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Abstract—This paper studies an online optimization problem
with switching costs and a finite prediction window. We pro-
pose two computationally efficient algorithms: Receding Horizon
Gradient Descent (RHGD), and Receding Horizon Accelerated
Gradient (RHAG). Both algorithms only require a finite number
of gradient evaluations at each time. In addition, we show that the
dynamic regrets of the proposed algorithms decay exponentially
fast with the length of the prediction window. Moreover, we
provide a fundamental lower bound on the dynamic regret
for general online algorithms with a finite prediction window.
The lower bound almost matches the dynamic regret of our
RHAG, meaning that the performance will not be improved
much even with more computation given limited prediction.
This demonstrates that limited prediction information, instead of
limited computational power, is the key constraint to performance
in online decision making. Lastly, we present simulation results
using real-world data in energy systems.

I. INTRODUCTION

A classic online convex optimization (OCO) problem con-
siders a decision maker interacting with an uncertain or even
adversarial environment. Consider a period of 7' stages. At
each time ¢t € {1,...,T}, the decision maker picks an action
x; from a convex set X. Then the environment reveals a
convex cost fi(-). As a result, the decision maker suffers the
cost f;(z;) based on the chosen action. The goal is to minimize
the total cost in 7' stages. Classic OCO has been studied
for decades, with an focus on improving online algorithm
performance measured by regrets [1]-[4].

Recent years have witnessed a growing interest in applying
online optimization to real-time decision making problems,
e.g. economic dispatch in power systems [5]-[7], data center
scheduling [8], [9], electric vehical charging [10], [11], video
streaming [12], and thermal control [13]. However, there are
two features of these problems that are generally not captured
by the classic OCO formulation: time coupling effect and
prediction of the future uncertainties.

Time coupling effect: While classic OCO setup assumes
that stage costs f;(z;) are completely decoupled with time, in
reality it is usually not the case. For example, to change actions
from z;_; to x4, decision makers usually suffer a switching
cost or a ramp cost d(z; — x¢—1) [8], [9], [14], [15]. In this
way, the stage cost becomes time coupled and is defined as:
Ct("Et,l,ZL't) = ft(xt) + d(xt — .’Etfl).
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Prediction: Classic OCO often models environment as ad-
versary and assumes that no information is available about
future cost functions. However, in most applications, there is
a certain amount of prediction about the future, especially
the near future. For example, in power systems, the system
operator can make a good prediction about the future demand
and generation [16] [17].

Recently, there are some studies from OCO community
exploring the effect of prediction, but most of them do not
consider time coupled stage costs [18], [19].

In contrast, there have been many control algorithms, in
particular, Model Predictive Control (MPC, as known as Re-
ceding Horizon Control) [20], [21], developed for decades to
handle both the prediction effect and the time coupling effect.
One major focus of MPC is to design control rules to stabilize
a dynamical system. Additional goals include minimizing total
stage costs, as studied in economic MPC [22]-[24]. However,
the classic MPC approaches require solving a large optimiza-
tion problem at each time, which is usually computationally
expensive. Though there have been many recent efforts in
reducing the computational overhead, e.g. inexact MPC and
suboptimal MPC [25]-[28], there are limited results on the
efficiency loss of these algorithms, such as bounds on the
dynamic regret. This is partially due to the complexity of
the underlying system dynamics. Lastly, other similar online
control algorithms, such as Averaging Fixed Horizon Control
(AFHC) [8], [9], [29], [30], also require solving the associated
optimization problems accurately, hence suffering from the
same problem of high computational costs.

Contributions of this paper: In this paper we consider an
OCO problem with quadratic switching costs and a prediction
window W. We focus on the cases where the cost functions
fi(zy) are a-strongly convex and [-smooth. To design online
algorithms for this problem, we first study the structure of
offline gradient-based algorithms, which motivates the design
of our online algorithm: Receding Horizon Gradient De-
scent (RHGD), and an accelerated online algorithm: Receding
Horizon Accelerated Gradient (RHAG). Our algorithms only
require W + 1 gradient evaluations at each time step, which
is more computationally efficient compared to optimization-
based algorithms such as MPC and AFHC . Besides, there is
a smooth interpolation between our algorithms and a classic
online method in the prediction-free setting: when W = 0,
our algorithm reduces to the classic online gradient descent in
OCO [1].

We analyze the online performance of RHGD and RHAG
by comparing algorithm outputs and the optimal solution in
hindsight. The comparison is measured by dynamic regret. We



show that the dynamic regret of RHGD and RHAG i) depends
linearly on path length, a measure of the total variation of
the cost functions f;(-); ii) decays exponentially with W.
The decay rates depend on the convexity «, smoothness [,
and the tradeoff parameter § between the cost f;(-) and the
switching cost. The implications of the results are twofold:
i) given a fixed prediction window W, the dynamic regret is
upper bounded by a constant factor of the path length; thus,
if the path length is sublinear o(T'), the algorithms achieves a
sublinear dynamic regret, o(7"). ii) a longer prediction window
W decreases the dynamic regret exponentially; thus, the online
performance of our algorithms improve significantly when
given more prediction information.

Moreover, we study the fundamental limits of general online
algorithms with arbitrary computation power for both the
no-prediction and the with-prediction cases. When there is
no prediction, we show that worst-case dynamic regret of
any deterministic online algorithm is the same as the upper
bound of OGD’s regret up to a constant. When there is
a finite prediction window W, the dynamic regret of any
online algorithm, even using more computation, decays at
most exponentially with "W with respect to the path length.
Surprisingly, this fundamental decay rate is close to the decay
rate of RHAG, meaning that RHAG use the prediction in a
nearly optimal way, even though RHAG only takes finite steps
of gradient evaluations.

We also numerically compare our algorithm RHGD, RHAG
with classic algorithm MPC in electricity economic dispatch
problem using real-world data. Though MPC performs better
than RHGD and RHAG, the dynamic regrets of RHGD
and RHAG indeed decay exponentially with the length of
prediction window and are comparable to MPC. Moreover,
we also construct a data set where RHAG and MPC have
similar online performance. This further confirms the main
message of this paper that increasing computation does not
necessarily improve the online performance given limited
prediction information.

