
T; the third sum term indicates the instantaneous energy
change, which depends on the online, estimated Lipschitz
constant; the last term depends on the goodness of the initial
decision at the beginning of the current 7. Note how the
selection of €; and T affect W; (or G; in Theorem A.1). In the
most conservative scenario, we select &; := min{e;_1, /b }
and Ty = oo, which results in a constant upper bound of W;
as follows

Wy < Vi(z1) + 65 (fi(m1) — fi(=})),

therefore, in this case, the bound (14) essentially depends on
the growing term (¢t — 1) F;. A less conservative way is to use
moving horizon strategy, with ¢; := min{e;_1, u/b;} but a
finite Tj). Then, as t is sufficiently large, we have

Wi < Vier(ze-r) + C(fier (@) — frior(T}_1)),

where, in this case, the bound (14) essentially depends on Fy
and f;_r(xi—7) — fth(SUI_T)-

Now, we consider for any ¢ > 2. By Definition V.1, there
exists a constant ¢ > 0 such that

Ek—1
€k

Wi(zk)

G(t,up) —ap < Gyt uy),

and by Lemma V.1, we have that u} is a minimizer of (P2’)
if and only if it is that of (P2), and

Gu(t,uy) = G(t, up).
This results in

AW,
G(t,u;) — G(t,uf) SW +TF, + au,

with an equivalent expression of F} as

15)

Fy =max {|Giy — Gil} + L,

where G7, := G(k,uj) is the optimal objective value of (P2)
or, later we see, equivalent to that of (P1).

Next, by Theorem IV.1 on the equivalence of (P1) and (P2),
w; is a minimizer of (P2) if and only if it is also that of (P1),
and

G(t,uy) =

sup (16)

QePi41(ev,uy)

Eq [((uf, )]

Further, as in Section IV, we claim that Problem (P1) provides
a probabilistic bound for the objective of (P), resulting in

a7
(18)
with p(t) as in Theorem IIL.1. Then by (17), we know that
]P)t+1|t S Pt+]_ if and only if dW(]P)t+1|t7Pt+1\t) < € where €

is selected as in Theorem III.1. Further, since dw is a metric,
for any Q € Py, we claim

dw(Q,Pys1pe) < dw(Q, Pyyape) + dw(Pegrje, Pegrye),
<éde<oe

Prob (P;11)¢ € Pis1) > p(t), or equivalently,
Prob (Ep,, ., [l(us, )] < G(t,ur)) > p(t),

By Assumption IV.l and the same proof procedure of
Lemma IV.1 on the above inequality, we have, for every u,
the following:

s Egll(u,a)] < E,,,, [u,@)] + 2L(u)e
QEP;iy1(cx,u)

By taking u := wu} and using (16), we have

G(t,uy) < Ep, ., [(uf, )] + 2L(u;)é. (19)

We combine the inequality (15), (18) and (19), resulting in

EPt+1|t [Z(’u’t? iL’)] - EPt+1|t [f(u:, ZE)}
4Wy .
< m +TF; + apl + 2L(u;‘)e,

with the probability at least p(¢), holds for any ¢ > 2. Fur-
thermore, if all historical data are assimilated for the decision
uy, i.e., we select Top = oo with ¢ := min{e;_1, u/b; }, then,
the term W, is upper bound by a constant and, the radius
€ asymptotically goes to zero due to the selection as in [29,
Section IV]. Consequently, this results in

litm inf Prob (R <TF; +au) > 1-p5. ]
—00
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