Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Online Gradient Descent for Linear
Dynamical Systems

Marko Nonhoff * Matthias A. Miiller *

* Institute of Automatic Control, Leibniz University Hannover, 30167
Hannover, Germany.

Abstract: In this paper, online convex optimization is applied to the problem of controlling
linear dynamical systems. An algorithm similar to online gradient descent, which can handle
time-varying and unknown cost functions, is proposed. Then, performance guarantees are
derived in terms of regret analysis. We show that the proposed control scheme achieves sublinear
regret if the variation of the cost functions is sublinear. In addition, as a special case, the system
converges to the optimal equilibrium if the cost functions are invariant after some finite time.
Finally, the performance of the resulting closed loop is illustrated by numerical simulations.

Keywords: Online convex optimization, linear systems, online learning, online gradient
descent, predictive control, real-time optimal control

1. INTRODUCTION

Online convex optimization is an extension of classical
numerical optimization to the case where an algorithm
operates online in an unknown environment. Whereas
in convex optimization the goal is to minimize a given
cost function subject to known constraints (Boyd and
Vandenberghe, 2004; Nesterov, 2018), in an online con-
vex optimization (OCO) problem the cost function to be
minimized is time-varying and the algorithm only has
access to past information. Specifically, at every time ¢, the
algorithm has to choose an action y; € Y from an action set
Y based on the actions chosen at previous time instances
and the corresponding observed cost functions. Then, the
environment reveals a new cost function L; : Y — R, which
leads to the cost L;(y:). The goal is to minimize the total
cost in T stages. The classical OCO framework was intro-
duced in (Zinkevich, 2003) and has received considerable
interest as a tool for online optimization and learning (see
Shalev-Shwartz (2012); Hazan (2016) for an overview).
The performance of OCO algorithms is commonly char-
acterized by regret, which is defined as the gap between
the algorithm’s performance and some offline optimum in
hindsight. In (Hazan et al., 2007), several algorithms which
achieve low static regret, i.e., low regret with respect to the
best constant action, are presented. Dynamic benchmarks
are proposed in (Besbes et al., 2015; Mokhtari et al., 2016).
Sublinear regret is generally desirable because it implies
that the algorithm’s performance is asymptotically on
average no worse than the benchmark. One major advan-
tage of the OCO framework is its ability to handle time-
invariant as well as time-varying constraints (Paternain
and Ribeiro, 2016; Cao and Liu, 2019).

In particular, an online version of gradient descent termed
online gradient descent (OGD) has proven to be a simple
algorithm that achieves low regret in the OCO setting
(Hazan, 2016). In OGD, at every time instant ¢, the action
yy is chosen as y, = Iy (g1 —7V fi_1(yo_1)), Where Iy (y)
denotes a projection of a point y onto the convex constraint
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set Y, v € R is a step size parameter, and f;(y) is the
cost function to be minimized. Hence, instead of solving
an optimization problem at every time instant ¢, only
one gradient descent step on the previous cost function
is employed to reduce computational complexity.

Whereas classical OCO does not consider coupling
between time instances and, therefore, no underlying
dynamical system, some combinations of OCO with dy-
namical models have been studied recently. On the one
hand, in (Hall and Willett, 2015), algorithms for online
prediction of incoming data are proposed, where the data
is generated by a dynamical system. It is shown that the
regret of the proposed algorithms is low if the environment
follows the model of the underlying system. On the other
hand, coupling between time instances in the OCO setting
has been considered by introducing a switching or cost
d(y: — yi—1) to study the effect of a time coupled cost
function (Tanaka, 2006; Lin et al., 2013). In (Li et al.,
2018), the switching cost is chosen as d(y: — yr—1) =

