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Abstract

We consider the problem of tracking an ad-
versarial state sequence in a linear dynamical
system subject to adversarial disturbances
and loss functions, generalizing earlier set-
tings in the literature. To this end, we develop
three techniques, each of independent inter-
est. First, we propose a comparator-adaptive
algorithm for online linear optimization with
movement cost. Without tuning, it nearly
matches the performance of the optimally
tuned gradient descent in hindsight. Next,
considering a related problem called online
learning with memory, we construct a novel
strongly adaptive algorithm that uses our first
contribution as a building block. Finally, we
present the first reduction from adversarial
tracking control to strongly adaptive online
learning with memory. Summarizing these in-
dividual techniques, we obtain an adversarial
tracking controller with a strong performance
guarantee even when the reference trajectory
has a large range of movement.!

1 INTRODUCTION

Regulation and tracking are two iconic branches of
linear control problems based on the system equation

Ti4+1 = Atl‘t + Btut + wy.

By designing the action u;, a regulation controller re-
jects the disturbance w; such that the state z; remains
close to the origin. In comparison, a tracking controller
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aims at steering the state x; to follow a reference tra-
jectory x;. Recently, there have been growing efforts
applying online learning ideas to linear control, in-
cluding the online Linear Quadratic Regulator (LQR)
(Abbasi-Yadkori and Szepesvari, 2011; Cohen et al.,
2018; Dean et al., 2019), its adversarial generalizations
(Agarwal et al., 2019a,b) and model-predictive control
(Li et al., 2019; Yu et al., 2020). However, most of
these advances are based on the regulation problem,
and their application to tracking requires that the con-
troller already knows the reference trajectory.

In this paper, we address this gap by first solving a gen-
eral online learning problem: strongly adaptive online
learning with movement cost. Ordinary (non-adaptive)
algorithms aim to produce actions whose performance
is strong on average over the entire operation of the
algorithm. In contrast, a strongly-adaptive algorithm’s
performance must be strong over any time interval of
operation. This additional requirement significantly
complicates the algorithm design. In fact, standard ap-
proaches to achieving strong adaptivity fail to account
for movement costs, and cannot be easily modified to
incorporate this extra performance metric.

Subsequently, we come back to control and consider a
general adversarial tracking problem with the following
challenges.

1. The system dynamics (A, B;) are time-varying.

2. The reference trajectory is fully adversarial. That
is, xy can freely adapt to past actions of the con-
troller, and we do not impose any assumption on its
movement speed ||z} — x|

3. The loss function [} that quantifies the tracking
performance is adversarial, and we do not require
its minimizer to be unique. This generalizes the
quadratic loss from existing works on adversarial
tracking, and allows the modeling of target regions.

4. The disturbance w; is adversarial, possibly combin-
ing noise, modeling error and (minor) nonlinearity.

Such a setting is useful for many practical problems,
especially when the target to be tracked is hard to
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model and predict. However, due to the confluence
of these challenges, existing controllers either cannot
be applied, or cannot produce a regret bound that
competes with a strong enough baseline. Taking a
conceptual leap, we will provide a solution by exploiting
a novel connection between adversarial tracking control
and strongly adaptive online learning.

1.1 Owur contribution

In this paper, we develop three techniques, each using
the previous one as its building block.

1. We propose the first comparator-adaptive algorithm
for Online Linear Optimization (OLO) with move-
ment cost. This is nontrivial as the per-step move-
ment of existing comparator-adaptive OLO algo-
rithms can be exponentially large in T'. (Section 2)

2. We propose a novel strongly adaptive algorithm for
Online Convex Optimization with Memory (OCOM),
and the obtained bound further adapts to the ob-
served gradients. (Section 3)

3. We propose the first reduction from adversarial
tracking control to strongly adaptive OCOM. Our
approach establishes a connection between two sep-
arate notions of tracking from online learning and
linear control, which could facilitate the application
of online learning ideas in a wider range of control
problems. (Section 4)

Combining these individual techniques, we design a
strongly adaptive adversarial tracking controller: on
any time interval Z contained in the time horizon [1 : T7,
the proposed controller suffers O(M) regret against
the best Z-dependent static controller, where |Z| is the
length of this time interval. More intuitively, on any
time interval Z, the proposed controller always pursues
the best fixed action for Z. Such a performance guar-
antee significantly improves existing results, especially
when the reference trajectory has a large range of move-
ment. Finally, our theoretical results are supported by
experiments.

1.2 Background and notation

Linear tracking control Tracking control is a
decades old problem in linear control theory. Despite
the empirical success of heuristic approaches (e.g., the
PID controller), classical theoretical analysis typically
requires strong assumptions on the reference trajec-
tory: either (i) the reference trajectory is generated by
a known linear system (Astolfi, 2015); or (ii) predictions
are available (Limon and Alamo, 2015).

For us, the most relevant works are the learning-based

approaches with regret guarantees of the form

L(alg) —min L < .
(alg) min (C) < Regret bound

C is a set of baseline controllers called comparator
class. L(alg) and L(C) are the cumulative loss of the
proposed algorithm and a comparator C' € C, respec-
tively. A strong guarantee requires not only a small
regret bound, but also a comparator class that contains
a good tracking baseline. From this perspective, we
discuss the limitation of existing works as follows.

1. Abbasi-Yadkori et al. (2014); Foster and Simchowitz
(2020) proposed algorithms for tracking fully ad-
versarial targets, and a nonconstructive minimax
guarantee was proposed by Bhatia and Sridharan
(2020). However, regret bounds are only established
on the entire time horizon [1 : T], and the com-
parator controllers are static and affine in the state
(uy = —Kx; 4+ ¢) which only perform well if the
reference trajectory is roughly constant (on [1 : T7).

2. Another line of research (Agarwal et al., 2019a,b;
Simchowitz, 2020; Simchowitz et al., 2020; Minasyan
et al., 2021) considered nonstochastic control, a gen-
eral control setting with adversarial disturbances
and loss functions. The comparator class is a col-
lection of stabilizing linear controllers, therefore the
implicitly assumed goal is disturbance rejection (i.e.,
regulation) rather than tracking. We will provide a
detailed discussion in Section 4.2.

In summary, designing an adversarial tracking con-
troller with a strong theoretical guarantee remains an
open problem. Next, we review classical settings of
online learning and a special tracking concept therein.

Basic online learning models There are two stan-
dard online learning models (Zinkevich, 2003) relevant
to our purpose: Online Convex Optimization (OCO)
and Online Linear Optimization (OLO). OCO is a
two-person game: in each round, a player makes a
prediction x; in a convex set V, observes a convex loss
function [; selected by an adversary and suffers the
loss l;(x). If I is linear, then the problem is also
called OLO. The standard performance metric is the
static regret: Regret;;,;) = Zthl le(zy) — mingey ().
In general, OCO can be converted into OLO through
the inequality Regret|;.;) < maxyey Zf:1<gt,xt — u)
where g; € Oly(x4), so it suffices to only consider OLO.

Adaptive online learning In this paper, we call
adaptivity the property of an OLO algorithm such
that on any time interval Z C [1 : T, it guaran-
tees small regret bound Regret; against the best Z-
dependent static comparator. Early works (Hazan and
Seshadhri, 2009; Adamskiy et al., 2016) studied weakly
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adaptive algorithms where Regret; = O(\/T) Improv-
ing on those, recent advances (Daniely et al., 2015;
Jun et al., 2017; Zhang et al., 2019a,b) focused on a
more powerful concept called strong adaptivity: an
algorithm is strongly adaptive if for all Z C [1 : T,
Regret; = O(poly(log T')-+/|Z]). This is much stronger
than weak adaptivity, especially on short time intervals.

To associate adaptivity with adversarial tracking con-
trol, let us consider the tracking regret (Herbster and
Warmuth, 1998; Bousquet and Warmuth, 2002) in on-
line learning as an intermediate step, where an OLO
algorithm is compared to all sequences with bounded
amount of switching. This generalizes the static regret,
and interestingly, Daniely et al. (2015) showed that
near-optimal tracking regret can be derived from strong
adaptivity. The key idea is that strongly adaptive OLO
algorithms can quickly respond to the incoming losses,
resulting in a near-optimal regret on the entire time
horizon compared to nonstationary comparators. This
bears an intriguing similarity to tracking nonstationary
targets in linear control, which we exploit later.

As for the design of adaptive OLO algorithms, the pre-
dominant approach is a two-level composition pioneered
by Hazan and Seshadhri (2009). Notably, Cutkosky
(2020) proposed an alternative framework based on
comparator-adaptive online learning (McMahan and
Orabona, 2014; Orabona and Pal, 2016; Foster et al.,
2018; van der Hoeven, 2019; Mhammedi and Koolen,
2020). Our construction will incorporate movement
cost into the latter, which is a highly nontrivial task.

Strongly adaptive OCOM The performance of
control suffers from past mistakes, therefore when we
reduce it to online learning the resulting setting should
also model this behavior, leading to a popular prob-
lem called Online Convex Optimization with Memory
(OCOM) (Anava et al., 2015). A weakly adaptive
OCOM algorithm was proposed in (Gradu et al., 2020),
but achieving strong adaptivity is a much more chal-
lenging task due to two contradictory requirements: (i)
strong adaptivity requires the predictions to move (i.e.,
respond to incoming information) very quickly; but (ii)
movement cost requires the predictions to move slowly.

Recently, Daniely and Mansour (2019) proposed a
strongly adaptive algorithm for OCOM with one-step
memory, and its key component is an asymmetrical
expert algorithm from Kapralov and Panigrahy (2010).
In comparison, our approach (Contribution 2) is based
on a fundamentally different mechanism and analysis.
Our obtained bound adapts to the observed gradients,
and more importantly provides an alternative line of
intuition to the regret-movement trade-off in strongly
adaptive online learning.

For conciseness, further discussion on existing works is
deferred to Appendix A, including a series of related but
incomparable works on linear control with prediction.

Notation We use ||-|| for the Euclidean norm of vec-
tors and the spectral norm of matrices. These are the
default norms throughout this paper. Let 0 be a zero
vector or matrix. Let IIy,(z) be the Euclidean projec-
tion of 2 to a set V. BY(x,r) denotes the Euclidean
norm ball centered at » € R? with radius r.

For two integers a < b, [a : b] is the set of all integers ¢
such that a < ¢ < b; the brackets are removed when on
the subscript, denoting a finite sequence with indices
in [a : b]. Let |-| be the cardinality of a finite set.
Given square matrices M,.;, define their product as
Hg:a M; = My---M,. (When b < a, the product
is the identity matrix.) Finally, log denotes natural
logarithm when the base is omitted.

2 COMPARATOR-ADAPTIVE OLO
WITH MOVEMENT COST

Starting with our first contribution, we introduce a
comparator-adaptive algorithm for a variant of OLO
called OLO with movement cost. The difference from
standard OLO is that in each round, besides suffering
the instantaneous loss l;(x;), the player also suffers a
movement cost A|z; — x;—1| where X is a known con-
stant. Movement penalties have been studied in online
learning in various forms (Kalai and Vempala, 2005;
Cesa-Bianchi et al., 2013; Gofer, 2014; Bhaskara et al.,
2021; Sherman and Koren, 2021), sometimes under
the name switching cost originated from the bandit
problems. Since this paper focuses on the continuous
domain, we name it as movement cost to avoid con-
fusion. Notably, our setting is different from another
classical problem called Smoothed OCO (Chen et al.,
2018; Goel et al., 2019), where the loss function is
observed before making the prediction.

Our algorithm is first developed on a one-dimensional
domain [0, R], and then extended to higher dimensions.

2.1 The one-dimensional algorithm

We present the one-dimensional version in Algorithm 1.
It critically relies on a duality between OLO and the
coin-betting game (Orabona and P&l, 2016), which we
summarize in Appendix B.1. Four hyperparameters
are required: A is the weight of movement costs,  is a
regularization weight, G is the Lipschitz constant (as-
sumed known) of the OLO losses, and ¢ is the “budget”
for the cumulative cost and movement.