A. Related work

The closest literature related to this paper is online convex
optimization (OCO) which we will discuss here. This paper
adopts many terms from OCO to study our online decision
making problem. In classic OCO, an online algorithm plays
against an adversarial environment for 7' stages, with no
prediction information for future stages, or any coupling
between stages. The performance of online algorithms are
usually measured by regrets. One popular regret measure is
called static regret, which by its name, compares the algorithm
performance with an optimal static action. Many algorithms
have been proposed to achieve o(T) static regret, which means
the average regret per stage vanishes to zero when T' goes to
infinity. We refer readers to [1] for an overview. Notice that
when the environment is not stationary, a more reasonable
benchmark is the optimal actions in hindsight which change
with time, and thus the dynamic regret has been proposed. It is
straightforward that the dynamic regret is no less than the static
regret. In fact, it is well-known that when the environment is

changing quickly, it might be impossible to achieve a sublinear
dynamic regret [31]. Nevertheless, there are many algorithms
that are shown to achieve sublinear dynamic regret when the
environment is not changing dramatically [2], [4], [19], [31].

There are many different ways to measure the environment
variation. A commonly used measure, referred to as path
length in this paper, is defined by the total variation of the
minimizers of cost functions at each stage:

T
Path length := Z 16; — 0,1 < Lp 1)
t=1

where 0; € argmin, .y fi(z;) is the stage optimizer in
action space X at stage ¢ € [T], and Lp is the budget of
path length [2], [19]. It has been shown that online gradient
descent can achieve O(Ly) dynamic regret given strongly
convex and smooth cost functions [2]. Therefore, sublinear
regret is guaranteed by online gradient descent when the
path length is o(T"), which means on average, 0; gradually
stabilizes as 7' goes to infinity. Another variation measure
is defined upon the function value instead of the actions:
Vr = Zle supgex | fi(x) — fe—1(x)]. It is shown that an
online gradient method that restarts after every a few stages
can achieve O(T?/ 3Vj{/ 3) dynamic regret given convex cost
functions and O(+/VrT) regret given strongly convex cost
functions [31]. Moreover, these rates are shown to be optimal
among all online algorithm that use one gradient feedback at
each stage [31]. It has been pointed out in [19] that the path
length L and the function variation Vp are not comparable,
as there exist scenarios when either one is larger than the other.
In this paper, we will adopt Lt for convenience of analysis.
There are other variation measures, for the sake of limited
space, we will not discuss in details here and refer readers to
[2].

We also want to point out some studies from OCO com-
munity on the effect of prediction. [18] studies the effect of
one-stage prediction without considering switching costs. They
proposed an algorithm based on online mirrored descent and
show that when the prediction error is o(T"), the dynamic regret
will also be o(T"). Moreover, there are also papers on online
optimization with prediction and switching costs, e.g, [8], [9],
[29], [30]. For instance, [8] proposes an algorithm AFHC and
show that the competitive ratio of AFHC given perfect W-
stage prediction is 1 + O(%) Besides, [30] propose another
algorithm CHC and show that the dynamic regret is O(T /W)
given W-stage noisy prediction. As we mentioned before,
these methods requires solving optimization problems exactly
at each stage, different from our gradient-based methods.

Lastly, we mention that in addition to the regret analysis
from OCO community, there is another way to measure the
online algorithm performance: competitive ratio, which is
defined by the ratio between the online performance and the
optimal performance in hindsight. Competitive ratio analysis
is commonly adopted in online algorithm problems, which
need not to be convex and can be combinatorial problems.
A competitive algorithm is an online algorithm that achieves
a constant competitive ratio. Under certain assumptions, it can
be shown that OCO admits competitive online algorithms [3],



[81, [9]. [3], [32], [33] studies that there is tension between low
regret and constant competitive ratio. This paper only studies
the dynamic regrets of the online algorithms while we leave
the competitive ratio analysis as future work.

B. Notations

For vector z € X C R™, norm ||z|| refers to the Euclidean
norm, and ITx (x) denotes the projection of z onto set X. We

we denote the transpose of vector = as z’. The same applies
to the matrix transpose. In addition, X T denotes the Cartesian
product X x X ... x X of T copies of set X. Moreover, we
define [T as the set {1,...,T} for a positive integer T". For
a function f(z,y) of z € Rm and y € R™. Let Vf(x,y) €
R™*™ be the gradient, and —(:E y) € R™ be the partial
gradient with respect to vector x. For random variable X, we
define E(X) as the expectation and var(X) as the variance of
the random variable. Finally, we define the big-O, big-Omega
and small-o notations. For = = (z1,...,7;) € R¥, we write
f(z) = O(g(x)) as © — +oo if there exists a constant M
such that |f(xz)| < M|g(x)| for any z such that z; > M
Vi € [k]; we write f(z) = Q(g(z)) as ¢ — +oo if there
exists a constant M such that |f(x)| > Mlg(z)| for any =
such that z; > M Vi € [k]; and we write f(z) = o(g(z)) if
limg—, o0 f(2)/9(x) =

II. PROBLEM FORMULATION

In this paper we consider a variation of online convex
optimization where the algorithm is subject to an additional
switching cost on the change of actions from one stage to the
next. We consider the case where a finite lookahead window
of the future cost function is available at each time. This is
motivated by the fact that in many applications, prediction
with high precision is available for the near future, e.g. wind
generation and load forecast [16] [17].

Formally, we consider online convex optimization over a
finite stage horizon T'. At each stage ¢t € [T], a sequence
of costs fy,..., fryw—1 from a function class is revealed
to the online decision maker.! This W -lookahead window is
“accurate” in the sense that these are the true cost functions
the algorithm will experience in future stages.> Given this
W —lookahead window, the decision maker needs to pick an
action z; from a set X C R™ which is assumed to be compact
and convex with a diameter D, i.e.,

|le —y|| <D, Vaz,yeX.