gHyt — yt,1||2, where § € R is a weighting parameter.
This can be interpreted as an additional quadratic cost on
the input u;_1 of a single integrator system y; = y;_1 +
u;_1. This approach is extended to general linear systems
in (Li et al., 2019). However, this work strongly focuses
on the case where predictions of future cost functions are
available to the algorithm. It is shown that the algorithm’s
regret can be reduced substantially by utilizing predic-
tions. Moreover, in (Abbasi-Yadkori et al., 2014; Cohen
et al., 2018; Akbari et al., 2019), linear dynamical systems
and quadratic cost functions are considered. Therein, the
best linear controller is chosen as the benchmark in the
definition of regret and the proposed algorithms apply
OCO to optimize over the set of stable, linear policies. This
method is generalized to general convex cost functions in
(Agarwal et al., 2019). A different approach is taken in
(Colombino et al., 2020), where online optimization is used
to steer a linear dynamical system to the solutions of time-
varying convex optimization problems.
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In contrast, many control algorithms able to handle dy-
namical systems equipped with a cost function as well
as state and input constraints exist. In particular, Model
Predictive Control (MPC) is able to minimize a given cost
function while taking constraints explicitly into account
(Rawlings and Mayne, 2009). However, classical MPC
techniques require solving a potentially large optimiza-
tion problem at every time instant. Therefore, inexact or
suboptimal MPC algorithms have been proposed, which
only complete a finite number of optimization iterations
at every time instant (Scokaert et al., 1999; Diehl et al.,
2005). Research in the field of suboptimal MPC typically
focuses on stability, feasibility, and computational com-
plexity. However, there are limited results on the closed-
loop performance of suboptimal MPC schemes.

In this work, OCO for controlling a general linear control-
lable dynamical system equipped with a general convex
cost function L(x, u) is considered. We focus on the cases
where the cost functions are strongly convex and smooth,
and we propose an algorithm which is similar to online
gradient descent in classical OCO. We show that the pro-
posed algorithm attains sublinear regret if the variation
of the cost functions is sublinear in time. In contrast to
existing results in OCO, which do not consider an underly-
ing dynamical system, this requires novel algorithm design
and analysis techniques since the dynamical system cannot
move in an arbitrary direction in a single time instant.
Moreover, we do not restrict the proposed algorithm to the
set of stable, linear controllers. Compared to suboptimal
MPC, we explicitly consider a time-varying stage cost
which is usually not possible in the MPC literature. In
particular, in MPC the cost function needs to be known a
priori in order to obtain performance guarantees.

This paper is organized as follows. Section 2 defines
the problem setting and states our proposed algorithm.
A theoretical analysis of the closed loop and the main
theorem are given in Section 3. In Section 4, we illustrate
the algorithm’s performance by numerical simulations.
Section 5 concludes the paper.

Notation: For a vector z € R", ||z|| denotes the Euclidean
norm, whereas for a matrix A € R™*™, ||A| denotes the
corresponding induced matrix norm and A’ the trans-
posed of the matrix A. We define by N, ;) the set of natural
numbers in the interval [a,b]. The gradient of a function
f(x) is denoted by V f(z). Additionally, I,, is the identity
matrix of size n x n, and 0,,,, is the matrix of all zeros
of size n X m.

2. SETTING AND ALGORITHM
2.1 Problem setup

We consider discrete-time linear systems of the form
Ty — All?t_l + B’U,t (1)

with a given initial condition zg € R™, where x; € R" are
the states of the system, u; € R™ are the control inputs,
and A € R"™*™ B € R"*™,

Remark 1. Note that we slightly deviate from the usual
notation for linear systems (i.e., 441 = Az + Buy) to
facilitate notation in the proposed OCO approach.
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At every time instant ¢ € N; 77, we choose a control action
u which is applied to system (1). Then, afterwards, a cost
function L; : R™ x R™ — R is revealed which results in
the cost Li(x¢,u;) before we move on to the next time
step. As is standard in OCO, we measure our algorithm’s
performance by regret. In our case, regret is defined as

T
R = ZLt(Z’t,Ut) - Lt(x:7u:)
t=1

Here, the state and input sequences x* = (z7,...,2%)
and u* = (u},...,u}) are defined as the solution to the
optimization problem

T

min Z Li(ms,up) st

UL sXY e WT,TT
t=1

Tt = ALEt,l + But.

Hence, (z},uf) denote the optimal states and inputs
at time ¢ in hindsight, with full knowledge of the cost
functions L;. The regret R can therefore be viewed as
a measure of how much we regret receiving information
about the cost functions L; only after we choose a control
input u;. We do not consider any cost on the initial
condition x( at time ¢ = 0 since it cannot be influenced by
the algorithm’s decisions, i.e., control inputs u,.

Similar to various works in OCO (see, e.g., Mokhtari et al.
(2016); Li et al. (2018)), we assume the cost functions L
to be separable, strongly convex, and smooth as stated in
the following assumption.