To get the gist of this algorithm, let us briefly ignore the
surrogate loss g; from Line 3 and the projection of Z;11
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from Line 6 (i.e., assume R = co0). With g; = §; and
Tyl = Tgq1, Algorithm 1 becomes an unconstrained
OLO algorithm with predictions recommended by the
following betting scheme: A bettor has money Wealth,
in the t-th round. After choosing a betting fraction
Bi+1, he bets money x;11 = [11 Wealth; on the next
loss gradient g¢y1. The favorable outcome is g¢y1T141
being negative which means the OLO algorithm suf-
fers negative loss. Therefore, after observing g;11, the
bettor treats —g;117:4+1 as the money he gains and
updates his wealth accordingly. Since large movement
is also undesirable, the bettor further loses money pro-
portional to the change of his betting amount; this
is an important and novel step in our approach. Us-
ing this procedure, regret minimization is converted to
wealth maximization. By choosing the betting fraction
B¢ properly, one can simultaneously ensure low cost
and low movement in OLO.

Theorem 1. For all A,y > 0, G > 0 and 0 < ¢ <
GR, with any loss sequence such that |g:|< G for all t,
applying Algorithm 1 yields the following guarantee.

1. For all T € Ny and u € Vyi4, with C defined in
Line 1 of the algorithm,

T
- <gt1't —gu+ Axy — x| + % |It|)

5/2
<e+4+uCVv2T <3 +log\/§uST> .

t

2. For all a <b, Zf:a |y — z441| < 4A8RVD—a+ 1.
The highlights of Theorem 1 are the following.

1. Part 1 provides the first comparator-adaptive bound
for OLO with movement cost: the sum of movement
cost and regret with respect to the null comparator
u = 0 is at most a user-specified constant, and the
sum grows almost linearly in |u| which is the optimal
rate (Orabona, 2020, Chapter 5). This leads to an
important parameter-free property: without knowing
the optimal comparator u* in advance, Algorithm 1
automatically adapts to it, and the performance
bound almost matches the optimally-tuned Online
Gradient Descent (OGD) whose learning rate de-
pends on u*. Note that the latter is a hypothetical
(unimplementable) baseline, since the optimal com-
parator v* in hindsight is unknown before all the
losses are revealed. Nonetheless, our algorithm is
still able to (nearly) match it using a perfectly im-
plementable procedure.

Furthermore, Part 1 does not need a bounded do-
main; the same bound holds even with R = oo,
making Algorithm 1 an appealing approach for gen-
eral unconstrained settings as well.

Algorithm 1 One-dimensional comparator-adaptive
OLO with movement cost.

Require: Hyperparameters (A, 7, e, G), with A,y >0
and €, G > 0; a 1-dimensional domain V14 = [0, RJ;
loss gradients g1, g2, ... € R with |g:| < G, Vt.

1: Initialize internal variables as Wealthy = ¢, and
61,721,271 = 0. Define C' =G+ A+ 7.
2: fort=1,2,...do

3:  Make a prediction x;, observe a loss gradient g;.
Define the surrogate loss g; as
G = g, if g1¥y > grwy,
K 0, otherwise.
4: Let /Bt+1 = _ZZ:I gz/(cht) Define BtJr]_ =

0,1/(Cv/2t)] and let B;41 = g, , (Bri1)-
5. Assign Wealth; as the solution to the following
equation (uniqueness shown in Lemma B.2),

Wealth, = (1 — §,8; — v53:/v/'t)Wealth,_,
— )\|5tWealtht,1 — ﬁt+1Wealtht|. (1)

6: Let "thrl = ﬂtHWealtht and Ti41 — Hvld (i’t+1).
7: end for

2. As for Part 2, we bound the movement cost alone
over any time interval, which is also technically non-
trivial. Our surrogate loss §; (Line 3) is due to
an existing black-box reduction from unconstrained
OLO to constrained OLO (see Appendix B.2). How-
ever, the proof of Part 2 requires a non-black-box
use of this procedure: we investigate how using the
surrogate loss g; instead of the true loss g; changes
the growth rate of Wealth;, an internal quantity of
the unconstrained OLO algorithm. To the best of
our knowledge, this is the first analysis that takes
this perspective. The revealed insights could be of
separate interest.

2.2 Extension to higher dimensions

After the one-dimensional analysis, we present Algo-
rithm 2, which extends Algorithm 1 to a higher dimen-
sional ball B4(0, R) via a polar decomposition. Intu-
itively, Algorithm 2 learns the direction and magnitude
separately: the former via standard OGD on the unit
norm ball, and the latter via Algorithm 1. Such an idea
was first proposed by Cutkosky and Orabona (2018);
here we further incorporate movement cost into its
analysis. The performance guarantee has a similar
flavor as Theorem 1; for conciseness, we defer it to
Appendix B.4.
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Algorithm 2 Extension of Algorithm 1 to B%(0, R).

Require: Hyperparameters (\, &, G) with A > 0 and
£,G>0; g1,92,... € R with ||g;||< G, VL.
1: Define A, as Algorithm 1 on the domain [0, R],
with hyperparameters (A, A, e, G).
2: Define Ap as Online Gradient Descent (OGD) on
B9(0,1) with learning rate n; = 1/(G+/t), initial-
ized at the origin 0.
3: fort=1,2,... do
4:  Obtain y; € R from A, and z; € R? from Ag.
Predict z; = y:2 € R?, observe g, € R%.

5:  Return {g¢, z¢) and g; as the t-th loss gradient to
A, and Ap, respectively.

6: end for

3 STRONGLY ADAPTIVE OCOM

Next, we introduce our second contribution - a novel
strongly adaptive algorithm for Online Convexr Opti-
mization with Memory (OCOM) (Anava et al., 2015).
After introducing the problem setting, we present our
approach step-by-step which builds on Algorithms 1
and 2.

3.1 Problem setting of OCOM

Consider a convex and compact domain ¥V C B4(0, R)
with R > 0. Without loss of generality, assume V
contains the origin 0.2 In each round, a player makes a
prediction z; € V, observes a loss function I, : VH+! —
R and suffers the loss i;(zi—p, . .., 2¢) that depends on
the H-round prediction history. For all t <0, z; = 0.

We define an instantaneous loss function as [t(m) =
le(x,...,x). Two assumptions are imposed: (i) l; is L-
Lipschitz with respect to each argument separately; (ii)
I;(x) is convex and G-Lipschitz, with 0 < G < L(H+1).

For this OCOM problem, our goal is a strongly adaptive
regret bound on the policy regret: for all time intervals
I=la:bC[1:T],

b b
tz:; lt(ﬂ?t—H:t) - I;Ylel‘l}l ; lt(ﬂU)

=0 (poly(log T)- m) , (2)

where O(+) subsumes polynomial factors on the problem
constants. In other words, on any time interval Z C
[1:TY, the regret compared to the best Z-dependent
fixed prediction should be O(y/|Z]).

2By shifting the coordinate system, this can be achieved
for any nonempty set V.

3.2 Preliminary: GC intervals

First of all, we review an important concept. Similar to
achieving strong adaptivity without memory (Daniely
et al., 2015; Cutkosky, 2020), our OCOM algorithm
has a hierarchical structure. It maintains a subroutine
on each Geometric-Covering (GC) interval, and the
overall prediction combines the outputs from all the
active subroutines. Such a structure benefits from a
nice property (Daniely et al., 2015): an online learning
algorithm is strongly adaptive if it has the desirable
strongly adaptive guarantee on all the GC intervals.
Consequently for our objective (2), we can only focus
on achieving this bound on GC intervals instead of
general intervals Z C [1: T1.

t 123456 7 8 9101112131415 ..
k=0 [ 1010 10 10 10 10 10 10 10 10 10 10 10 1

k=1 [ i I I I I I
k=2 [ Il Il

k=3 [

Figure 1: Geometric-Covering intervals.

The class of GC intervals is visualized in Figure 1.
Concretely, for all £ € N and ¢ € Ny, a GC interval is
defined as ZF* = [2%; : 2%(i + 1) — 1]. If it contains ¢,
then we say it is active in the ¢-th round.

3.3 Subroutine on GC intervals

The next step is to construct the subroutine on each
GC interval. It consists of two parts:

1. Subroutine-1d, an OLO algorithm operating on the
one-dimensional domain [0, 1].

2. Subroutine-ball, an OLO algorithm operating on the
ball B4(0, R) that contains V.

Intuitively, each Subroutine-1d produces the “confi-
dence” on its corresponding Subroutine-ball. Then, the
Subroutine-ball with higher confidence contributes a
larger portion in the prediction of the meta-algorithm.
Algorithms 1 and 2 constitute the basis of these two
parts respectively, but we need one extra step (Algo-
rithm 3): Subroutine-1d is the version of Algorithm 3
with Line 1(a) and g; € R, while Subroutine-ball is the
version with Line 1(b) and g; € R?. Note that the time
index t in the pseudo-code represents the local clock
counting from the start of the considered GC interval.
That is, if we consider 7% starting from the 2%i-th
round, then the index ¢ in Algorithm 3 represents the
(2%i — 1 + t)-th round globally.

Algorithm 3 serves two purposes: (i) improving the
dependence on hyperparameters G and A (ultimately,
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Algorithm 3 Subroutine on GC intervals.

Require: Hyperparameters (\, &, G) with A > 0 and
g,G > 0; gradients ¢1, go, . . ., with ||g:||< G, Vt.

1: (a) Subroutine-1d: Define A as Algorithm 1 with
hyperparameters (), 0, e, max{\, G} + G), on the
domain [0,1] C R.

(b) Subroutine-ball: Define A as Algorithm 2 with
hyperparameters (), e, max{A, G} + G), on the do-
main B4(0, R).
Initialize ¢ = 1 and an accumulator Z; = 0. Query
the first output of A and assign it to w;.
fort=1,2,...do
Predict z; < w;, observe gy, let Z; < Z; + g;.
if ||Z;||> max{\, G} then
Send Z; to A as the i-th loss. Let 7 < 7 + 1.
Set Z; = 0. Query the i-th output of A4 and
assign it to w;.
end if
: end for

© »

problem constants of OCOM); and (ii) achieving adap-
tivity to the observed gradients, which leads to better
practical performance. Its key mechanism is to adap-
tively “slow down” the base algorithm A. To this end,
an accumulator Z; tracks the sum of the received loss
gradients. The base algorithm A is only queried when
Z; exceeds a threshold max{\, G}. Using this proce-
dure, we essentially replace the time horizon T in the
performance guarantee of A by an adaptive quantity

S lgell /max{x, G}.

3.4 Meta-algorithm

Given the two-part subroutine, we now introduce our
OCOM meta-algorithm. Compared to online learn-
ing without memory (Cutkosky, 2020), our technical
improvement is the incorporation of movement cost
which is a nontrivial task. The complete pseudo-code is
deferred to Appendix C.2, and an abridged version (Al-
gorithm 4) is provided here. Specifically, Algorithm 4
simplifies a complicated projection scheme by allowing
improper predictions (z; ¢ V).

In each round, Algorithm 4 combines the subroutines
by recursively running Line 6. Such a procedure is
different from the well-known boosting strategy (Fre-
und and Schapire, 1997; Beygelzimer et al., 2015) ap-
plied in (Daniely and Mansour, 2019), as the updated

(k)

temporary prediction z; "’ is not a convex combina-

tion of the old temporary prediction xikﬂ) and the

output wgk) from Subroutine-ball. By plugging the
comparator-adaptive property of the subroutines into

Line 6, Algorithm 4 achieves an important property:

(k)

for all k, x;”’ matches the performance of wt(k) on time

Algorithm 4 The OCOM meta-algorithm. (Abridged
from Algorithm 7)

Require: T > 1; a hyperparameter g9 > 0.

1: fort=1,...,T do

2:  Find the (k,7) index pair for all the GC intervals
that start in the ¢-th round. For each pair, ini-
tialize A% as a copy of Subroutine-ball and A¥,
as a copy of Subroutine-1d, with some hyper-
parameters that depend on k, €3 and problem
constants. If A% and A}, already exist in the
memory, overwrite them.

3:  Define K; = [logy(t+1)] — 1; xEKtJrl) =0ecR%
4: for k=K, ...,0do
5: Query a prediction from A% and assign it to
( ), query a prediction from A1 , and assign
it to zt(k).
6: Let zgk) =(1- zt(k))xgk—"l) + wt(k).
7. end for

8:  Predict z; = xio), suffer Iy (v pr.t), receive Iy,

obtain a subgradient g; € l; ().
9: fOI‘kZO,...,thO
10: Return g; to A% and (gt,xgkﬂ)) to A%, as
the loss gradients respectively.
11:  end for
12: end for

intervals of length 2¥ while achieving the performance

(k+1) on longer time intervals.® As the result, the

final prediction x( ) matches the performance of any
subroutine on its corresponding GC interval.

of x;

To recap, we demonstrate the structure of our OCOM
algorithm in Figure 2. Collecting all the pieces, we
state the performance guarantee in Theorem 2.