Denote the decision profile over the total 1" stages as x :=
(z,...,2%) € XT C R"T. The goal is to minimize the
total cost given by

- B
@ =3 (#la + Gl —2iaP) @

t=1

IStrictly speaking, it should be fi, ..., Jmin(t+W—1,T)

2Although this assumption might be unrealistic, it serves as a good
benchmark to study the effect of prediction on the online decision making.
We leave it as future work to handle inaccurate prediction.

where xo € X denotes the initial state of the decision and
B > 01is a weight parameter. We assume that X, x(, and [ are
known to the decision maker beforehand. This is reasonable
because they can be decided by the decision maker before-
hand. Notice that here we consider quadratic switching cost
functions, but the analysis can extend to other switching cost
functions with properties of such as monotonicity, convexity,
and smoothness.

In this paper, we consider the case where f; is strongly
convex, smooth, and with bounded gradient on X. This is
formally stated in the following assumption.

Assumption 1. For any stage 1 <t < T, the cost function f;
satisfies the following conditions:

i) a-strong convexity:
fy) = f@)+(Vf(x),y—z)

ii) l-smoothness:

fly) < f@)+(VF(z),y—x)+

iii) Bounded gradient on X,

(6%
+§||y—x||2, Yo,y € R"

l
QH?J—:UIIQ, Va,yeR"

Vi) <G, VzelX.

We denote the class of these functions as Fx(a,l,G).

Under this assumption, the total cost function C{ (x) has
the following property.

Lemma 1. If f1,..., fr are from the class of Fx(a,l,G),
the total cost function C¥ (z) is a-strongly convex and is L-
smooth on R™, where L = [ + 40.

The proof is deferred to Appendix A. Throughout the paper
we often denote the conditional number as Qf 1= ==

In the online decision problem we consider, the decision
maker is assumed to know the function class Zx (o, [, G), i.e
the parameters «, [, G, but the realization of the cost functions
fi,..., fr happens online.?

A. Online Algorithms

Now we are ready to formally state our problem and define
the online (deterministic) algorithms considered in this paper.
Consider prediction window W > 0. When W = 0, the
scenario reduces to the no-prediction one. Let I; denote online
information available at stage t > 1. I; consists of all past and
future predicted cost functions plus the initial knowledge of
the problem:

Iy = {1o, f1(-), - s fem1 (), fe )y ooy fraw—1(5) ), VE > 1

where [y stands for the initial knowledge of the problem,
«, I, G, (B and initial value x. An online deterministic algo-
rithm &7 can be characterized by a series of deterministic maps
{<,}L_| from information sets to X. Specifically, algorithm

3 As shown later, the exact value of «, I, G are not necessarily needed in the
proposed online algorithms. We assume the knowledge of these parameters
to simplify the mathematical expositions.



o/ computes an output ;7 based on map % and current
online information I; for all ¢:
aff = (L), Vtel[T] 3)

In the following, when we say ./ is an online deterministic
algorithm, we mean it satisfies (3). We remark here that I;
implicitly contains all the history decisions {xT}tT;ll because
these decisions are fully determined by I, C I;. The goal of
this paper is to design computationally efficient algorithms to
minimize the overall cost (2) and to understand the funda-
mental limit of such online algorithms (3). We will formally
define the online performance metrics in the next subsection.
Notice that the only requirement imposed by (3) is that it only
uses past information and prediction information to compute
the decision. This feature is generally satisfied by any online
algorithm that has been proposed in literature.

The problem setup has natural applications in many areas.
Here we briefly discuss two application examples.

Example 1. (Economic Dispatch in Power Systems.) Consider
a power system with conventional generators and renewable
energy supply. At stage t, let v, = {xy;}]— be the outputs of n
generators and X be the set of feasible outputs. The generation
cost of generator i is ¢'(x4 ;). The renewable supply is r, and
the demand is d;.

At stage t, the goal of economic dispatch is to reduce total
generation cost while maintaining power balance: Z?Zl Tii+
ry = dg. Thus we incorporate imbalance penalty into the
objective and consider the cost function

n

fi(ay) = ZCi(JTt,i) + ft(z Ty — 1 — dp)”

=1 i=1

where & is a penalty factor. In literature, ¢'(xy;) is usually
modeled as a quadratic function within capacity limit [5]. It
is easy to see that fi(x;) belongs to class Fx(a,l, G).

In addition to the costs above, ramping conventional gen-
erators also incurs significant costs, e.g. maintenance and
depreciation fee. In literature, such costs are referred as ramp
costs and modeled as a quadratic function of ramping rate
gHCL’t —za|? =2, §||xi,t — xi¢1||? [14] [15]. As a
result, the objective of economic dispatch for T stages is to
minimize the total costs including ramp costs

= B
H;Itnz (ft(xt) + 5”55# - l’t—12)
t=1

Although demand and renewable supply are uncertain and
time-varying, prediction are available for a short time window

[16] [17].

Example 2. (Trajectory Tracking): Consider a simple dynam-
ical system x4y = xy+uy, where x, is the location of a robot,
uy is the control action (velocity of the robot). Let y; be the
location of the target at stage t, and the tracking error is given
by fi(ze) = Sllze — yel|® There will also be an energy cost
Sor each control action, given by gHutHQ = g”ﬂft—&-l — x|

The objective is to minimize the sum of the tracking error and
the energy loss,

T—1
min ; (ft(ift) + g”fﬂtﬂ - $t||2> + fr(zr).
In reality, there is usually a short lookahead window W for
the target trajectory vy [34].

B. Performance Metric: Dynamic Regret

In this paper, we adopt dynamic regret as the performance
metric of online algorithms. Before the formal definition
of dynamic regret, we introduce some useful concepts. Let
{f:}1_, be a cost sequence. First, given an online algorithm
o/, we denotes algorithm .o7’s total online cost over T' stages
by Cf (z7):

- 8
o o of of
(@) = Z (ft(ft )+ 5”% - xt1||2>

t=1

where =% denotes the outputs of algorithm .27 and :véy = xg.
We remark here that 2/ and C¥ (2/) depend on the cost
sequence {f;}]_,. For the sake of simplicity, we do not put
{f:}I_, into the notations of ¥ and Cf ().