Assumption 2. For every t € Njg ), the cost function L,
satisfies the following conditions:

(1) Le(x,u) = fi(2) + fi' (u),
(2) f¥(x) is ag-strongly convex and l;-smooth,
(3) fi(u) is ag-strongly convex and l,-smooth,

where an a-strongly convex function f : R™ — R satisfies
«a n
F) 2 f(@) + (Vf(@)y =2+ 5 ly— 2l Yo,y €R™,

and [-smoothness means that f satisfies

F) < F@)+ (V(@)y —a) + 5 Iy 2l Vay € B

We note the fact that I-smoothness of a convex function f
implies the following Lipschitz condition on the gradient
of f (Nesterov, 2018) ||V f(z) — Vf(y)l| < ]|z —y].

Moreover, ~ we  define 6, =argmin, fF(z) and
7; = arg min,, f{*(u). In the following, we assume that the
minima are attained and therefore finite and, due to con-
vexity, unique. Hence, at each time ¢ when the cost L;(x, u)
is measured, that is ¢t € Ny 7, (6¢,7¢) is the minimizer of
Li(z,u). In contrast to the trajectories x* and u*, the
sequences 8 = (01,...,0r) and n = (n1,...,n7) do in
general not satisfy the system dynamics (1).

So far, the optimizer (6;,7n;) and the cost functions L, are
only defined for ¢ € Nj; 7. For the remainder of this work,
we fix without loss of generality Lo(z,u) = f§(z) + f&(u)
such that Assumption 2 is satisfied, arg min, fF(z) = 6y,
and argmin, f3(u) = no. The values of 6y and 7y can
be defined arbitrarily, and a convenient choice for our
subsequent analysis is given below.

If the cost function L; is allowed to change arbitrarily at
every time step, we cannot expect to achieve a low regret.
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Therefore, we consider the path length as a measure for the
variation of the cost functions L;. Path length is defined
as the accumulative absolute difference of the optimizer of
the cost function at two consecutive time steps:

T T
Path length := > [0 — O]l + > [lne — me—1ll
t=1 t=1
Path length plays an important role in dynamic regret
analysis (Mokhtari et al., 2016). In (Li et al., 2018) it is
shown for single integrator systems that sublinear regret
can be achieved if the path length is sublinear in 7.

In this paper we consider tracking cost functions as
described in the following assumption.

Assumption 3. For all t € Njj 1y, 0 and 7, satisfy
Qt = Aﬁt + B’I]t

Assumption 3 states that the minimum (6, ;) of the cost
function Li(z,u) is a steady-state with respect to the
system dynamics (1), meaning that the control objective is
to track a priori unknown and online changing setpoints.
Relaxing this assumption to general convex cost functions
(termed economic cost functions in the context of MPC
(Faulwasser et al., 2018)) is part of our ongoing work.

Last, we assume that system (1) is controllable and require
the norm of A € R™*" to be bounded as follows:

Assumption 4. (A, B) is controllable with controllability
index pu, i.e.,

rank S, =rank (B AB ... A*"'B) =n.

Moreover, A satisfies ||A]| < %

The norm of A can be interpreted as a measure for the
stability /instability of system (1). Achieving low regret
for a sequence of cost functions ff(z) by applying an
algorithm similar to OGD means that the gradient descent
step needs to counteract the instability of the system.
Hence, it is natural to require an upper bound for the
norm of A in terms of the smoothness and convexity of
the stage cost fi(x). In particular, if the cost function is
given by Ly(z,u) = g | — 04>+ f*(u) for some 8 > 0, we
obtain «, = [, = 8. Hence, in this case, any controllable
system satisfies Assumption 4.

2.2 Online gradient descent for linear systems

Before we state our algorithm, we first define two useful
matrices. The matrix W = (O?X(“_l)m Ormsxm )

(p—1)m 0(/1.—1)me
shifts a vector by m components, whereas the matrix
€ = (Omx(u—1)m Im) extracts the last m components.

The proposed OCO scheme is given in Algorithm 1, where
we set g¢ = 0 if ¢ < 1 in (4) and (6). Note that
the inverse (S.ST)~! in (5) exists due to controllability
in Assumption 4. In our setting, at every time step t,
given the previous state x;_; and cost function Ly (2, u),
Algorithm 1 computes a control input u; which is then
applied to system (1). Afterwards, a new cost function L,
is revealed resulting in the cost Ly(xy, uy).