Algorithm 1
1d movement-aware OLO

Polar decomposition

Algorithm 2
OLO on B%(0,R)

Adaptivity Adaptivity
Subroutine-1d Subroutine-ball
on GC intervals on GC intervals

Algorithm 4
Meta-algorithm

- -

Figure 2: An overview of our OCOM strategy.

Theorem 2. Consider running our OCOM algorithm
(the complete version, Algorithm 7) for T rounds. If
g0 = GR/(T + 1), then on any time interval T = [a :

3Compared to (Daniely and Mansour, 2019), this intu-
itively generalizes the “easy-to-combine” idea from expert
problems to OLO.
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BT,

b b
tz:; lt(xt—H:t) - glel{}l ; lt(ﬂv)

b
= O(RLH*10g|Z))+0 | RLH? + RH | LY llg:l| | .

t=a

where g, € Aly(xy), O(-) subsumes absolute constants,
and O(-) subsumes poly-logarithmic factors on problem
constants and T

Notice that the obtained bound is not only strongly
adaptive according to Equation (2), but also adaptive
to the observed gradients. In easy environments, it
would be a lot better than O(1/]Z]).

Remark 3.1. Strongly adaptive regret is not the only
performance metric that compares to dynamic compara-
tors; alternatives include dynamic regret and competi-
tive ratio (see Appendiz A for an overview). If we have
an algorithm A with such (alternative) guarantees on
[1:T] and a slow-moving property similar to Part 2
of Theorem 1, then we can assign the prediction of
A to xEKtH). The resulting algorithm would not only
remain strongly adaptive, but also essentially achieve
the dynamic regret or competitive ratio guarantee of A
on [1:T].

4 ADVERSARIAL TRACKING
CONTROL

Finally we present our third contribution: a reduction
from adversarial tracking control to strongly adaptive
OCOM. Let us start with the problem setting.

4.1 Problem setting of adversarial tracking
We consider a time-varying linear system
Ti4+1 = Atl't + Btut + wy.

Matrices A; € R% > and B, € R% X% are known.
For all t <0, x; =0, uy = 0; for all t < 0, wy = 0.

The system has the following interaction protocol. At
the beginning of the ¢t-th round, after observing x;, the
controller commits to an action u;. Then, an adversary
selects the disturbance wy, a reference state-action pair
(z7,u;) and a loss function l;, possibly depending on
past controller actions wy,...,u:. (xF,u;) and I to-
gether induce a tracking loss function I (x, u|x}, u}) :=
li(x — o}, u—u}) for all (z,u) € R% x R% which is
revealed to the controller and incurs a loss I (x¢, uy).
After that, the state evolves to x:11 following the sys-
tem equation. Intuitively, l; represents the shape of

the loss function and (zf,u}) is the location parame-
ter; an example is the quadratic control problem with
le(z,u) = |||+ ull.

Our goal is a strongly adaptive tracking guarantee with
the following shape: on any time interval Z contained
in the time horizon [1 : T, for all action sequences u{..
that are fixed on Z,

Zli (¢, ue)

teT

— Zlf (:v?uf)

tel

our algorithm

~o(v).

: C
induced by u{,

Such a guarantee subsumes the conventional static
regret bound as one can choose Z = [1 : T]. Moreover,
the key benefit is that on any time interval Z, the
optimal comparator is optimized for Z instead of the
entire time horizon [1 : T]. From this perspective, we
aim at a considerably stronger goal than existing works
(Abbasi-Yadkori et al., 2014; Foster and Simchowitz,
2020).

For our setting, we impose the following assumptions.
K, v, U and L* are assumed to be known.

Assumption 1 (On the system). There exist k > 1
and U, W,y > 0 such that for all t, |Be||< &, ||w]|< U,
[wi|< W and A< 1 —7.

Assumption 2 (On the losses). For allt, I} is convex.
In addition, I} (x,u) is L*-Lipschitz with respect to each
argument separately, on the set {(z,u); ||z||< v~ (kU +
W), ull< U}

Remark 4.1. The assumption ||A¢||< 1 —~ may seem
restrictive as many real world systems are not open-loop
stable. However, such an assumption allows a simplified
exposition without excessively altering the essence of
the problem. For general (open-loop unstable) systems,
we can assume oracle stabilizing controllers (matrices)
K100 such that |TI2F (A + BKy)||< const - (1 —~)F
for all s and k, and the multiplying constant can be
larger than 1. Such an extension is somewhat stan-
dard in the analysis of linear time-varying systems
(Minasyan et al., 2021, Appendix A.2). Given K.,
we can replace our action u; with Kyxy + ug so that a
similar analysis follows.

4.2 Difference with nonstochastic regulation

Before proceeding, we (re)-emphasize the difference be-
tween our work and a series of nonstochastic regulation
controllers (most notably, Agarwal et al. 2019a). For
a clear comparison, consider time-invariant dynamics
(A; = A, B; = B) and state-tracking (I} only depends
on z;). The procedure of (Agarwal et al., 2019a) can
be summarized as follows.
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1. Before observing any data, the controller computes
a stabilizing feedback matrix K based on (A, B).

2. The actions are determined by a specific parameteri-
zation called Disturbance-Action Controller (DAC):

H
U = —K.:Et + ZMt[l]wt—u
i=1

where H is a constant, w;_; is a past disturbance,
and Mt[1]7 cee Mt[H] are parameter matrices updated
via online gradient descent. The idea is to stabilize
the system by —Kxy, and adapt to the disturbances
by applying their linear combinations.

3. It can be shown that the DAC class approximates a
class of stabilizing linear controllers, therefore the
regret guarantee can be stated with respect to the
latter (as the comparator class).

Such an approach works well for the regulation problem,
but in tracking it has a substantial limitation. Consider
a simple example: what if the system is disturbance-
free? In that case, the controller reduces to a static
linear feedback, and the gain matrix is determined
without seeing any data. In other words, nothing is
learned. The state sequence would converge to the
origin, therefore the tracking loss can be always high as
long as the target state xy is far away from the origin.

If 7 is known a priori, there is a standard remedy (Yu
et al., 2020, Section 2): define a shifted state Z; as
the tracking error x; — x; and apply the DAC on the
shifted system to determine u;. However, this is not
applicable in our adversarial tracking problem, as xj
is not revealed before u; is committed. (Even worse,
xy can adapt to u; and sabotage any controller that
selects u; based on an assumed or predicted x}.) In
this paper, instead of fixing this framework, we propose
an approach with a different principle.

Finally, our approach can be complementary to (Agar-
wal et al., 2019a) in two ways: (i) Our strongly adaptive
OCOM algorithm (Algorithm 7) can be combined with
DAC to improve a recent regulation controller for time-
varying systems (Gradu et al., 2020). OnallZ C [1 : T7,
the regret of regulation is improved from O(v/T) to
O(\/|Z]). (i) Our adversarial tracking controller could
be added to a regulation controller to achieve both
goals simultaneously.

4.3 Reduction to strongly adaptive OCOM

Now we sketch the key idea of our reduction, which is
to truncate history and directly optimize on the action
space. To the best of our knowledge, our approach is
the first that uses the “tracking” property of online
learning algorithms in tracking control.

Algorithm 5 A reduction from adversarial tracking
control to strongly adaptive OCOM.

Require: Time horizon T' > 1 and a strongly adaptive
OCOM algorithm.

1: Initialize the strongly adaptive OCOM algorithm
as A, with time horizon T. Problem constants
for OCOM are defined using those for adversar-
ial tracking: V « B®(0,U), R « U, H «
max{[—logT/log(1 —~)],2y"'}, L < kL* and
G « 2ky 1L*.

2: fort=1,...,T do

3:  Observe z; and compute wy_1 = Ty — As_1T4_1—

By _qup—q.

4:  Obtain u; from A, apply it, observe the loss

function I} and suffer I (a¢, uy).

5:  Compute the ideal loss function f; from (3), and

return it to A.

6: end for

To begin with, note that old actions have diminishing
effect on future states due to the stability of the system.
Therefore, given a large enough memory constant H,
the actual state z; can be approximated by an ideal
state

t—1

yt(ut—H:t—l) = Z

i=t—H

t—1

j=i+1

which is the value x; would take if x;_ g = 0. Using
y+ to replace x¢, the actual loss If (x4, ut) can also be
approximated by an ideal loss

fe(ur—me) = U (ye(we—mre—1), ut).- (3)

Compared to IS (x4, u;), the ideal loss fi(u;— g.¢) only de-
pends on a finite length action history w;_ g.; instead of
all the past actions. Therefore, one may use a strongly
adaptive OCOM algorithm to dynamically track the
optimal input that minimizes f;, which should be close
to the optimal action that minimizes [;. Formally, we
present the pseudo-code in Algorithm 5.

Technically, the main benefit of our approach is that on
any time interval it guarantees a regret bound against
an interval-dependent comparator class.

Definition 4.1 (Interval-dependent comparator class).
Given any time interval T = [a : b] C [H + 1 : T,
the comparator class Cz is defined as the set of action
sequences u$, such that for allt € [a—H : b], uf = u .
In other words, the comparator class Cz contains all
action sequences that are essentially fixed on the investi-
gated time-interval Z, but arbitrarily varying elsewhere.

The performance guarantee of Algorithm 5 is stated
in Theorem 3. We write x;(ufl, ;) and uf* as the
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state-action pair induced by Algorithm 5. Similarly,
z¢(u§, ;) is the state induced by a comparator. (Su-
perscripts A and C' represent “Adversarial tracking”
and “Comparator”.)

Theorem 3. Given any strongly adaptive OCOM al-
gorithm satisfying Equation (2), for allT = [a : ] C
[H+1:T], Algorithm 5 guarantees

b

DU (weluty_y) uft)

t=a

b

>4 (wiluf)uf) = 0 (V).

t=a

— min
uf eCz

where O(-) subsumes problem constants and poly(logT).

Theorem 3 can be interpreted as: on any time interval,
the cumulative tracking loss approaches that of the
best interval-dependent action. If Algorithm 5 uses our
strongly adaptive OCOM algorithm, then the obtained
bound further adapts to the observed gradients.

Notably, Theorem 3 improves existing results on ad-
versarial tracking (e.g., Abbasi-Yadkori et al. 2014),
especially when the reference trajectory has a large
range of movement. To make it clear, consider track-
ing a piecewise constant reference trajectory. In that
case, existing regret bounds are only established on
the entire time horizon [1 : T], and the comparator
class only contains static linear controllers which are
weak baselines for tracking this moving target. In com-
parison, Theorem 3 induces a regret bound on any
time interval, including [1 : T] and its much shorter
sub-intervals. The regret bound on [1 : T suffers from
the same problem (the comparator class is weak). How-
ever, on all time intervals where the target is fixed, the
interval-dependent comparator class is strong, and the
regret bound makes much more sense.

To make the above discussion even more concrete, we
construct the following example. Here we can further
derive a non-comparative tracking error bound.

Example 1. Consider a time interval T = [a : b] C
[H+1:T]. Forallt € I, we assume

1. (I — Ay)7'By = Bz for some time-invariant matriz
Bz, which includes static Ay and By as a special
case. Note that I — Ay is invertible since || A¢l|< 1.

2. The target xy = x5 for some time-invariant x5 €

{Bzu; [ul| < U}, and I} (x,u) = [lz — 7]

Corollary 4. Consider running Algorithm 5 on an
adversarial tracking problem that satisfies Example 1

on a time interval Z. For allt € T = [a : b],

1 t
o O it — a3 <
i=a

W+ 0 ((t —a+ 1)*1/2) .

Corollary 4 directly characterize the tracking error with-
out any comparator which is the performance metric
of interest in most classical control-theoretic literature.
Further applying Jensen’s inequality, the time-average
of the states on any time interval satisfying Example 1
converges to a norm ball around the target. Notably,
Algorithm 5 does not need to know any favorable prob-
lem structure a priori: when running on a long time
horizon [1 : T, it can automatically exploit the inac-
tivity of the target (if any) on shorter sub-intervals.
This is fundamentally different from the classical idea
in tracking control where a generative model of the
target is hard-coded into the controller.