Secondly, we define the optimal offline total costs in hind-
sight by solving the offline optimization assuming {f;}7_, is
available,

T
T (% :
Gl =182

(7o) + Sl — e 1?)
1

where x* represents the optimal offline actions and z{j = .

Lastly, we define path length, which represents the variation
of cost functions {f;}£ ;, and plays an important role in the
dynamic regret analysis of online algorithms [2] [31]. In this
paper, we consider the path length of a function sequence
{fi}L_, as the accumulative absolute differences of stage
optimizers in consecutive stages:

T
Path length: Z 16: — 6:—1]| )
t=1
where 0; € argmin,, .y f;(7) is the stage optimizer at stage
t € [T] and 6y = x0.* It is easy to see that the path length is
within [0, DT] since X has a finite diameter D.
In the following, we let £r(Lr, Zx(a,1,G)) denote the
set of function sequences {f;}~ ; in Fx(a,l,G) whose path
length is no more than Lyp:

gT(LTa <Q\X(av la G))

T
= {fi}e1 © Fx(a,L.G) Y116 — b1l < L}
t=1

Notice that Ly serves as the budget of path length of func-
tion class .Zr(Lr, Fx(«,1,G)). Since path length is within
[0, DT, we only consider
0< Ly <DT
4 [2] gives an overview of possible characterizations of the variation of cost
function sequences in literature.



without loss of generality. When Ly and Fx («, [, G) are clear
from context, we write it as a short form .Zr in the rest of
the paper.

Now, we are ready to define the dynamic regret. The
dynamic regret of algorithm <7 is defined by the supremum of
the difference between algorithm online cost and the optimal
offline cost over all function sequences {f;}~ , in Zr,

Reg(o, %r) =  sup

(Cf (@) = Cf (x7)) (5)

()il er
Most literature, as well as this paper, try to design algorithms
that guarantee sublinear regret when path length is sublinear
in T [2], [4], [19], [31].

III. CLASSIC APPROACHES

Before presenting our algorithm, we briefly review some
classic algorithms in this section. For the setting without
prediction, we introduce the classic online gradient descent
(OGD) and its theoretical performance. For the setting with
prediction, we introduce the classic control algorithm, model
predictive control (MPC) and its variants.

A. Online Gradient Descent

In the classic online convex optimization setting, the deci-
sion maker needs to decide x; before f; or any other future
costs are revealed. Online Gradient Descent (OGD) chooses
the action by gradient update based on the cost function f;_;
and the action x;_; at the previous stage:

xy =Ix (ve—1 — YV fim1(z-1)) (6)

At stage t = 1, let x1 = x.

Though OGD is well studied in literature [8] [2] [1], to the
best of our knowledge, OGD’s dynamic regret for OCO with
switching costs has not been stated explicitly. Thus we present
it here.

Theorem 1. Consider the set of function sequences
Zr(Lr, Fx(a,l,Q)). Given stepsize v = 1/l, the dynamic
regret of OGD is upper bounded by:

Reg(OGD, fT) S 5LT

where § = (B/1 +1) <&

a-ny =

Proof. See Appendix B. O

In Section VI, we study the general lower bound of the
dynamic regrets for online optimization with switching cost.
When W = 0, the lower bound matches OGD’s regret upper
bound up to a constant (Theorem 3). Thus, when there is no
prediction available, OGD is an effective algorithm for online
optimization with switching costs. This is quite surprising
because OGD only takes one gradient evaluation and one
projection at each stage.

B. Model Predictive Control and Its Variants

When there exists a W-lookahead window, MPC is a
commonly used algorithm. At each stage s, MPC solves a
W -stage optimization problem:

C«;@+W71(

I)I(lgl Lgyon- 7I‘9+W—1) + T9+W(xs+W—1) (7)
where
s+W—1

cot )= )

t=s

(o) + Gk =il

Zs—1 is determined by previous iterations and Tsyw (Ts+w—1)
is a terminal cost function. Let ((z5)’, ..., (23, ,_;))" denote
the solution to (7). The output of MPC is x% at stage s.

Though MPC enjoys much better performance than OGD
thanks to prediction information, one major drawback of MPC
is that it requires to solve the optimization problem (7) at
each stage. This might lead to a large computational burden.
Considering that OGD is an effective online algorithm for
W = 0 by using gradient updates, a natural question is
whether we can utilize prediction effectively also by gradient
updates, which motivates the study of this paper.

In the rest of this paper, we will introduce two new
gradient-based online algorithms, Receding Horizon Gradient
Descent (RHGD) and Receding Horizon Accelerated Gradient
(RHAG). We will show that they, especially RHAG, achieve
almost the optimal online performance using the W -lookahead
window.

Before going to our algorithm design, we would like to
comment on previous efforts on reducing computational com-
plexity of MPC. In particular, the control community has
proposed several methods, e.g. inexact MPC and suboptimal
MPC [25]-[28], and studied properties of stability and tran-
sient performance for trajectories converging to a steady state.
However, in online optimization, optimal solutions generally
do not converge. Thus, current theoretical results cannot be
applied to the problem considered in this paper.

IV. RECEDING HORIZON GRADIENT BASED ALGORITHMS

In this section, we will introduce our two online algorithms:
Receding Horizon Gradient Descent (RHGD) and Receding
Horizon Accelerated Gradient (RHAG), and provide the dy-
namic regrets of these two algorithms. Both algorithms are
adapted from offline gradient based algorithms: gradient de-
scent and Nesterov’s accelerated gradient descent respectively.
Our online algorithms only evaluate gradients and projections
for W 41 times at each stage, so they are more computational
friendly when the projection on to set X can be computed
efficiently.