Since no cost function is known at the first time instant,
a standard method in OCO is to apply an arbitrary ini-
tialization input vg. At time ¢ = 1, Algorithm 1 computes
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Algorithm 1 (OGD for linear dynamical systems)

Given step sizes v, and 7, initialization vg, xg, and
state vector x;_1. At time ¢ € [1,T):

Input OGD
v = V1 — Y Vil (V1) (2)
Prediction
Ut
Vi=|:|erm (3)
Ut
p—1
Brppot = Alm o + SV + 8> Wigi (4)
State OGD -

-1 - R
gt = _’YwScT (SCSCT) vft—l(xt-i-u—l) (5)
Output
p—1
Uy = v + Z eW'g i (6)

=0

v1 = v — YV fi(vo) and g1 = 7, ST (SeSE) TV f§ ().
Therefore, we fix 6y = 2, and 79 = vo, which yields
v1 = v, g1 = 0, and, hence, u; = v; = vp.

Roughly speaking, the proposed algorithm employs OGD
twice to seek the optimal input 7, and the optimal
state 6;. First, we apply OGD in (2) to track the
optimal input. Next, we would like to apply OGD
again on the states of the system which would yield
Buy = Bvy — v,V fi—1(Azi—1 + Bvy). Unfortunately, this
is not possible if the system is not 1-step controllable,
i.e.,, rank(B) < n. Instead, as illustrated in Figure 1,
the algorithm predicts an input sequence for the next p
time steps and the corresponding system state u time
steps ahead in (4). Then, an additional input sequence
R (e ,uff_GlD) for the next p time instances
is determined such that application of both computed
input sequences results in a gradient descent step on
the previous cost function g time steps in the future.
Hence, we require Scg; = —7vVf71(&t4+u—1), where
g = (W™ ... (u(?GD)T)T € RM™ is the vector cre-
ated by stacking the components of the additional input
sequence. Moreover, because we want v; to converge to
the optimal input 7;, we need g; such that it does not
contribute much to the input cost f#(u;). Therefore, we
choose g; to be the solution of

min [lg:]° st

grERE™ Segt = =2 VIi1 (Trgp-1)-

Solving this optimization problem analytically yields (5).
By employing the matrices W and e as in (6), we extract
the required input uiOGD from g; at time t+1, i € Njg ,,_1,
to complete one gradient descent step at time ¢ 4+ u — 1.

3. THEORETICAL ANALYSIS

In this section, we state our main result which gives a
bound on the regret of Algorithm 1. To shorten notation,

let ©, = 22:1 10 — et—1||2 and H, = 22:1 76 — 77t—1||2-
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Fig. 1. Illustration of Algorithm 1. Dashed: contour lines
of Li(x,u); blue: Predicted system states for the next
1 time steps; red: desired gradient descent step.

Theorem 5. Let Assumptions 2, 3, and 4 be satisfied and

let oy, §+‘§l Given step sizes 2 a‘f < v < l“f%
and % < e < m, there exist constants Ag > 0

and A, > 0, such that for each T € N3, the regret of
Algorithm 1 can be upper bounded by

'R<C —|—A9@T+AUHT7
where C,, = 1,/2Y 1" |a;t 0.,

The proof of Theorem 5 is given in the appendix.

Theorem 5 states that the regret of Algorithm 1 can
be upper bounded, where the bound depends linearly
on Or and Hp, up to a constant C). First, note
that the step sizes <, and ~, are well defined. Due
to the lower bound on «, in Theorem 5 we have
2-v2 _ 2(2—v/2) 2(2—v2) _ 2
200y (2+V2)aut(2=vV2)au T 2=V2)lu+(2-V2)ay
In addition, the upper bound on ||A| in ASSumpthn 4
1d 2HAH1: 1 1 <1 _
yields Si3as = s 2\|A|\az v (otas)om l+az

Second, C, = 1,/2>°1~ |:ct 0;]|> can be bounded in
terms of ©, and H, as well While we omit a detailed
derivation due to space limitations, we note that, since
6, and 7, are finite, C, is a constant (depending on xo,
vo, 01, ..., 0u—1, and m1, ..., nu—1) which is independent
of T. This is sufficient in order to attain sublinear regret
(compare Corollary 7 below). The constants Ay and A,
which are independent of T as well, can be explicitly
calculated as is shown in the proof.