Experiments For conciseness, we defer experimental
results to Appendix E. All three components of our
contribution (cf. Section 1.1) are tested numerically
there.

5 CONCLUSION

We consider tracking adversarial targets in a general
linear system. Three techniques are developed in a
hierarchical manner, and their combination is a strongly
adaptive tracking controller that significantly improves
existing results. Our approach could facilitate the
application of online learning ideas to a wider range of
linear control problems.
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Supplementary Material:
Adversarial Tracking Control via Strongly Adaptive Online Learning
with Memory

Organization Appendix A contains additional discussion of existing works omitted in the main paper. Ap-
pendix B, C and D contain details of our three technical contributions. Finally, empirical results are provided in
Appendix E.

A ADDITIONAL DISCUSSION OF EXISTING WORKS

As reviewed in Section 1.2, our approach to adversarial tracking control relies on its connection to tracking
nonstationary comparators in online learning. There are multiple performance metrics to quantify the latter goal.
In this paper we choose strong adaptivity. Other than this, one may use dynamic regret or competitive ratio. We
briefly review them as follows.

Dynamic regret In the context of OLO, dynamic regret (Jadbabaie et al., 2015; Zhang et al., 2016, 2018;
Zinkevich, 2003) is the regret that directly compares to a nonstationary prediction sequence ui.7 on the entire
time horizon [1 : T]. Such bounds in general depend on the cumulative variation of the comparator over [1 : T
(the path length), and sometimes also the variation of the loss function. The path length can be defined in multiple
ways; when defined as P = Zthl l|lus — wgs1]|, the optimal dynamic regret bound is O(v/PT). The idea is that if
the comparator is static (P = 0), then the dynamic regret reduces to the static regret; with a large path length
(P = O(T)), the dynamic regret becomes vacuous.

Existing works (Cutkosky, 2020; Zhang et al., 2018, 2020) have investigated the relation between dynamic regret
and strongly adaptive regret in OLO. It has been suggested that the former could be a slightly weaker notion
than the latter, as dynamic regret is derived from strongly adaptive regret in (Cutkosky, 2020; Zhang et al.,
2018) while no result in the opposite direction has been given (to the best of our knowledge). Generalizing it
from OLO to online learning with memory, (Zhao et al., 2021) provided a dynamic regret analysis of OCOM and
nonstochastic control. It is possible that such a result could be achieved via strongly adaptive approaches (such
as our Algorithm 7 or (Daniely and Mansour, 2019)), although detailed analysis is beyond the scope of this paper.

Competitive ratio Competitive ratio is a largely different performance metric in online learning compared to
the regret framework. For online control, the relevant setting for competitive ratio analysis is Smoothed Online
Convez Optimization (SOCO) (Chen et al., 2015, 2018; Goel et al., 2019). It has two key differences with OCO:

1. The loss function [; is revealed to the player before his prediction z; is made.

2. In addition to the loss l¢(x:), the player further suffers a movement cost ¢(x;_1, ;) in each round, where
¢(+,-) is some penalty function for large movements.

From this setting, SOCO and the accompanying competitive ratio analysis are particularly suitable for online
control with predictions, as we review later. The general form of a competitive ratio guarantee is

Cost on [1: T] < o - Comparator cost on [1: T]+ 3,

where o and 3 are constants, and « is defined as the competitive ratio. The comparator class contains all the
prediction sequences, therefore intrinsically the benchmarks are nonstationary. Compared to a dynamic regret
bound, the competitive ratio analysis (i) does not depend on the path length; and (ii) characterizes the cost of
the algorithm in a multiplicative manner with respect to the comparator cost, instead of an additive one.

Advantages of strong adaptivity in adversarial tracking Following the above discussion, we next discuss
the advantages of strong adaptivity over the other two performance metrics in adversarial tracking. First,
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compared to the other two, a strongly adaptive regret guarantee is local: on all sub-intervals in [1 : T] we
have a regret bound that compares to the interval-dependent optimal comparator, and the bound depends on
the sub-interval length instead of 7. In contrast, the other two performance metrics are stated for the entire
time horizon. Second, both (Daniely and Mansour, 2019) and our Algorithm 7 can incorporate algorithms with
dynamic regret or competitive ratio guarantees (for our approach, see Remark 3.1). The resulting algorithm
guarantees the best of both worlds. Third, as we discussed above, dynamic regret could be conceptually weaker
than strongly adaptive regret, and competitive ratio analysis requires a different setting (predictions).

Linear control with predictions Inspired by the classical idea of model-predictive control, a series of recent
works (Li et al., 2019; Shi et al., 2020; Yu et al., 2020) considered learning-based approaches for linear control
with predictions. Specifically for tracking, predictions of the reference trajectory are typically required, which is
less general than our fully adversarial setting. Furthermore, the loss functions are strongly convex, resulting in
less modeling power (e.g., for modeling target regions, where the minimizer of the loss function is not unique).

Notably, for online learning, (Shi et al., 2020) presented an interesting generalization of SOCO called OCO with
structured memory:

1. The one-step memory in SOCO is generalized to longer memory similar to OCOM.

2. Accurate prediction of the loss function is not required. In each round, the adversary first reveals a function
hi. After the player picks x; € V, the adversary further reveals v; € V and induces a loss h(x; — v¢). In
other words, the player only needs to accurately predict the shape of the loss function; the actual incurred
loss is further shifted by an adversarial component.

Based on this new setting, (Shi et al., 2020) provided a competitive ratio analysis of the regulation control
problem. It is possible that such analysis could be extended to track fully adversarial targets, but still, (i) accurate
predictions of strongly convex loss functions are required; (ii) the resulting algorithm could be combined with our
approach, as discussed in Remark 3.1.

B DETAILS ON COMPARATOR-ADAPTIVE OLO WITH MOVEMENT
COST

This section presents details on our first contribution, movement-aware OLO. We rely heavily on a duality between
unconstrained OLO and the coin-betting game, which is summarized in Appendix B.1. After that, Appendix B.2
introduces an existing reduction from constrained OLO to unconstrained OLO, adopted in our Algorithm 1 and
Algorithm 7. The last two subsections provide detailed analysis of Algorithm 1 and 2, respectively.

B.1 An overview of coin-betting and unconstrained OLO

We start from the definition of the coin-betting game: A player has initial wealth Wealthy = €. In each round,
he picks a betting fraction 8; € [—1,1] and bets an amount x; = S;Wealth;_;. Then, an adversarial coin
tossing ¢; € [—1,1] is revealed, and the wealth of the player is changed by c;x;. In other words, the player wins
money if c;xy > 0, and loses money if ¢;z; < 0. The goal of the player is to design betting fractions 1, 5a, . ..
such that his wealth in the T-th round is maximized. We are particularly interested in parameter-free betting
strategies, for example the Krichevsky-Trofimov (KT) bettor: 3; = Zf;i ¢;/t. Notice that it does not rely on any
hyperparameters.

We can associate the coin-betting game to one-dimensional unconstrained OLO (Orabona 2020, Theorem 9.6).
For an OLO problem with loss gradient g; € R, one can maintain a coin-betting algorithm with ¢; = —g;, and
predict exactly its betting amount x; in OLO. The wealth lower bound for coin-betting is equivalent to a regret
upper bound for OLO. Induced by a parameter-free bettor (such as KT), the resulting OLO algorithm can enjoy
the following benefits: (i) There are no hyperparameters to tune. (i) The regret bound has optimal dependence
on the comparator norm. (iii) When the comparator is the null comparator 0, the regret upper bound reduces to
a constant. In other words, the cumulative cost is at most a constant. Properties (ii) and (iii) are often called
comparator-adaptivity.

To further appreciate the power of such approach, let us compare the resulting 1d unconstrained OLO algorithm
to standard Online Gradient Descent (OGD).
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1. Analytically, with an unconstrained domain, L-Lipschitz losses and learning rate n, OGD has the regret

bound
2

T 2

S fgirm - < L TE ET
2n 2

t=1

, Vu e R.

Since the optimal comparator u is unknown beforehand, one has to choose n = O(1/(L\/T)), leading to the
sub-optimal regret bound O(|ul?L\/T). Tn comparison, KT-based OLO algorithm guarantees a regret bound
O(|u|L\/T), matching the lower bound up to logarithmic factors.

2. Intuitively, assume the loss gradients are

-1, ifx <z,
gt = .
1, otherwise,

where z* is a fixed “target”. With a pre-determined learning rate n, OGD approaches the target linearly.
However, since x* is unknown, there are always cases where x* is far enough from the starting point of
OGD, making OGD very slow to find z*. In comparison, KT-based OLO algorithm approaches x* with
exponentially increasing speed (Orabona, 2020, Figure 9.1), finding x* a lot faster.

As a final note, in this paper we aim to bound the sum of regret and movement in coin-betting-based OLO
algorithms. Although the exponentially increasing per-step movement is good for regret minimization, it poses a
significant challenge for the control of movement cost. Using a movement-restricted bettor (Algorithm 1), we
achieve this in Theorem 1.

B.2 Adding constraints in OLO

Our approach requires a reduction from constrained OLO to unconstrained OLO, proposed in (Cutkosky, 2020).
The pseudo-code is Algorithm 6. We use this reduction in both the movement-aware OLO algorithm (Algorithm 1)
and the OCOM meta-algorithm (Algorithm 7).

Algorithm 6 Adding constraints in OLO.

Require: An OLO algorithm A and an arbitrary nonempty, closed and convex domain V.
1: fort=1,...,7 do
2:  Obtain the prediction Z; from A.
3:  Predict z; = IIy (&) and receive the loss subgradient g;.
4:  Define a surrogate loss function h; as

llz =Ty (x)|]

h (1-) — <gt,(17>7 lf <gt7i.t> Z <gt,$t>,
t - ~ .
<9t, a?> + (gt, Tt — $t>m, otherwise.

5:  Obtain a subgradient g; € Oh;(Z;) and return it to A as the ¢-th loss subgradient.
6: end for

Lemma B.1 (Cutkosky 2020, Theorem 2). Algorithm 6 has the following properties for all t: (1) hy is a convex
function on V. (2) ||g:l|< llgell- (3) For allu €V, (g¢,xr — u) < (G, Ty — ).

B.3 Analysis of Algorithm 1

This subsection provides analysis of Algorithm 1, which is organized as follows. We first show the well-posedness
of Line 5 (the existence and uniqueness of solution). After that, we present a few useful lemmas before proving
the performance guarantee of Algorithm 1 (Theorem 1).

Lemma B.2. For allt > 1, Equation (1) has a unique solution and the solution is positive.

Proof of Lemma B.2. For clarity, Equation (1) is copied here.

Wealtht = (1 - gtﬂt - ’yﬂt/\/{f)Wealtht_l - )\|[3tWea1tht_1 - ﬂt+1Wealtht|.
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By definition, [A\S8;11|< 1/2. The RHS of (1) is 1/2-Lipschitz with respect to Wealth;, and the LHS is Wealth,
itself. Therefore, a solution exists and is unique.

To prove Wealth; > 0, we use induction. Wealthg = & > 0. Suppose Wealth;_1 > 0, then
Wealtht Z (1 — gtﬁt - ’yﬂt/\/i)Wealtht_l — /\,BtWealtht_l — )\61‘,-1-1 |Wealtht| .
Let z = A3y 1sign(Wealth;). Note that [2|< 1/2 and |g; + v/t + A|B: < 1/2. Therefore,

1— GiBe — B/ VE— ABy
1+2

Wealth; > Wealth; 1 > 0. O

B.3.1 Auxiliary lemmas for Algorithm 1

The first auxiliary lemma states that the betting fraction 5; changes slowly.

Lemma B.3. For allt > 1, |Biy1 — B:|< 2/(CH).

Proof of Lemma B.3. The result for t = 1 trivially holds. We only consider ¢ > 2.

Since the Euclidean projection to a closed convex set is contractive, we have

5 5 5 _ 2 g +2C%3| _ G
I ~ T ‘ < |6 - ’ | P o
’ 8,(Bt) — U, (Be+1)| < |Be — Bt scrr | S o
Moreover,
M, (Bean) = Mo o) < | ot - o<
B \Pt+1 Biy1 \Pt+1)| > \/§C — \/ic’\/f > 2\@0\/{5@—1) =0t
Applying the triangle inequality yields the result. O

The next lemma quantifies the movement of Algorithm 1 using Wealth;. By doing this, bounding the movement
cost (Part 2 of Theorem 1) reduces to bounding the growth of Wealth,.