A. Receding Horizon Gradient Descent

Before introducing RHGD, we first analyze the special
structure of gradient descent for the offline optimization prob-
lem. This structure motivates our online algorithm RHGD.



1) Offline Problem and Gradient Descent: Given cost func-
tions f1,..., fr, the offline optimization problem is

T

(e + Flo—al?) @®

min CF = min
reXT ! ( ) T e}

Apply Gradient Descent to solve (8):

) =T yr (x(k_l) - nVClT(x(k_l))> )
where 77 > 0 is the stepsize, z(*) denotes the kth update of
x whose initial value is z(°). Considering the update of each
x;, we can rewrite the updating rule (9) as

o) =T (27 = ngi(a® Y, 20 2 50)) L a0

where t € [T], g:(-) denotes the partial gradient of CT(-)
T

with respect to xy, ie. gi(-) = aaczlt . Moreover, due to the

special structure of offline optimization (8), g:(-) only depends
on neighboring actions z;_j,x:,xs+1 and has an explicit
expression:

Vft(.Tt) -+ 5(2()3} — Xt—1 — I't+1), t< T
Vir(zr) + Blar —xr-1)

To ease the notation, we write gr(xr_1,27,Tr41) €ven
though there is no such x741 and gr(-) does not depend on

gt(mt—l,l’t,xtﬂ) =

gT(JJT—h T, -rT+1) =

TT+1.

Now let us consider the online scenario. The major difficulty
of online optimization is the lack of future information.
However, thanks to the special structure of our problem, rule
(10) only needs one-step-forward information x;; to update
x¢. Thus, given W-prediction, we are able to implement (10)
in an online fashion, which motivates our design of RHGD.

Algorithm 1 Receding Horizon Gradient Descent
1: Inputs: x( (action at time 0), W, stepsizes v, 7
2: x}fW — xo
3: fors=2—-W toT do

4: 1) Initialize x4y .

5:  if s+ W < T then

6: riw  lx (xilll/vfl - 'YVfSH/Vfl(xj;{l/Vfl))
7. II) Update xy, . ..,Ts1w—1 backwards.

8. for t = min(s + W -1,T7):-1: max(s, 1)d

9: ) My (277" Ugt(xi Lath g +1))

10: Ouputs: z} at time t = 1,...,7.

2) Online Algorithm RHGD: Roughly speaking, RHGD has
two parts: I) initializing each action by OGD, II) updating
each action by applying gradient descent for W steps. The
pseudocode is given in Algorithm 1. In the following, we
will first introduce the notations, then explain the algorithm
in details. In particular, we will show that our algorithm is
indeed an online algorithm, in the sense that the evaluation at
stage ¢ only requires information available at stage ¢. Finally,
we will discuss the computational overhead.

First we introduce the notations in Algorithm 1. To deter-
mine the decision z; at stage ¢, RHGD computes the initial
decision at stage ¢ — W, which is denoted by xi_w. Then
RHGD updates the value of z; by one gradient descent step

at each stage from s =t —W — 1 to s = ¢. Let z7 denote the
value of z, at stage s for s € {t — W +1,...,t}, where the
superscript specifies the stage when the value x; is computed.
The final decision of x; is computed at stage ¢, which is i,
the output of RHGD. In summary, for each decision variable
¢, we have,

I): Initial value: 2!~"

I): kth update:  z7, where s=t—W + k, k € [W]

Next, we explain the algorithm rules. First is the initializa-
tion rule. Recall that the prediction window at stage t — W
is [t — W,t—1], so fi_1(+) is available but f;(-) is unknown.
Hence, we apply OGD and initialize x; based on cost function
ft—1(-) and the initial decision Q:Et__ll)_w computed at the
previous stage:

mt - =1IIx (xit 11) _’vatfl(l’g:l)iwu (11)

where v > 0 is the stepsize and ml W = .

The updating rule is by rewritting the offline gradient
descent updating rule (10). Remember that a:t' is the kth update
of z; at stage s =t — W + k. Similarly, z;~ “2 ! , Ty are
the (k — 1)th update of x;_1, z¢, x¢+1 respectively. Therefore,

fors=t—W +1,...,t, we can rewrite (10) as

Hx (xt $f+1))

The only remaining thing is to check that RHGD only uses
available cost information at each stage. It has been shown that
the initialization rule at stage ¢ only uses cost function f;_1(-)
and the initial decision xgt:ll)fw computed at the previous
stage which are both available at the beginning of stage ¢.
In the updating rule, the function g;(-) is available because
f+(+) is predictable at stage s =t — W +1,...,t. In addition,
previously updated decisions x} " 12, 2571 are available because
they are computed before stage s. The only tricky part is xj
which is also computed at stage s. To deal with this, RHGD
is designed to update xj,; before x;i. More specifically, at
stage s, RHGD computes z, ..., zs+w backwards [See Line
7 and 8 in Algorithm 1]. In this way, =}, is available when
we compute zj fort =s,...,s + W — L.

Based on our discussion above, it is straightforward to
see that RHGD and offline gradient descent have identical
updating rules, as stated in Lemma 2. This relation is crucial
to our theoretical analysis in Section IV-C.

s—2 ,.s—1

ngt(xt 17xt (12)

s —
Ty =

Lemma 2. Given the same stepsize 1, let x; *) denote the
kth update according to gradient descent, and x; denote the
update at stage s. Notice that xj is the kth update when s =
t — W + k. If gradient descent and RHGD shares the same
initial values, i.e.,

x,(fo)—act W vt € [T]
then the output of RHGD is the same as offline gradient

descent after W iterations:

W) = xh vt € [T).

Proof. The main idea of the proof has already been discussed
above. We omit the details due to space limit. O



Here, we discuss the computational overhead of RHGD at
each stage s € [T']. At each stage s, RHGD carries out gradient
calculation and projection onto X for W + 1 times. When the
set X is simple, such as positive orthant, n-dimensional box,
probability simplex, and Euclidean ball, the projection onto X
admits explicit solutions which is computationally efficient. In
this case, RHGD is much more computationally friendly than
solving optimization exactly at each stage.