lpy—ay —

Remark 6. In the first step of bounding the regret in the
proof of Theorem 5, we exploit optimality of (6;,7:) to
lower bound f#(27) and f2(uf) by f#(6;) and £(n),
respectively. Hence, we could also use the point-wise in
time optima € and 1 as a benchmark in the definition
of regret instead of the best possible trajectories «* and
w* and would still achieve the same bound on the regret.
Characterizing and exploiting properties of the trajectories
x* and u* to achieve a less conservative regret bound is
an interesting topic for future research. Furthermore, if
Li(0¢,m¢) = 0 for all t € Nj; 77, the bound on the regret in
Theorem 5 is a bound on the total cost over T stages.

Having established an upper bound on the regret R
of Algorithm 1, we now examine whether the regret is
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ly+ay *

sublinear in 7. The corollary below gives a sufficient
condition for sublinear regret.

Corollary 7. Let 0, € Dg and 7, € D, for all ¢t €N,
where Dy and D, are compact sets. If the path length
23:1 16: — ;1| + ZtT:o [lme — m4—1]| is sublinear in T,
then the regret of Algorithm 1 is sublinear in 7.

Proof of Corollary 7. Compactness of Dy and D,, implies
10: — 0:—1]] < dy for some dy € R and || — ni—1|| <
d, for some d, € R for all ¢t € N. Hence, we

have O7 = 3, [16: —0al* < do X, [16: — O],

Hr = Syl =meal® < dy S0y e = mea]|- Thus,
Or and Hp are sublinear in 7. Theorem 5 states that
the regret of Algorithm 1 is at most linear in ©7 and Hr.
Therefore, the regret of the proposed algorithm is sublinear
inT. O
Remark 8. Consider, as a special case, that for some finite
time ¢’ the minimizer of the cost functions satisfy 6; = 6,/
and 1, = ny for all ¢ > t'. Optimality of (6, 7;) and the
fact that 9,5 and 7, are both finite implies

R<th (we) = £ (Or) + fi'(ue) — [ (ne)

< C}L + AgOp + AnHT = Clt + AgOyp + AnHt’ <A
for some A € R independent of T, where the second
inequality is by Theorem 5 (compare Remark 6). We also
have f7(x;) — f7(6;) > 0 as well as f(u) — f(n;) > 0.
Now, if we let T — oo, we obtain limr_, . x; = 6y and
limp_, o uy = ny, ie., the closed loop converges to the
optimal equilibrium.

4. SIMULATIONS

We illustrate the effectiveness of the proposed algorithm

through numerical simulations. We randomly choose the
1.05 0.7 1.75

matrix A = (0.35 0.7 1.05). We set B = (101)"
1.4 0.105 1.855

which yields a controllable system with p = 3. We set

T = 30, the cost function to Li(z,u) = fF(z) + fi(u) =

%HmfﬂtHQ + %HumeQ, and choose v, = 0.98 and

Y. = 0.995. It is easy to see that this choice satisfies all

conditions in Theorem 5 since f and f{* are a-strongly

convex and [-smooth, where « = [ = 1. Algorithm 1 is

initialized with 2o = (0 0 O)T and vy = 0.

In the first experiment, the sequences 8 and 7 are chosen
randomly, i.e., 7; is sampled randomly from a uniform
distribution over the interval [—5,5] and 6, is calculated
such that Assumption 3 is satisfied. Then, at every time
instant ¢ € Njg 3], the minimizer (6;,7;) are modified with
a probability of 0.1. If they change, 7, is again sampled
randomly from the interval [—5,5] and 6; is calculated
accordingly. Hence, the control objective is to track a
priori unknown setpoints. Figure 2 presents the resulting
closed-loop trajectories for all three states and the input
trajectory us. The closed loop closely tracks the desired
setpoints, and it converges to the optimal states and
control input within a few time steps whenever the cost
function is changed.

In a second experiment, the system and the cost function
are chosen as before and 1000 simulations are conducted,
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Fig. 2. Blue, solid: The three states z;, i € {1,2,3},
and the input us; red, dashed: The optimal states 6;,
1 € {1,2,3}, and input 7.

where we set T' = 500. At every time step ¢, the optimal
state and input (f,7:) is changed with a probability
of 0.25755, where j € N j000) is the number of the
simulation run. As before, if the cost function is changed,
the new value for 7, is sampled randomly from the interval
[-5,5] and 6, is calculated such that Assumption 3 is
satisfied. Thereby, we cover a wide range of path lengths.
Figure 3 shows the resulting total cost and path length
for each simulation run. Apparently, the total cost grows
linearly with the path length as stated in Theorem 5.