Lemma B.4. Forallt > 1,
6
|i’t — i‘t+1| S a W ealtht_l.

Proof of Lemma B.J. Assume t > 1 for the rest of this proof; the case of t = 1 can be verified similarly. Starting
from (1), some simple algebra yields

i’t+1 - fi’t = ﬂHlWealtht - BtWealtht,l
= (5t+1 — Bt — Bi+19t Bt — Br415t %) Wealthy 1 — AB¢y1 |Br+1 Wealth, — 3 Wealth, 4.

From Lemma B.2, Wealth,_; > 0, therefore,

(]. - A5t+1) |ﬁt+1Wealtht — 5tW€altht71‘ S

Brs1 — Bt — Brv1GtBe — 6t+1ﬂt\’}£‘ Wealth;_;.
Note that 1 — A8y > 1/2.

|6t+1Wealtht — ﬂtWealtht_ﬂ S 2

Bit1 — Bt — PBr41G:Bt — ﬂt-i—lﬁt% ’ Wealth;_{

< 2|Big1 — Bi| Wealth; 1 + 28: 841

~ Y
+ ——| Wealth;_.
gt \/f‘ t—1

Applying Lemma B.3 and the definition of 5; and Sy 1,

- 4 2C 6
Hl‘t — SCH_l” S (m + 2021f(t_1)> Wealtht_l S aWealtht_l. O



Adversarial Tracking Control via Strongly Adaptive Online Learning with Memory

Following the reasoning from the previous lemma, we next bound the growth rate of Wealth; in Lemma B.5
which could be of special interest. The key idea is that, the surrogate loss (Line 3 of Algorithm 1) incentivizes
the unconstrained prediction ; to be bounded. Equivalently, the betting amount in the coin-betting algorithm
is bounded, and hence the wealth cannot grow too fast. (For some background knowledge on this argument,
Appendix B.1 provides an overview of the interplay between coin-betting and OLO.)

As discussed in Section 2, our proof makes a novel use of the black-box reduction from unconstrained OLO to
constrained OLO (Algorithm 6): actually, we do not use it as a black-boz, but rather analyze its impact on the
unconstrained algorithm. To our knowledge, this is the first analysis that takes this perspective.

Lemma B.5. For allt > 1, Wealth; < 4RCW/t.
Proof of Lemma B.5. Note that from Lemma B.2, Wealth, > 0. Additionally from our definition of 5;, we have
Btv Tt i't 2 0.

We prove this lemma in three steps. First, we show a weaker result, Wealth; < GR(t + 1). Using this result, we
then prove that Z; < 2v/2R. In other words, even though Z; is the output of a coin-betting-based OLO algorithm
that works in the unbounded domain, it is actually bounded due to the effect of the surrogate losses. Finally, we
revisit wealth and show that Wealth; < 4RCV/t.

Step 1 Prove that for all t > 0, Wealth; < GR(t + 1).

Consider the two cases in the definition of g;. If g;:x; > gixy, then g = g¢, and

Wealtht = Wealtht_l - gti't — )\|i‘t — i‘t+1|—l|i‘t|
Vit
< Wealth; | — g;z¢ < Wealthy 1 + |g¢|R.
If ;% < gix¢, then §, = 0 and Wealth, < Wealth,_;. An induction and £ < GR yield the result.
Step 2 Prove that for allt > 1, Z; < 2v/2R.

This holds trivially for ¢ = 1. We use induction: suppose this result holds for ¢, and we need to show T4 < 2v2R.
There are two cases: (1) Z¢ ¢ Vi4; (2) T+ € V14. Note that the first case is only possible when ¢ > 1.

Case (1.1) &t & V14, 9tTt > G1%4.
In this case, g = g; > 0 and gyxy > 0. It follows,

Wealth; < Wealth;_1 — grxy < Wealth;_.

Next we consider the three cases of ;.

(i) First, note that §; # 0; otherwise Z; = 8;Wealth;_1 = 0 € V1.
(ii) If B = B = — Y012, §/[2C%(t — 1), then

t
> G
=1

The last inequality is due to B, g; > 0. Therefore,

20%(t — 1)B; — -
Bry1 < :| ( )6~ g1 SmaX{t 1ﬂt, gt }

207t t 207t

R 1
p t“‘ T 202t

Z41 = Pry1 Wealth, < max {8;Wealth,_;, GWealth,_ /(20%t)} < max{2v2R,G*R/(2C*)} < 2v2R,

where we use the result from Step 1.

(iii) If B; = 1/(C'\/2(t — 1)), then

1
ZTyy1 = Per1 Wealthy < ——

1 _
Wealth; | < ———— Wealth, ; = 8;Wealth;_; < 2v2R.
= O\/ﬂ t—1 > t—1 51& t—1 >

C\V20—1)
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Case (1.2) @y & Vid, 9:%t < giZ¢.
In this case, g+ = 0 and Wealth, < Wealth;_;. Same as Case (1.1), 8; # 0, leading to Bt > 0 and
= min{f;,1/(C\/2(t — 1))}. Also note that

t _
5“1’720% ;g 20% Zgz —20275—1 ;
Therefore,
3 <min{3 1}<min A _ =8
t+1 > t+1 ’C\/ﬂ = t 70 Q(t— 1) t

and .’zt+1 = ﬂHlWealtht S BtWealtht,l S fi’t S 2\/§R

Case (2) Tt € V14
In this case, #; = x; and ¢ = g¢. Te41 = Ber1 Wealthy < (1 — g¢0;)Brr1 Wealth, 1.
Ift =1, then &411 = Fi11Wealthy < \/QGR/C < V2R, where we use Wealth; < 2GR from Step 1 and
B2 <1/(v20).

If ¢t > 1, we consider the three cases of 5; as follows. (For the rest of the discussion assume ¢ > 1.)

(l) If /Bt = O, then f{OHl Lerrlma B.3 we have ﬂt-l—l < 2/(Ot), and it-‘,—l < (1 - gtﬁt)ﬂt+1Wealtht_1 =
ﬂH_lWealtht_l S QGR/C S 2R.

(i) If By = B = — 3'21 §:/[2C%(t — 1)], then
= Gi =
i=1

Note that since &; € V14, we have B;Wealth; | < R. Using Zy41 < (1 — g¢3¢)Br+1Wealth; 1 and |g;3¢|< 1/2
we have

2C2(t— 1B —ge| _t—1 G
< .
202t = ¢ Bt 202t

<|Bii| = ——
Brs1 < 5t+1’ 207

p— 2 — —
"zt+1 S g (t n lﬁtWealtht,l + GWealtht1> ~ 3 <1 + G ) R S 2\/§R

202t 502
(iii) If B, = 1/(C'/2(t — 1)), then
Brir < 1/(CV2) <1/(CV2(E 1)) = B,
Fr1 < (1 — gB¢)Brsr Wealth,_; < 28,Wealth,_; < 2R.

Step 3 Prove that for all ¢ > 1, Wealth, < 4RCV/%.

Considering f11, there are three cases: (1) Bi41 = 1/(CV2t); (2) Begr = Biy1; and (3) Biy1 = 0. For the first
case, this result follows from ;411 = B;+1 Wealth; < 2v/2R. Now consider the second case.

t
log Wealth; < loge + Zlog(l — 3i53%)

i=1

t
<loge = Gif;
=1

t

t
=loge — Z (3:8; + C*B7) +szﬂi2.

i=1 =1

B is the output of Follow the Leader (FTL) on the strongly convex losses v(8) = §:3 + C?3% + I{0 < 8 <
1/(CV2t)}(B), where I{0 < 8 < 1/(Cv/2t)}(B) is a convex function of 3 that equals 0 when 0 < 8 < 1/(Cv/2t)

and infinity otherwise. Therefore we can use standard FTL results to show that the regret is non-negative.
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Let Fy(8) = Zf;i ¥i(8), then B; € argmin Fy (). From Lemma 7.1 of (Orabona, 2020), for any u € R,

t t

ST i) — i) = D [F(B) = Fraa(Bisr) +9i(B)] + Frar (Ber) — Fren (w).

i=1 i=1
Note that if w = f;11, we have RHS > 0. Therefore,

t

t
log Wealth; < loge — min §:0 + C?pB?%) + C? 12
¢ 1= osrﬁg/(c\@; 66+ 5 ;B

t t
<loge — %nel]g; (9:8+ 02ﬂ2) +C? ;512

2
(Zle §i> 18
<1 ~— 7 4= -1
sloget T ey +2ZT

=1

The last term is bounded by (1 +1logt)/2. From the assumption of the second case, ‘22:1 gil< Cv/2t. Combining
everything we have log Wealth; < 1 +loge + (logt)/2 and Wealth; < esv/t < eRCV/.

Finally consider the third case. Same as the above, we have

t

t
log Wealth; < loge — min 3.0 + C%B%) + C? 3
g ¢ < log og,@g/((;@); (9:8+C*5%) ;ﬂ

Since B¢11 = 0, we have Zle gi; > 0. Therefore,

t
1
log Wealth, < loge + C? Zﬂf <loge+ 5(1 + logt),
i=1

and Wealth; < \/eRCV/t. O

B.3.2 Proof of Theorem 1
Now we are ready to prove Theorem 1, the performance guarantee of Algorithm 1. This is our first main theoretical
result.

Theorem 1. For all A\, >0, G >0 and 0 < ¢ < GR, with any loss sequence such that |g;|< G for all t, applying
Algorithm 1 yields the following guarantee.

1. For all T € Ny and u € V14, with C defined in Line 1 of the algorithm,

T

o= (3 2uCT>/?
Z (gtxt — giu + A |£th — ZL't+1| + % |.Tt|> < e+ uCv2T (2 +10g \/7UE> .
t=1

2. For all a <b, Z?:a |z; — 2441| < 48RV —a + 1.

Proof of Theorem 1. We prove the two parts of Theorem 1 separately, starting from the second part.

Combining Lemma B.4 and Lemma B.5, for all t > 2,

. 6 - _ 1
|1't —ﬁrt+1| S a 4RC\/t— 1 S 24RW

For t = 1, the same result can be verified. Therefore, for all [a: b] C [1:T],

b

b b
_ 1 _ 1 _ _
Ty — 1| <24RS T — < 24R —dx < 24R (2Vb—2va —1) <48RVb —a + 1.
Sl vl SURYS G <R [ e <0k (25 2VaT) < 8AVE ot

The fourth inequality is due to Vob—va—=1<+Vb—a+1.

Now consider the proof of the first part of the theorem. Due to the complexity, we proceed in steps.
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Step 1 The overall strategy

The considered bound does not rely on the bounded domain, therefore the first step is to apply the reduction
from constrained OLO to unconstrained OLO (Lemma B.1) and the contraction property of Euclidean projection
to show that

T T
Y . - - - Yo~
E Ty — Giu+ ANy — + — |z <E T — Gu+ ATy — T + — |z . 4
(gt t — Gt | t t+1| \/{f| t|) = (gt t — Gt | t t+1| \/{f| t|) ()

t=1 t=1

Note that Wealth; 1 is positive due to Lemma B.2, and 8; > 0 from our construction. Therefore, Z; > 0. From
here, we can focus on bounding the RHS of (4) with |Z;| replaced by #;. Also note that |§| < |g:] < G from
Lemma B.1.

From (1), we can rewrite wealth as
d v
WealthT =& — Z <§tjt + A |i’t — JNL’t+1| + \/th) .

t=1

If we guarantee Wealthy > F/(— ZZ;I g+) for an arbitrary function F', then
T 5 T
GtTt — Gru + AN Ty — Tp1| + —22¢ ) =€+ ( — > Gr,u ) — Wealth
;(% t— Gt |4 t+1] NG t) < 752:;% > T
T T
ga+<—zg,u>—F<—zgt)
t=1 t=1

<e+sup ((X,u) — F(X)) =+ F(u),
X€ER

where F™* is the Fenchel conjugate of F'. Therefore, our goal is to find such an lower bound for Wealthr, and
then take its Fenchel conjugate.