B. Receding Horizon Accelerated Gradient

RHAG is similar to RHGD except that RHAG’s updating
rule is based on Nesterov’s accelerated gradient method. In
this subsection, we will first introduce Nesterov’s accelerated
gradient method for offline optimization, and then present and
explain RHAG.

1) Offline Problem and Nesterov’s Accelerated Gradient:
Nesterov’s accelerated gradient method is well-known for
being the optimal first order algorithm [35]. It is more com-
plicated than gradient descent but enjoys a faster convergence
rate.

Here, we apply Nesterov’s accelerated gradient method to
our offline problem (8) and write the updating rule for each
action x; for t € [T]:

o =T (5" = g0 ) 13
y = (1 N - el
where n = 1/L, A = 1;% and yt(o) = xio) is given.’

Notice that Nesterov’s accelerated gradient method’s updat-
ing rule (13) only needs one-step forward information ;4 to
compute z; and y;. This pattern is similar to that of gradient
descent’s updating rule. Therefore, we can use the same trick
to design the online algorithm RHAG based on Nesterov’s
accelerated gradient method.

Algorithm 2 Receding Horizon Accelerated Gradient

1: Inputs: z( (action at time 0), W, «, stepsizes v, n
1-W 1-W

2: Y1 < To, Ty <~ Zo
3 1/L, A+ 1;\/@

4: for s=2—-W to T do

1) Initialize value for 1w, Ystw-

if s+ W < T then
vl < x (235w oy — Vw1 (21 5r-0))
Ysaw < Tw

II) Update (x5,Ys), - ., (Ts4+w—1,Ys+w—1) backwards

0: fort=min(s+W —1,T): —1: max(s,1) do

N R L 4 (/R (T T TRy

12: v = (1+ Nag — !

13: Ouputs: z! at time t =1,...,T.

R AN

—

2) Online Algorithm RHAG: We continue using the nota-
tions of RHGD: let x; denote the value of x; computed at
stage s, and y; denote the value of y; computed at stage s.

Similar to RHGD, RHAG initialize the value for z; using
online gradient descent at stage ¢ — W, as shown in equation

SFor simplicity, we assume L and o are known. When the parameters are
unknown, [35] provides a sophisticated way to design the stepsize.

(11). The initial value for y7 is given by y! =" = 2!~ . The
only difference lies in the updating rule. RHAG’s updating
rule is given below. For s =t —W +1,... ¢,

z; =Tx (v ' = nge(yi T v vie))
yi = (1+ Ay — At

By the same analysis of RHGD, xj, y; are the kth up-
date of the Nesterov’s accelerated gradient method where
k = s —t + W. Hence this updating rule is identical to
the offline Nesterov’s accelerated gradient method’s updating
rule (13) upto W updates. To guarantee the availability of
Y;+1 when computing online updates, we apply the same
trick: at each stage s, we compute (s, Ys), - - -, (Tsow, Ys+w )
backwards. In summary, RHAG and Nesterov’s accelerated
gradient method have the same updating rules, as stated in
Lemma 3.

Lemma 3. Let :E,Ek) denote the kth update according to

Nesterov’s accelerated gradient method, and x; denote the
update at stage s of RHAG. Notice that xj is the kth update
where s = t—W +k. If Nesterov’s accelerated gradient method
and RHAG shares the same initial values

0 _
xi ) = 2t~V vs € [T
then the output of RHAG is the same as offline Nesterov’s
accelerated gradient method after W iterations:

xﬁW) = x},Vs € [T).
Proof. The main idea of the proof has already been discussed
above. We omit the details due to space limit. O

Similar to RHGD, RHAG also carries out W 4 1 gradient
evaluations at each stage which is more computationally
friendly than MPC especially when the projection onto X can
be computed easily.

Remark 1. The initializing rule in both RHGD and RHAG
does not have to be OGD. The advantage of using OGD is that
it has good theoretical performance and is easy to implement.
Generally speaking, any fast online algorithm for prediction-
free problem with good theoretical results can be used as the
initialization rule.

C. Performance Analysis: Dynamic Regret

Now, we provide upper bounds on dynamic regrets of
RHGD and RHAG. We will show that both algorithms’
performance improve exponentially with W. Moreover, RHAG
enjoys better performance than RHGD. For the purpose of easy
exposition, we let g = 0 without loss of generality.

The theorem below provides upper bounds on RHGD and
RHAG’s dynamic regrets.

Theorem 2. Consider the set of function sequences
“r(Lr, Fx(a,l,Q)). Given stepsizes v = 1/l, n = 1/L,
the dynamic regrets of RHGD and RHAG are upper bounded
by

Reg(RHGD, %r) < Qs5(1 — QL)WLT (14)
f



1
Reg(RHAG, %r) < 26(1 — ——)" Ly

\/QTf
=/0=9), Q=1L

Before the proof, we make a few comments on the bounds.

Firstly, notice that the bound in (14) depends linearly on L.
Thus, when cost functions fluctuate sublinearly, both RHGD
and RHAG achieve sublinear regret. Moreover, in Section VI
we will show that when L7 is lower bounded by a constant
factor, any online algorithm’s dynamic regret is at least O(L).

Secondly, the upper bound decays exponentially fast with
the prediction window W. Thus, our online algorithms’ per-
formance improves significantly by increasing the lookahead
window. This means that our algorithm uses the prediction
information effectively.

Finally, since Q¢ > 1, we have

1 1
l——>1— ——

V@r
so RHAG’s dynamic regret decays much faster than RHGD’s,
especially when @ is large. This means that RHAG uses
prediction information much more efficiently. We will further
show that RHAG provides a nearly optimal way to exploit
prediction information in Section VI.

Now we are ready to prove Theorem 2.
Proof of Theorem 2: Let’s first prove the bound for RHGD.
Applying Lemma 2, we can convert the dynamic regret of
RHGD to the objective error of offline gradient descent after
W iterations

(15)

where § = (5/1+1) o R),

Reg(RHGD, Zr) = Cf (™) — cf («¥)

sup
{fiyil er

where z(W) = {2(") .|
after W iterations.