5. CONCLUSION

In this paper, we apply online convex optimization to
linear dynamical systems equipped with a cost function
and propose a first online algorithm for this problem. We
derive a bound on the regret of the algorithm and show
that it achieves sublinear regret if the variation of the cost
functions, measured in terms of path length, is sublinear
in time. The performance of the proposed algorithm is
illustrated by numerical examples.

Since we do not consider any constraints in this work, an
interesting direction for future research is to investigate
how input and state constraints can be satisfied by an
0OCO algorithm. Moreover, Assumption 3 could be relaxed,
allowing economic cost functions, and more efficient algo-
rithms than OGD could be applied. Finally, predictions on
the future cost functions could be incorporated to improve
the algorithm’s performance.
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Appendix A. PROOF OF THEOREM 5

Before the formal proof of Theorem 5, we derive three
auxiliary results. First, we study the closed-loop dynamics
resulting from application of Algorithm 1 to system (1).
Let t € Njy 7_,41), then we have by repeatedly applying
the system dynamics (1)
p—1
i1 = Al + Z A'Bugy 1
i=0
© 4 "
= Atz + SV + Begiy—1
+ (BeW + ABe)gyp—2+ . ..
+ (BeWH ™t + ABeW* ™2 + ... + A" Be)g,
o AFTIBeW R g,

T
where V' = (v}, ... v[) e RM™,

Inserting the relations Zf:o AiBeWk—t = S (WT)r-1-k

and Zf:o Ar—1-i BeWWh—1-k+i S WH=1=F  where
ke N[071L_1], ylelds
T =APzi 1 + SV + Sege
pn—1 p—1
) ) Al
8 Y (WH)gipi+ 8. > Wigi . (A1)
i=1 i=1

Next, the predictions in (4) can be calculated recursively.

Let Eg; = (OT;X(“I)T’”), then we have for ¢ € N, 71,9

(p—=1)m
@ =
o1 = APy + SeVie g2 + Se Z W'gi—pyo—i
i=1
(1.(6) =
= A* (Aillt_ﬂ + Bvy_yp1 + B Z eWth_,Hl_i)
i=0
p—1 pn—1
+ Z AzBUtfquz + SCW Z Wzgtfqulfi
i=0 i=0
p—1
=A <Au$t# + SCW7#+1 + SC Z Wzgtﬂﬂi)
i=1
p—1
—AS Vi1 + A¥Bug_ i + Z A'Bug_ 40
i=0
+ Achtfp,Jrh

968

where we use W# = 0 in the second and the relation
S.W + A¥Be = AS, in the third line. Inserting (4) yields

Ty =A% + Bug_ o + ASegr— 1

+ S.Eo1 Eg (‘/t—,u+2 — Vi—u+1> . #-2)
Third, we have the following result on the rate of conver-
gence of gradient descent (Nesterov, 2018, Chapter 2.3.3,
Theorem 2.3.4). For an a-convex and [-smooth function
f : R®™ — R to be minimized, one gradient descent step
x1 = x0 — YV f(x0) yields

[z =0l < & llzo — 0], (A:3)

where 6 = argmin, f(x) and Kk = 1 — ay. Accordingly, we
define k, = 1 — a,v, and Kk, = 1 — ay,y,. Before we prove
Theorem 5, we introduce the following supporting lemma.

Lemma 9. Let Assumptions 2, 3, and 4 be satisfied. Let
22

> 5 2lu. Given step sizes % < Y < ﬁ and
2| Al|—1 2 . ~ .
2|\‘IA|\‘I% <o < far the predicted states Z; satisfy
T T—1
N 2 2
D lErgp1 = Oeall® <Cofle > 116 — 11|
t=1 t=1
T—1
2
+Cy/le Z e = ne—a ™
t=1
_ 8L(IBI*k2+IISc Boi | *v2ls (n=1))
where 7 € Ny 77, €y, = (1=52) (1 _A[[ A3 and
_ _4AIPL,
Co = afarez

Proof. Note that the bounds on the step sizes imply
1—2k2>0and 1 —4|A|>k2 > 0. By Jensen’s inequality
we have

p 2 )
Sail <3 A dail?, (A1)
i=1 i=1

where le)% = 1and X\; > 0 for all i € N[LP]' In

particular, we can choose A\; = p for all i € N ).