Step 2 Recursion on the wealth update

Now consider (1). There are two cases: (i) f;Wealth;_1 > B;11 Wealthy; (ii) SWealthy_1 < S;11Wealth,. If
BiWealthy_1 > 811 Wealth;, then

(1 — AByy1)Wealth, = (1 — §:8; — AB; — vB:/v/t)Wealth;_1,

log Wealth;, = log Wealth; 1 + log[1 — B¢(g: + X + v/V1)] — log(1 — ABi41).

Note that B:|gs +A+~/vt|< 1/2 and AB;41 < 1. Applying log(1—2) > —z—22 forall z < 1/2 and log(1+2) < z
for all z > 1, we have

log Wealth; > log Wealth; 1 — B:(g: + A+ v/Vt) — BE(Gc + A+ v/VE)? + A
> log Wealthy_1 — g8 — 7B/ vVt — C*BF + A(Bit1 — Br)-

Similarly, if §;Wealth, ; < 811 Wealth;, then

log Wealth; > log Wealth, 1 — g8 — v8;/vVt — C*B} + MBt — Bes1)-
Therefore, combining both cases, we have

log Wealth, > log Wealth,_y — §;8; — v8:/Vt — C?82 + Xy — Bit],

and summed over [1 : T7,

T

T T T
log Wealthy > loge — 3" i — €232 4 3 fi} A8~ Bl (5)
t=1 t=1

t=1 t=1
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Step 3 Bounding the sums on the RHS of (5)

We start from the first two sums on the RHS of (5). f; is the output of Follow the Leader (FTL) on the strongly
convex losses ¥;(3) = g8+ C?8% +I{0 < B < 1/(CV2t)}(B), where I{0 < 8 < 1/(CV/2t)}(B) is a convex
function of 8 that equals 0 when 0 < 3 < 1/(C'v/2t) and infinity otherwise. Note that v is 2C2-strongly convex,
therefore a standard result shows that the regret of this FTL problem is logarithmic in 7. Concretely, from
Corollary 7.17 of (Orabona, 2020),

T

r 2
+ C? min u+ C%u?) < 1+ logT
; GtB4 57) o<u§1/(c\/ﬁ); (9 ) < 4C2< gT).

Moreover, taking u = 1/(Cv2T),

T ZT g 1
min Z (gtu + C’2u2) < &=l Ly,
0<u<1/(CV2T) = C

As for the other sums in (5),

Applying Lemma B.3,

t=1 t=1

Plugging the above into (5),

log Wealthr > loge — === —

Wealthr >

T -
€ exp | — Zt:l gt
exp(5/2) - T? CV2T
Step 4 Taking Fenchel conjugate
From the Fechel conjugate table, if f(z) = aexp(bx) with a,b > 0, then for all § > 0,

1) = % <10ga9b - 1) .

Applying this result on
€

exp(5/2) 12 7 (cjﬁ) ’

2 T5/2
F*(u) =uCV2T (;’ + log \fui’> .

Combining the above with Step 1 completes the proof. O

F(z) =

for all © > 0 we have

B.4 Analysis of Algorithm 2

Algorithm 2 extends the one-dimensional coin-betting-based OLO algorithm to higher dimensions via a polar
decomposition. Here we incorporate movement cost into the analysis of (Cutkosky and Orabona, 2018).

Theorem 5. For all A > 0, G > 0 and 0 < ¢ < GR, applying Algorithm 2 yields the following performance
guarantee:



Zhiyu Zhang, Ashok Cutkosky, Ioannis Ch. Paschalidis

1. For all T € Ny and u € B%(0, R),

T T-1
> lgw—w) + A o — @l Se+ ul O [(G+ MW,
t=1 t=1

where O() subsumes logarithmic factors on u, G, \, T and ¢!

2. Forallb>a>1,

b—1
> llws = zi4a] < 50RVD — a.
t=a

Proof of Theorem 5. We only consider the case of u # 0. If u = 0, the result can be easily verified. Notice that
[{gt, 2¢)|< G, therefore we can apply Theorem 1 on A,..

T T—-1
Z (g, Yeze —u) + A Z ezt — Y1264 ||
t=1 t=1
T T T-—1 T—-1
< Z(<gt,zt>yt—<gt,zt>||u|>+||u|Z<gtvzt o H>+A§j|yt el lzertl+ A S 2 — 2ol ol
t=1 t=1
T
u
< 3 (g 2 v — {ger 22 ) +A2|yt yt+1|+zwyt+||u|2<gt,ztm”>. (©)
=1

t t=1

The last inequality is due to [|z;41||< 1 and ||z; — ze41 || <0G = 1/V/1.
The first three terms of (6) are bounded by Theorem 1,

T
Z ((gt, 2t) (gt 2e) ||ull) +>\Z|yt yt+1\+z\[yt
t=1

5/2
< et Jul (G + 20T (g + 1og VLG + 2T ) |

As for the last term of (6), we can use the standard OGD regret bound. From Section 4.2.1 of (Orabona, 2020),

T

> (o0 i) < 30V

t=1

Combining everything so far yields the first part of the theorem.

As for the second part of the theorem, for all b > a > 1,

b—1 b—1

R
E |z — zeg] < g (|yt — Y| + \/7?) < 50RVb — a.
t=a t=a

The last inequality is due to Theorem 1 and 30! 1/v/ < 2v/b — a. O

C DETAILS ON STRONGLY ADAPTIVE OCOM

This section provides detailed analysis of our strongly adaptive OCOM algorithm. We first present the performance
guarantees of our subroutines based on Algorithm 3. Then, we introduce the complete version of our meta-
algorithm (Algorithm 7) and present its analysis.
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C.1 Analysis of Algorithm 3

Algorithm 3 is used to define our two-part subroutine (on GC intervals). The idea of adaptively slowing down
the base algorithm is inspired by Algorithm 7 of (Cutkosky, 2018) for memoryless OLO. Here we make two
improvements: (i) incorporating movement costs; (ii) using this framework to achieve better dependence on
problem constants.

Theorem 6. For all \,G > 0 and 0 < ¢ < G, Subroutine-1d defined from Algorithm 3 yields the following
performance guarantee:

1. For allT € Ny and u € [0,1],

T T-1 T
> gilawe—u) + XD |y — o] < e+ |ulO | max{\, G} + | max{)\, G} |l |,
t=1 t=1 t=1

where O() subsumes logarithmic factors on u, G, \, T and e~ 1.
2. Forallb>a>1,

= 1= lgt|
_ <48 |1 _Lat=a It
; lze = el < + max{\, G}

Theorem 7. For all \,G > 0 and 0 < ¢ < GR, Subroutine-ball defined from Algorithm 3 yields the following
performance guarantee:

1. For all T € Ny and u € B%(0, R),

T T-1 T
(

Z gty Ty —u) + A Z lz: — zeq1] < e+ |Jul| O [ max{\, G} + ,| max{\, G} ZHgtH ,

t=1 t=1 t=1

where O() subsumes logarithmic factors on u, G, \, T and ¢~ 1.

2. Forallb>a>1,
ZH v—a llgel
_ < 1 t=a
— lze = @]l < 50R + max{\, G}

We only prove the guarantee on Subroutine-ball (Theorem 7). The guarantee on Subroutine-1d (Theorem 6) is
similar, therefore the proof is omitted.

Proof of Theorem 7. Consider the first part of the theorem. Let i be the index 7 at the beginning of the T-th
round, and let Zy, ..., Z,, be their final value at the end of the algorithm. Notice that

T T-1 i ir—1
Dolgnai—uw) + A we— @l =) (Zowi —u) £ A JJwi — wipa].
t=1 t=1 =1 =1

For the RHS we can use Theorem 5, since for all i, [|Z;[|< max{\, G} + G. The remaining task is to bound ir.
Note that >\~ || Z;[|< Z?:1||gt|| and || Z;||> max{A, G} for all ¢ < iy, therefore iy <1+ (X:Z;l||gt||)/maux{)\7 G}.
Plugging this into Theorem 5 completes the proof of the first part.

As for the second part of the theorem, let i,, i, be the index i at the beginning of the a-th and the b-th round.

b—1 ip—1

S llze = 2ol =Y lwi — wigal-

t=a i=iq

Next consider i, —i,. Let Z and Z! be the value of accumulators Z;, and Z;, at the beginning of the a-th
round and the b-th round, respectively. Note that

ip—1

b—1
+ > 1zl <Y Nl
t=a

i=iq+1

12, = 2,

+12,
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and || Z;||> max{\, G} for all ¢ € [ig + 1,4, — 1]. Therefore, i, — i, <1+ ( fz;;||gt|\)/1fnax{)\7 G}. Applying the
second part of Theorem 5 completes the proof. O

C.2 Analysis of the meta-algorithm

Now we proceed to our meta-algorithm for strongly adaptive OCOM. The pseudo-code is Algorithm 7. Before
providing its performance guarantee, we present a lemma that explains the adopted projection scheme. (Line 6
and 15)

Algorithm 7 The meta-algorithm for strongly adaptive OCOM. (The complete version of Algorithm 4)

Require: Time horizon T > 1 and a hyperparameter g9 > 0.
1: Define a constant A = LH(H + 1).
2: fort=1,...,7T do
3:  Find the (k,7) index pair for all the GC intervals that start in the ¢-th round. For each, (i) initialize a copy
of Subroutine-ball as A%, with hyperparameters (), 2¥¢, é), and (ii) initialize a copy of Subroutine-1d as
A’fd, with hyperparameters (AR, 2%, G‘R) If A% and A’fd already exist in the memory, overwrite them.

4:  Define K; = [logy(t +1)] — 1. Let :EgKtH) =0€eR9

5 for k= K;,...,0 do

6 Let $§k+1) = HB"’(O,R) (i§k+1))

7: Query a prediction from A’fg and assign it to wt(k); query a prediction from A’fd and assign it to zt(k).
8 Let ;zﬁ’“) =(1- zt(k))xgkﬂ) + wgk).

9 end for

10:  Let 7y = 5c§°>, predict x; = IIy(Z;), suffer l;(zs—p.¢), receive I;.
11:  Obtain a subgradient g; € dl;(x;). Define a surrogate loss function h; as

h (ZL') _ <gta$>7 if (gt,£t> Z <gt,.’L't>,
¢ (gt,x) + (gt, 2t — iﬁ%, otherwise.
12:  Obtain a subgradient g; € Oh:(Z;). Let gt(o) = Gi.
13: for k=0,...,K; do
14: Return gt(k) to A%, and —(gik),xgkﬂ)) to A¥, as the loss gradients.
15: Let et = 41|+, and
k . k) ~(k+1 k) (k1

(k;+1)_ gwg )a lf <g£ ),$§ +)>Z<gt( )7x§ +)>7

K gt(k) — <gt(k), e§k+1)> egkﬂ), otherwise.
16:  end for
17: end for

Lemma C.1. For all t,

Kt 1 Kt 0 ~
L g < g N - < eI Nl < G-
. (k) (k+1) (k+1) ~(k+1)
2. Forallke[0: K] andxz €V, (g, , x4 —x) < (g T —T).

Observe that Line 6 and 15 of Algorithm 7 are essentially applying Algorithm 6 on the unprojected prediction

a’EEIHI). Therefore, the proof of Lemma C.1 follows from recursively applying Lemma B.1. Line 11 follows a
similar principle.

Now we are ready to prove the performance guarantee.

Theorem 2. Consider running our OCOM algorithm (the complete version, Algorithm 7) for T rounds. If
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e0 = GR/(T + 1), then on any time interval T = [a : b] C [1: T],

b
> (@i me) manlt O(RLH®log|Z|)+ O | RLH® + RH, | LY g | ,

t=a

where g; € 31}(1}), O(+) subsumes absolute constants, and O() subsumes poly-logarithmic factors on problem
constants and T

Proof of Theorem 2. Our strategy is to associate the regret of the meta-algorithm on any GC interval with
the regret of the corresponding subroutines (Theorem 6 and Theorem 7). Then, applying these performance
guarantees yields O(+/|Z%]) regret on all GC interval Z%% C [1 : T]. This can be further extended to all general
intervals Z C [1 : T] using an argument similar to (Daniely et al., 2015).

To this end, we proceed in steps. Let Z¥ *" = [¢: s] C [1 : T] be a GC interval with indices k* and i*. Since
the amount of active GC intervals cannot increase in the duration of any GC interval, we can replace K; for all
t € IF " by a constant K*. In other words, for all t € ZF " K; = K* < |logy(T +1)] — 1.