According to convergence rate of offline gradient descent
for strongly convex and smooth functions, we have

acgpw)} are gradient descent outputs

Reg(RHGD, %r)
1

< sup (CF@) - (@)Qr(1— =)W
{fe¥e&r Qf
In addition, the initial values :cgo), e 790&0)
of OGD. As a result,

are the outputs

Reg(OGD, %r) = (CT (@) - of (%))

sup
{fi}Yil er

Thus, by applying Theorem 1 we have the upper bound for
RHGD.

Similarly, for RHAG, the dynamic regret can be bounded
by the error bound of offline Nesterov’s accelerated gradient
method after W iterations:

Reg(RHAG, %r)

<2 (CT @)~ of (@) (1 — —=)"

sup
{ft}?=1 €L

Apply OGD’s regret bound in Theorem 1, we prove the upper
bound of RHAG’s dynamic regret.

V. LOWER BOUNDS: FUNDAMENTAL LIMITS ON DYNAMIC
REGRETS

In this section, we will provide fundamental perfor-
mance limits for online deterministic algorithms for both no-
prediction case and finite-prediction window case. We con-
sider any online deterministic algorithm, without constraints
on the computational power at each stage. We show that
among any deterministic online algorithms, OGD achieves an
optimal regret upto a constant when there is no prediction and
our algorithm RHAG is near-optimal when there is a finite
prediction window under some mild conditions.

Recall the online algorithms defined in Section II-A. I;
denotes all the online information available at stage ¢, and an
online algorithm o/ defines a map from I; to x; € X for all
t € [T], as shown in (3). Notice that the only requirement
imposed by (3) is that it only uses past information and
prediction information to compute the decision. The algorithm
can either use gradient-based algorithms like our RHGD and
RHAG, or optimization-based algorithms such as MPC, or any
other methods no matter how complicated the computation is.
However, we will show that even for such a broad class of
online algorithms, there are fundamental limits on the online
performance for both no-prediction case and W -prediction
window case, and our proposed gradient-based algorithms
nearly match these limits.

A. Lower bounds

In the following, we will provide a lower bound on the
dynamic regret for any online deterministic algorithm in the
no prediction case.

Theorem 3 (No prediction). Consider the set of quadratic
function sequences Lr(Lr, Fx(o,a,G)), where a,G can
be any positive values. Suppose T' > 1 and W = 0. For any
online deterministic algorithm <, the dynamic regret is lower

bounded by:
Reg(,ﬁaﬁfT) > TGLT (16)

_ o’(1—p)?
where T = EVICEREE

\F +1’ and Qy = a+4ﬁ

Recall that the regret is defined over the supreme of the set
Zr of function sequences:

Reg(o/, %r) =  sup

{ft}z=1 €Lr

(CT («7) = Cf (2"))
Roughly speaking, the lower bound indicates that for any
online algorithm .27 without prediction, there exists a sequence
of functions fi,..., fr from the quadratic function class
Fx(a,a, G) with path length Ly such that

(@) -l («*) = QL)

This demonstrates that no sublinear regret is possible if the
path length is linear on 7. Notice that similar impossibility
results have been established for online optimization without
switching cost [31].

Comparing the lower bound with the upper bound of OGD
in Theorem 1, we note that the upper bound of OGD matches
the lower bound upto a constant term, which means that OGD
with constant stepsize, as given in Section II-B, achieves



a nearly optimal regret even though it only uses one step
gradient calculation. We also point out that similar results
are established for online optimization without switching costs
[31].

The following theorem provides a lower bound for the
prediction case.

Theorem 4 (W-prediction window). Consider the set of
quadratic function sequences, £r(Lr, #x(a,a,aD)) where
« can be any positive value. Suppose T' > 2W and W > 1.
For any online deterministic algorithm <7, the dynamic regret
is lower bounded by:

TaD 2WL if L> D
Reg(o/, Lr) > oo L W2 a7
3p L2 ifLyr<D
VQ;—1 @ a2(1—p)?
wherep—ff+1, Qf = +4ﬂ,and7:ﬁ.

Similar to no prediction case, the lower bound for W-
prediction window case indicates that for any online algorithm
o/ with W € [1,%] prediction, there exists a sequence
of functions fi,..., fr from the quadratic function class
Zx (o, a,aD) with path length L7 such that

CT(27) - T (o) = Q0™ Lr)
when Lt > D and
Cl (@) = Cf (z*) = Q(p*V LF)

when L7 < D. Before the proof, we would like to provide
some discussion on the results.

Dependence on the prediction window W > 1.

Theorem 4 shows that when prediction window is not large,
e.g., W < T/2, the dynamic regret decays at most exponen-
tially with prediction window W. In addition, to reach a regret
value R, the window W is at least:

W = Q((v/Qf — 1)log(Lr/R))
by p*" > exp(——ZF—).
On the other hand, by Theorem 2, we have that to reach

the same regret value R, the prediction window W needed by
RHAG is at most:

W < O(\/Qylog(Lr/R))
by (1 —1//Qn)W < exp(~W//Qj).

Comparing the two requirements on W, we claim that
RHAG exploits the prediction information in a nearly optimal
way even though RHAG only carries W + 1 steps of gradient
calculation per stage. This confirms the intuition that when W
is not large, the major factor that limits the online algorithm
performance is the limited prediction information, not the
computational power. Our results tell that the limited predic-
tion information can be exploited by a few gradient updates.
Intuitively, given limited prediction information, the online
optimization problem is like an optimization with inaccurate
objective. Solving an inaccurate optimization completely will
not help improve the performance because the error in the

objective is a leading error term. Similar arguments can be
found in suboptimal MPC [28].

We also want to point out that the factor % in the condition
W < T/2 is not restrictive, and can be relaxed to W < T'/c
for any constant ¢ > 1. This relaxation will only affect the
constant factor gz in the lower bound in Theorem 4.