Next, we derive three auxiliary results on the relation of
v and 7;. Remember that 19y = vy = v1. Hence, we have

T—1 T—1
2(2) u 2
D Mo —=ml> =D low = w V£ (w) = mel|
t=1 t=1
(a3 11
< Ry o - |
t=1
(A.4)
<

T—1 T—1

2 2

2r Z [or = nea|l” + 263 Z 76 — el
t=1 t=1

v1="o 1 9 -1 9
< 2623 fopsr —ell® 2623 Mlne — e
t=1 t=1

Since 1 — 2x2 > 0, rearranging yields

T—1 2[{2 T—1

2 v 2
Z||Ut+1 —mel|” < WZHW—W—H\ :
t=1 t=1

Moreover, we have

(A.5)
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A4
<

2 2 2
> llor—nell 2> oe =l +2> e — mal
t=1 t=1 t=1

T—1 T
=2 Z lvers —mell* +2 Z (=t

(A 5)
S Sl (49
A
Finally, due to optimality of 7; and, hence, V f{*(n;) = 0,

= Vi m)II”

Z||”f+1fvt|| <%Z||fo V)
2% u
QZQZHW 77t|| ZHW Tt — 1H (A7)

Utl

where we use the fact that l,-smoothness of f(u) implies
a Lipschitz condition on its gradient in the second line.

Last, we show the bound on the predicted states. Since
0o = ., we have

.,
I I
t=1

(A.2),(A.4) T1
<

D

T—1
= &1 — O]
t=1

(2 |A(Z4-1 + Sege — 0)]

t=1
~ N 2
B =) (- 9)[)
(A.4),(A.5) 27—1 ) ) )
< AAIPY #eru1 = %V @) — O]
t=1
T—1 _
8||BI|” k2
SOV DY R e L Z e — e
t=1 Ky =1
+4[SeEor || (1 — 1) vam—vtn
(A.3),(A.7T) o~ )
< 44 HiZ”zt-&-u—l — 01|

T7—1
+4 (AP 116 = O

t=1

C 4A K2
 Call =4 IAF Znn el

Since 1 — 4]|A|* k2 > 0, rearranging yields the desired
bound. |

Proof of Theorem 5. The proof consists of three parts.
First, we derive a bound on the cost of the con-
trol inputs. In the second part, we derive a bound on
Zle &g p—1 — a?t+u_1||2, which will be useful to bound
the cost on the states. The last part is to combine these
results to find a bound on the regret of Algorithm 1.

First, we have for k € Njj 7

969

2

k ||lp—1 ‘ (A.4) k p—1 ‘ )
D Wi i) > W g
f:lk ; O1 t=1 i=

<Y > |lewia’

t=1 i=0
k

e Z IV FE 1 o) = VI (00-0)|)

<pylECh Z #0401 — O]l
t=1
where we use the fact that ¢¢ = 0 for ¢t < 1 in
the second line, Gy = M [leWiST(5.5T)|° a
VfE 1(0;—1) = 0in the thlrd hne and Llpschltz Contlnulty
of the gradients in the last line. By Lemma 9, we obtain

ko ||p—1 2 k—1
Z Z eW'gi—i|| < py3lCiCo Z 16, — 11|
t=1 || i=0 t=1
k-1
2
+ H'Yilxclcn Z 7t = ne—a ™
t=1
(A.8)
Hence, we have
T ©) 2
ZHUt — | S QZH% ual +22 ZeWgt i

=0

(A.6),(A.8) T
<
S 2/{% ;Hﬁt Tt — 1||
T—1 T—1
+2p721,Cy (Ce S0 = Ol +Cy > llme — m_1ll2>-
t=1 t=1

(A'9)

Having established a bound on the regret of the control
inputs chosen by Algorithm 1, we derive a bound on

Zle |4 p—1 — Togp—1 |? in the second part of the proof.
First, let k& € Ny 7_,41). The last component of v,
and V/* is the same, therefore, we insert the matrix