Step 1 Reducing to one-step movement.

We start from the Lipschitzness of [;. For all ¢,

L(zi—pr4) < L@y +LZ||$t =zl < () +LZZH% i = T -

h=1j5=1
Using the convexity of I, for all z € V,
s ~ s s H h
> @) = @) <D tgnwe =) + LIS Ny — il
t=q t=q t=q h=1 j=1
Observe that
s H h 1 s—1
D3 lwy — gl < FH(H +1) )D Mz =zl + Z (H+1=h)(H+2=h)[lzg—n— 2g—n+1|
t=q h=1 j=1 t=q h=1
s—1
< 2H (H+1) o — 2| +R2h h+1)
t=q h=1
s—1
= 2H (H+1) o — 2ol + RH(H+ 1)(H +2).
t=q
Therefore, combining the above and plugging in A for conciseness,
s s 1 s—1
L(zs—prat) — 1 }< @y —a)+ =~LH(H +1 - O(RLH®
;[t(xt m:t) — Li(2) _;@t T 1‘>+2 (H + );th T + O( )

S s—1
o S f
< 2_: (G0, — )+ 5 ; | — Zos| + O(RLH?),

where the last line is due to Lemma B.1 and the contraction property of Euclidean projection.

Step 2 Showing that the “temporary” prediction xik*) after combining Ag*) and Aglfl*) is good enough for the

considered GC interval, although improper.

Starting from the definition of igk*), for all z € V,

(8,8 =) = (0l =) (= (a0, 79) (49 21)
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- k* k41 E* k E* 41
‘x )—:EEH (1—zt( )>x§ +)+wt( )—(1 Z(H)) £+1+)
k* k*+1 k*+1 k k*+1 k* k*
<) (49 ) 4 ) o -2
k41 E*+1 K k
< acg - x1(£+1+ )H +R ‘Zt( - 215-1-1 Hwt - wt(-i-l)
L (k*+1 E*

< xE o Zt+1 ( ) wt+1 (7)
<R Z Zt(k) _Zti) ’ I Z Hwtk) e (k) H

k=k*

The second line is due to triangle inequality. The third line is due to 2" € [0, 1] and Hxﬁff{“” |< R. The fourth

line is due to the contraction of Euclidean projection, and the last line follows from a recursion. Combining the
above,

S (5 ) + ZI

t=q
~ )k AL ()
) A |l
t=q t=q

)\R ’(k)
q

_:L-t

3 (a7t ) (40 -)
t=q
K* K*  s—
A S+ S S -ult]
k=k*+1 t=q

k=k*+1t=

_|_

t+1
t=

Note that from Lemma C.1, ||gt(k*)||§ Hgfk*_l)ﬂg .. < |lg¢||€ G. Moreover, g < GR/(T+1) leads to 2¥" ¢y < GR.
Therefore, we can use the performance guarantees of the subroutine for the sums on the RHS. Applying Part 1 of
Theorem 6 and Theorem 7,

s s—1
Z<9§k ) W) >+;ZH“’ — w?) "o+ O | Rmax{\, G} + R, | max{), G}ZHQ:&H ,

t=q t=q t=q

“20+0 | Rmax{)\, G} + R, | max{)\,G} > ||

t=q

s )\Rs—l

Kk k*+1 k* k* *
> (= a7l ™)) (0 ) [ -4
t=q t=q

Also note that GC intervals longer than Z% " cannot be initialized in the duration of Z¥"¢". Therefore applying
Part 2 of Theorem 6 and Theorem 7, for all k € [k* +1: K*],

Zs:l H S_
ZE T 0| <50 |1+ Li=qllgrll
max{A, G’} max{\, G}
Zs:l k) H S
cus (1 [Eimdle
max{\, G} max{\, G}
Notice that K* = O(logT') and A < G from our definition. Combining everything so far, we have

s s—1
Z<gt(k),£t )—x>+% 7
t=q

t=q

s—1
Zng thH <50R |1+
t=q

s—1
Z zt(k _Zt+1‘ <481+

t=q

—l)| <2 e+ O AR+ R )\ZHgtH

Intuitively, suppose we are allowed to predict the improper prediction iik*)

the constraint V, and suppose gik*) = ¢;. Then, the above result shows that on Z% " we have the desirable
O(+/|Z*"""|) regret bound. The rest of the proof aims to show that adding predictions from shorter subroutines

does not ruin the performance on Z# ¢ .

on ZF"%" that may not comply with
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Step 3 Analyzing the effect of adding shorter subroutines.
The goal of this step is to quantify the difference between

ti <9t(k ) jtk ) >

k )

_ft 1

and

> (a2t >+;ji!\ -],
q

t=q

For all k € [0 : k* — 1], applying the definition of Z(*) and Part 2 of Lemma C.1,

(9.3~ ) = (.0 =) 4 (6,0 = 0) (. a*)) (9 - 0)
< (oD -2 1 (o, ~0) 4 (= (5, 0)) (9 ).

Similar to Equation (7),

k+1 L (k+1 k k k k
[ = a2 < ol =] + | - 0+ [l - Wil
Therefore,
s s—1 s
(k A (k) ~(k k1) ~(k+1 (k+1) (k+1
Z<9§ )a ) $>+§ZH$§)—$E+)1HSZ<Q£ )a%(e ) > ZH t+1)H
t=q t=q t=q

s s—1
k) (k A k k
SRR S
t=q t=q

S

R (i) (-0 +

t=q t=q

»(k)
241

We next bound the last four sums on the RHS using Theorem 6 and Theorem 7. Let [a, b] be any GC interval of
length 2 contained in [q : s]. Note that by our definition, the subroutines A’fg and .A’fd are initialized at 0. That

is, wi) = wl()’i)l 0eRd, 2P = zlgl_?l =0 € R. From Theorem 7,

R ”<<k> o)+ et il 3 )
t=a =a
<Z< >+)\ZHw —wt+1H<2k60

Summed over all GC intervals of length 2* contained in [q : s,

3 (o0t 0) 3 ) o< F ol )3 o -t

t=q t=q t=q

<Rk Loko, = 9k g

Similarly,

3 () () S -t s
t=q

Therefore,

s s—1 s s—1

(k A (k) (K k1) ~(k+1) A k+1)  ~(k+1)
L)+ S S ] < R st < A
t=q t=q t=q t=q
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Completing the recursion, we have

s s—1 s
0) ~(0 A ~(0)  ~(0 E*) (k" (k
RCRELENED o ELR I o SR RS v TR
t t=q t=q

=q

. 2k +1€0

<(k*+1)- 2+ O | AR+ R /\Z||gt||

<O [AR+R (A ol |

t=q

where the last line follows from (k* + 1) - 2" t1gy < 2GR[log,(T 4 1)]. Plugging this into the result from Step 1,

> (@ sa) — L(@)] < O(RLE®) + 0 | AR+ R )\ZHgtH

t=q t=q

This bound holds for all GC intervals contained in [1 : T]. The final step is to extend this property to general
intervals, following the classical idea from (Daniely et al., 2015).
Step 4 Extension to general intervals.

From Lemma 5 of (Daniely et al., 2015), we have the following result: any interval Z C [1 : T can be partitioned
into two finite sequences of disjoint and consecutive GC intervals, denoted as (Z_y,...,Zp) and (Zi,...,Zp).
Moreover, for all ¢ > 1, |Z_;| /|Z—;1+1] < 1/2; for all 4 > 2, |Z;| /|Z;—1| < 1/2.

The strongly adaptive regret of our meta-algorithm (Equation 2) over Z can be bounded by the sum of regret
over (Z_g,...,Zy) and (Z1,...,Z,). For an index %, denote the regret over Z; as Regret;. Then,

k P
Z li(zi—pt) — anel‘r;l Z l}(x) < Z Regret_, + Z Regret;,

tel tel =0 i=1

where k <log, |Z| and p < 1+ log, |Z|. Consider the first sum on the RHS,

ZRegret . < (k+1)O(RLH?) +Zo AR+ R XD gt
teZl_;
< O(RLH®10g|Z|) + O | AR+ RS gl
tel

The second sum can be bounded similarly. Combining everything completes the proof. O

D DETAILS ON ADVERSARIAL TRACKING CONTROL

This section presents our results on adversarial tracking. We first prove its reduction to strongly adaptive OCOM.
Then, we consider a special case that induces a non-comparative tracking error bound.

D.1 Details on the reduction

We present a few lemmas before proving Theorem 3. First we bound the norm of state and action. Similar to
Section 4 we expand the dependence of state on past actions; that is, let z;(u1.+—1) be the state induced by the
action sequence uj.;—1. Note that uy.;—1 is a dummy variable, not necessarily a comparator or the action sequence
generated by Algorithm 5.
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Lemma D.1. For allt > 1, with any u1.4—1,
e (ure—)Ils 9o (uempra—)l| € 77U + W),

I (urse—1) = ye(ur—ma—1)|| <77 (KU + W)(1 =)™

Proof of Lemma D.1. From the evolution of states we have

t—1 - t—1
e (ure—1)| = Z H Aj | (Biug + w;) (kU +W) Z Vo < AT KU + W),
i=0 \j=i+1 i=0
Similarly,
t—1
lye(ue—me)l = D | 1T A5 | (Biws +wi)|| <7~ (sU + W).
i=t—H \j=i+1

If t < H, then x¢(u1.4—1) = Yyt (ur—p.t—1). Otherwise,

t—H—-1 t—1

H
lze(uri—r) = ve(w—ma—) = || > | J] 4| (Biwi +w:)

i=0  \j=i+1

t—H—1
<EU+W)L-p" >
1=0
<y HrU+W)(1 —’y)H. O

Next, we characterize the approximation error between f; and [f. This directly follows from the previous lemma
and the Lipschitzness of [}.

Lemma D.2. For allt > 1, with any uy.,
123 (e (uri—1)s ) = felwpro) || < 47 L5 (KU + W)L = 7).
Finally, we characterize the Lipschitzness of the ideal loss function f;.
Lemma D.3. Forallt > 1 and h € [0: H|, with any Gs—p and us— .4,
| fe(ut—rr:e) — fe(Ui—mre—n—1, W—n, Ue—nt1:4)| < LT ||ug—p — Up—nl| -
Proof of Lemma D.3. If h # 0, we consider the difference in the ideal state.

”yt(utfH:tfl) - yt(utfH:tfhflv Ug_p, ut7h+1:t71) ||

t—1
= H A | Bicn (e — tg—n) || < 61— lugp, — gl -
j=t—h+1
Applying the Lipschitzness of [},
|fe(wi—rrt) — fe(we—m—n—1, Ut—pn, Ut—pr1:)| < KL7(1 — ’Y)hil lus—n — ]| -
If h = 0, then directly from the Lipschitzness of I},
|ft(Ut—H:t) - ft(ut—H:t—h—l, at—haut—h+1:t)| <L ||Ut—h - ﬂt—h” .

Combining the above completes the proof. O
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Lemma D.4. For all t, let ft(u) = fi(u,...,u). Then, for all u,@ € B%(0,U),

fetw) = fo@)| < 2697 L7 u— @]

Proof of Lemma D.4. For conciseness, let §;(u) = y:(u,...,u). Then,

t—1 t—1 t—1
Igew) =@l = > | 1] 4| Biw-a)| <wlu—al Y @—=»"""<wy " u—ill.
i=t—H \j=i+1 i=t—H
The result follows from the Lipschitzness of [}. O

Now we are ready to prove Theorem 3.

Theorem 3. Given any strongly adaptive OCOM algorithm satisfying Equation (2), for allZ = [a : b] C [H+1: T,
Algorithm 5 guarantees

uf eCr

b b
>0 (elut ) uf) = min 370 (eo(uf, ) uf) = 0 (V).

t=a

where O(-) subsumes problem constants and poly(logT).

Proof of Theorem 3. For all u$, € Cr,

b

b
Zl: (xt(uﬁt—l)au?) - Zl: (wt(ugt—l)vutc)
t=a

:a b b
= Z [lf (zt(ufzt—l)?u?) - ft(u?—H:t)] + z [ft(u?—H:t) - ft(utC—H:t)] + Z [ft(utC—H:t) =1 (It(ulc:t—ﬁ,utc)]

b
< 27 WU+ WA =TT+ D (i) = filuf s uf)]

t=a

where the last inequality is due to Lemma D.2. From our choice of H, we have (1 — v)¥ |Z| < 1. Therefore,
the first term on the RHS is a constant that can be neglected in our result. The second term on the RHS is
upper-bounded by the strongly adaptive regret on f;. O

D.2 Non-comparative tracking error bound
In the following we consider the example from Section 4. The comparative regret guarantee from Theorem 3
translates to a non-comparative tracking error bound.

Corollary 4. Consider running Algorithm 5 on an adversarial tracking problem that satisfies Example 1 on a
time interval Z. For ollt € T = [a : b),

t
1 ~
o 2 it — gl < 'W O (t—a+n72).

Proof of Corollary 4. We start by characterizing the power of the comparator class (Definition 4.1). From

Example 1, there exists some u* such that 2% = Bru*. Consider the comparator sequence u$ . € Cz such that

uf =u* for all t € [1: T]. From the system equation, for all t € [a : b],

e (ufy) = Agz(ufy_y) + Bou® + wy
= At [mt(ugtfl) — (I — At)_lBtU*] + (I - At)_lBtu* + wy

= A [xt(uft_l) —a7] + a7 +wy.
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Rearranging the terms and applying norms on both sides,

|<(1—7) th(ugtfl) — a7

+W.

thﬂ(ugt) —a7
From Lemma D.1,
Ja (S 1) = ] < [Jea(uSy )| + el < 37260 + W) 45U [|(T = A) 7| < (260 + W).
Following a recursion, for all ¢ € [a : b],

t—a

|2e(uf_y) — 25| < 712U + W)(1 — ) + WZ(l —9)
1=0
<ATTW TN 26U + W)(1 =)

1 : C * —1 —1 1 — 7
mé“ﬁ(uu—ﬂ—xzu <y Wty (QHU+W)'m;(1—’Y)
AW 226U + W) (t—a+ 1)1 (8)

Next, consider the regret of Algorithm 5. Applying Theorem 3 on all time intervals [a : t] with ¢ € [a : b], we have

t
Z ”xi(“ﬁiﬂ) — a7
i=a

where O(-) subsumes polynomial factors on problem constants and poly-logarithmic factors on T'. Normalizing on
both sides,

t

- Z Hxi(ugiﬂ) -7

i=a

=0(Wt—a+1),

e (Sl -l - e sl =0 (a-ar 7). o

Combining (8) and (9) completes the proof. O

E EXPERIMENTS

In this section we test the proposed approach on three separate levels: (i) One-dimensional movement-aware OLO
(Algorithm 1); (ii) Strongly adaptive OCOM (Algorithm 7); (iii) Adversarial tracking control (Algorithm 5).

E.1 One-dimensional movement-aware OLO

First, we test our one-dimensional movement-aware OLO algorithm (Algorithm 1). The domain is the interval
[0, R] C R, and the loss functions are defined as l;(x) = |z — z*|, where z* is a fixed “target”. Throughout this
experiment, we set hyperparameters v =0, ¢ = 1 and G = 1 since the loss functions are 1-Lipschitz.

In Figure 3a we vary (i) the target «*; and (ii) the size of the domain R.

1. Consider the green line and the orange line (which is completely covered by the former). In this case,
increasing the size of the domain leaves the performance of the algorithm unchanged. This is different from
standard Online Gradient Descent (OGD) where the correct learning rate depends on the size of the domain.

2. Consider the blue line and the green line. Starting from the origin, the predictions of the algorithm approach
the target with exponentially increasing speed, without knowing the target in advance. This is also different
from OGD, where the speed of approaching the target is constant (with constant learning rate) or decreasing
(with time-varying learning rate).

In general, Algorithm 1 exhibits the advantage of parameter-free online learning algorithms: the algorithm works
well without depending on the optimal comparator norm (||z*||) or its (possibly very loose) upper bound R, hence
requiring less tuning than OGD.

In Figure 3b we vary A, the weight of movement costs. Practically, it yields another “degree of freedom” (beside
¢) for tuning the algorithm’s transient response. Larger A means larger weight on movement costs: the algorithm
moves slower initially, but has less fluctuation around the target.
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Figure 3: Experiments on Algorithm 1.

E.2 Strongly adaptive OCOM

Next, we test our strongly adaptive OCOM algorithm (Algorithm 7). For easier visualization, we set the domain

as V = [—5,5] C R. Let the memory constant H = 5. With a time-varying target z;, we define the loss functions
as
H
lt(xt_H, . ,l't) = Z ||1't—h — fL’rH .
h=0

Note that the Lipschitz constants can be chosen as L = 1 and G=H+1.

Our theoretical result requires £g = O(T~1). Although asymptotically this is correct, in practice such a small &g
makes the algorithm too conservative at the beginning. In other words, it can take a long time for the algorithm
to warm up. Therefore, we set g = 1 in our experiments.

1.4

1.24

1.0

0.8

0.6 1

0.4+

0.2

0.0

1.5

—— Predictions x; —— Predictions z;
—— Target z} —— Target z}
0.5
0.0
~0.51
J o]
0 5000 10000 15000 20000 0 5000 10000 15000 20000
t t
(a) zf is a step signal. (b) x; is a square wave.

Figure 4: Experiments on Algorithm 7.

We plot the result of the experiments in Figure 4. On the left, the target is a step signal, 7 = 1. On the right,
the target zj is a square wave with period 4000. Several observations can be made:

1. In the warm-up phase of the algorithm (the first 2000 rounds), similar to the previous subsection, Algorithm 7
approaches the fixed target with increasing speed (if the “dips” are ignored).



Adversarial Tracking Control via Strongly Adaptive Online Learning with Memory

2. Once the predictions reach the vicinity of the fixed target, they do not monotonically converge to the target
as in standard online learning algorithms. Instead, the predictions fluctuate around the target, in a pattern
determined by GC intervals. The rationale of this behavior is that, Algorithm 7 does not know or assume
the target is fixed; to quickly adapt to possible sudden changes of the target, the algorithm regularly forgets
the past and re-explores.

3. There is a practical issue not captured in our analysis. Every time a GC interval of a new length becomes
active (t = 2™ for some n € N), all the subroutines are reinitialized. Consequently, Algorithm 7 completely
forgets all the received information and restarts from the origin (since the first output of the subroutine is
always at the origin). This can cause large “dips” in the prediction sequence (e.g, t ~ 8000 and ¢ ~ 16000 in
Figure 4a). Such a behavior is undesirable if smooth predictions are preferred, but when the target regularly
moves around the origin (Figure 4b) this can be acceptable.

E.3 A shifted version of our OCOM algorithm

To make the prediction sequence smoother, we also test a modified version of our strongly adaptive OCOM
algorithm. The idea is simple: we incorporate a shifting procedure in the subroutines. Whenever a Subroutine-ball
is reinitialized, its first prediction is set as the last prediction of the previous subroutine (before re-initialization).
In this way, the meta-algorithm experiences less fluctuation due to the activation and deactivation of GC intervals.

Algorithm 8 A shifted version of Algorithm 2.

Require: Hyperparameters (), &,G) with A > 0 and &, G > 0; g1, g2, ... € R? with ||g||< G, V¢; a shift vector
v € RY.

1: Define A, as Algorithm 1 on the domain [0, R + ||v||], with hyperparameters (X, A, &, G).

2: Define Ap as Online Gradient Descent (OGD) on B%(0,1) with learning rate n; = 1/(G/t), initialized at 0.
3: fort=1,2,...do

4:  Obtain y; € R from A, and z; € R? from Ag. Predict z; = v + y.2: € R?, observe ¢, € R%.

5:  Return {(g:, z¢) and g; as the ¢-th loss subgradient to .4, and Ap, respectively.

6: end for

Concretely, we first present a shifted version of Algorithm 2 (high dimensional movement-aware OLO) as
Algorithm 8. Given a shift vector v € R%, Algorithm 8 starts from predicting v, and all the predictions are within
a larger norm ball B(v, R + ||v||) centered at v. Using Algorithm 8 as the base algorithm of Subroutine-ball, we
obtain a shifted version of the latter. When using this shifted Subroutine-ball in the meta-algorithm (Algorithm 7),

1. All the Subroutine-ball on GC intervals with indices (k, 1) are initialized with shift vector v = 0. For example,
at the beginning of the 2nd round, the meta-algorithm initializes AL with shift vector v = 0.

2. At the beginning of the 2¥i-th round (with i > 1), when reinitializing A%, the shift vector v is set as the
last prediction of the previous A%. For example, on the GC interval [2 : 3] the meta-algorithm employs
a Subroutine-ball AL. At the beginning of the 4th round, the meta-algorithm queries AL and assigns its
prediction to a vector v. Then, AL is reinitialized with shift vector v.

Empirical results for this shifted OCOM algorithm are presented in Figure 5. Specifically, the targets =} in
Figure 5a and 5b are the same as in Figure 4a and 4b. In Figure 5c, x} is a sinusoidal wave with period 4000. In
Figure 5d, x} is the concatenation of a sinusoidal wave and a square wave:

sin(7t/2000), ift < T/2,
af =11, if T/2 <t < 3T/4,

-1, otherwise.

In general, the shifted version of Algorithm 7 tracks the target quite well, even when the target exhibits large,
sudden changes. (The “tracking” here refers to the concept in online learning, not linear control.) Especially, the
prediction sequence exhibits less fluctuation due to the reset of GC intervals.

E.4 Adversarial tracking

Finally, we test our adversarial tracking controller (Algorithm 5). We consider two cases: (i) d, = 1; (ii) d, = 2.
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Figure 5: Experiments on the shifted OCOM algorithm.

One-dimensional control Starting from one-dimensional control, let d, = d, =1, U = 5. The dynamics are
time-varying: for all ¢, A; = 0.55 4 0.05 - sin(7¢/10000); B, = 0.95 + 0.05 - sin(7t/5000). Therefore, k = 1 and
v = 0.4. Further, we define the disturbances as w; = 0.05 - sin(wt/4000), Vt € N.

The loss functions are I} (z,u) = || — a7 ||, where a7} is the adversarial reference trajectory. It is globally 1-Lipschitz,
therefore L* = 1.

We use the shifted version of Algorithm 7 as the base algorithm of our controller. Similar to the previous
subsection, we set the hyperparameter as g = 0.5. Following the procedure in Algorithm 5, we set the problem
constants in OCOM as: V «+ B'(0,5), R+ 5, L < 1 and G + 5. There is one exception: the memory H
defined in Algorithm 5 is conservative. In our experiment, we treat H as a hyperparameter; specifically for the
one-dimensional control experiment, we set H = 8. Intuitively, the choice of H trades off the responsiveness of
the controller and its steady-state error.

Empirical results for our controller are presented in Figure 6. Compared to the tracking results in online learning
(Figure 5), we shoot for lower bandwidth since the dynamics introduce additional fluctuations. Figure 6a considers
a fixed target 7 = 1. In Figure 6b, z} is a square wave with period 12000. In Figure 6¢c, =} is a sinusoidal wave
with period 10000. Finally, we consider a composite target in Figure 6d:
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Figure 6: Testing the controller (Algorithm 5) in R.

sin(7¢/5000), if ¢t <T/2,
xy =<1, if T/2 <t<3T/4,
-1, otherwise.

Two-dimensional control We also test the controller in a two-dimensional state space. Here, d, = d, = 2,

A, = [0.55 0.3

0 0.55] + I - 0.05 cos(7t/10000),

By = I, - [0.95 + 0.05 cos(t/5000)] ,

where I5 is the two-dimensional identity matrix. Same as before, U =5, k =1 and v = 0.4.
The loss functions are still I (z,u) = ||z — z}||, therefore L* = 1. For all ¢t € N, the disturbances are
w; = 0.05sin (7t /4000) - [1, —1] .

Same as before, H = 8, and we choose g9 = 0.2. The task is to track a circular reference trajectory (in an
adversarial manner):

. J[t/4000,0]T, if ¢ < 4000,
£ ) [cos((t — 4000)/8000), sin( (t — 4000)/8000)] T, if 4000 < ¢ < 20000.
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Figure 7: Testing the controller (Algorithm 5) in R2.

The result is shown in Figure 7. Both experiments show that the proposed controller tracks the adversarial
reference trajectory quite well.
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