By = <0 Ty=nym ) € Rmax(t=bm which yields

mx(p—1)m
s (1= )| = 3 st (- ) |
t=1 t=1 '

k p—1

< 15:Buol? 32 S o — vl

t=1 i=1

2

1 %

E Uttj — Vtt5-1|| >

pw—

k
— 8Bl Y

t=1 i=1

where we make use of a telescoping series in the last line.
Next, by inserting (A.4), upper bounding ¢, and finally
positivity of the norm we have
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. 2
(Vv
(A.4) ) k p—1 ) )
< NSeEwl?D 0D i) vres — veajial
t=1 i=1 j=1
k p—1
2
< |ISeExoll* ( ZZ [ve4s = vej—1
=1 j=1
+ —
< [1ScEroll* ( Z [very — vel®
k4+p—2
(A7)
< Gy Z ||77t_77t—1||27 (A.10)
t=1
where Cy = 2“ScE“’1|E;’iéi(“_l)3. Next, we apply (A.4) to
obtain
k pn—1 A k — ) )
I EH SR AN [ 9 oA EAUTS AN
t=1 i=0 t=1 i=0
ktp—1p—1 ,
<p Y D[S Wl
t=1 =0
(5) k+p—1 )
<u2Cs Y |IVA Eram1) = VI G0))
t=1
where C5 = HS (WT)isT(S.ST) 1H and we use

the fact that V ft (0,5) =0 due to optlmahty of 6, in the
last line. Lipschitz continuity of the gradient yields
2

k n—1 k+p—1
DS D Wi < py2i2Cs Y Marpu—1 — s
t=1 1=0 t=1
By Lemma 9, we obtain
pn—1 2 k+p—2
S WTiger| < pn2leCsCo Y 1100 — b,a?
i lﬁ:u,iZ
+ 1921 CsCy D e = e ”
t=1

(A.11)
Combining the last two results yields the desired bound

k

~ 2
E ||$t+u71 - $t+u71H
t=1

2

k pn—1
= I)Z S, (Vt — Vt“) — 5 ) (Whigey
=1 i=0
(A R k pu—1 . 2
o5 (1 ve) 3 s vy
— t=1 i=0
k+p—2
(A.10)§A.11)2u7£lx0300 Z 16 — 9t—1||2
t=1 —_— (A.12)
2 (C’g + uﬁGC;;C’n) Z llm: — 77t71||2 .
t=1

Before we combine all results to obtain a bound on the
regret, we apply (A.4) to obtain

970

2
ZHQHp—et |I? = i — Oryi1
=
(Aa) F P )
< Z p+1) Z [10¢+i — Oriall
=1 i=0
k+p
<@+ 10— 0] (A13)
t=1

Finally, we are ready to compute the regret of Algorithm 1.
By optimality of (0, 1), we have

R = th )
<th Tt)

Next, we apply I-smoothness of the cost functions f(x)
and ff(u). Due to VfF(60,) = 0, Vf(n:) = 0, and after
splitting up the sums we get

— [ (@y) + i (ue) — fi'(uy)

— £ 0) + £ (ue) — £ (ne).

I p—1 l T l T
T 2 lx 2, lu 2
R < 5; e — el +5§_juxt — 6 +5Z\\ut — il
l T—p+1
=Cy +* Z [ET P + ZHut e,

We first apply (A.4) to the first sum and (A.9) to bound
the cost on the control inputs. Afterwards, inserting (A.4)
and (A.12) yields

T—p+1
(S Cu+1; ZM: [Zt4p—1 — 9t+”_1||2
T—u+1t:A1 2 21,
+1, ; Wt = Tl 75 5 Hr
+ 131l Cr (CoOr 1 + CyHp 1)
T—p+1
I S
T_M+1t:1
+20p Y [Berum1 — Ol + CuCoOrs
t=1
+ (20202 + CaCy) Hr 1 + T
1—2k2

where Cy = uvy2l,(21,C5 + 1,C1). Finally, we can apply
Lemma 9 and (A.13) to obtain

R SC + 209@1“7# + CyCyOr_1 + QZI/LZ@T

21,

+20 Hr_ u+(2l C2+C4C )HT 1+ﬁ

Hr.
Positivity of the norm yields
R < CH =+ Ag@T + AnHT;

where Ag = 2Cy + C4Cy + 21, p% and A, = 2C,, + 21,,Cy +
CyCy + g

21,
1-2K2 "