We also want to briefly comment on the large prediction
window scenario, especially when W is very close to 7.
In this scenario, the major limiting factor is not prediction
information, but the computation power. Since the broad
class of online algorithms defined in (3) does not restrict the
computational limit, the regret can be very close to 0 when
W =~ T. In the extreme case when W = T, the problem
becomes an offline optimization, and the regret is equal to 0
by an infinite number of offline gradient descent steps. Since
in practice, W is always small compared to 7', we only study
the case of small W.

Dependence on the path length L.

Notice that the lower bounds are different when L > D and
when Ly < D. We will first discuss each scenario one by
one, then explain why lower bounds are different in these two
scenarios.

When Lr is large, or Ly > D, the lower bound depends
linearly on Ly. This means that given a O(T') linear path
length, there is no online algorithm that can achieve sublinear
regret even with a finite prediction window. Notice that RHAG
and RHGD’s regret upper bounds also depend linearly on L,
so we can claim these two algorithms achieve an optimal
dependence on the path length L when Ly > D. We
also point out that by definition, the path length Lp is
nondecreasing with T'. Thus, given a large horizon 7, it is
very likely that L; > D since D is a constant. Thus it is
reasonable to say that our algorithms RHAG and RHGD are
optimal with respect to L.

When Ly is small, i.e. Ly < D, the lower bound is propor-
tion to L2, which is smaller than DLt ~ O(Lt). A O(L%)
bound can be achieved by a simple online algorithm where
x¥ = 0. This is verified by the following arguments. Since 6;
minimizes each f;(-), the dynamic regret of 7 = 6, is upper
bounded by the switching costs, i.e. Zthl g”@t —6;_1||%, and
we have Z?:l 16; — 0,—1||*> < L2.. However, when there is
no prediction, i.e., W = 0, this simple online algorithm can
not be implemented because f(-) is not available at stage ¢.
This roughly explains the major difference between the no
prediction and prediction cases.

Now we roughly discuss the reasons behind the different
lower bounds given different L. First, notice that Ly can
be viewed as the “budget of variation” of the cost functions
in the sense that ), ||6; — 6:—1|| < L, and the dynamic
regret for a given algorithm <7 can be viewed as the largest
possible difference between online and offline performance,
ie., O (z7) — CF(x*), given such budget Lr. To find such
“largest” possible difference is to allocate the budget Ly
among different stages ¢t € [T] to maximize C{ (%) —
CT(z*). Roughly speaking, we can show that given a single-
stage variation ||#; — 6;_1]| = v, there exist cost functions
such that the dynamic regret increases by O(v?) (Lemma 6).



Because (v1 + 12)? > vi + 13, the best way to maximize the
difference Cf (z) — C{ (z*) is to spend all of the budget
Lt at one stage. However, since X is compact with diameter
D, the maximum change of #; at one stage is D. When
Ly < D, we can follow the preceding argument to let all the
variation L7 happen at one stage and receive O(L%) regret.
When L > D, we let 6, changes by D for % stages, i.e.,
|6; — 0¢—1]| = D for L= times. The corresponding dynamic
regret will be at least O(D?£2) = O(Ly).

B. Proofs of the Lower Bounds

The proofs are based on constructions, and the main ideas
behind the constructions are very similar for Theorem 3 and
4. Hence, in this subsection, we only present the proof for
a special case: Theorem 4 when Ly > 2D. The remaining
proof of Theorem 4 and the proof of Theorem 3 are deferred
to Appendix G and H respectively.

Recall that the dynamic regret is defined by

Reg(of, %r) =  sup (C’lT(x’d) — Cf(a:*))

{ft}thlegT
To show the lower bound, we will construct a sequence
{fi(OYL, € Zr(Lr, Zx(a,a,aD)) for any online deter-
ministic &7 such that

" TaD
T (@) - CT(a*) = T2

p*" L (18)

The major trick in our proof is that instead of constructing
a specific cost function sequence, we will construct a random
sequence and show that the inequality (18) holds in expecta-
tion. Then, there must exist one realization of the random cost
functions satisfying (18). The proof takes four steps:

1) Construct a random sequence {f;(-)}7_;.
2) Characterize the optimal solution
x* = argminr CT (z).
3) Characterize the online algorithm output 2/ using
4) Prove the lower bound for E[C{ (%) — CT (x*)].
For simplicity, we consider one dimension case X C R.

Without loss of generality, we consider zyp = 0 and X =

[—L2, 2] with diameter D.

Step 1: construct random {f;(-)}]_;:
For any @ > 0, and 8 > 0 (when 8 = 0, it is trivial), we
construct parameterized quadratic functions as below:

ft(l‘t) = %(xt - 9t)2

When 6, € X, fi(x¢) is in the function class Fx (o, o, aD),
in addition, 6; = arg miny fi(x¢).

Now, constructing { f;(-)}7_, becomes constructing the vec-
tor @ = (01,...,07) . Notice that instead of designing specific
0 for each online algorithm o7, we will construct a random
vector 6, as discussed below.

For each Ly > 2D, define A = [T/|Ly/D]], then divide
T into K =[] parts:

1,...,A,IA+1,...,2A,...7(K—1)A—|—1,...,T

19)

where each part has A stages, except that the last part may
have less stages. Notice that since 0 < Ly < DT, when

Lt > D, we have 1 < A < T. Hence the construction is
well-defined.

At the beginning of each part, i.e., when ¢t = 1 (mod A)
for 1 <t < T, we draw 0, i.i.d. from distribution P(6; =
L)y = P9, = —L£) = 1. For other stages in each part, we
copy the parameter of the first stage of the corresponding part:

0y = Opas1, kA+2 <t <min(kA+A,T), k=0,..., K—1

We will show in the next Lemma that for each realization of
0, the path length is no more than L. The proof is deferred
to the Appendix C.

Lemma 4. Consider the sequence {fi(x4)}_, where
fe(we) = §(2 — 0,)2. For any Lt > 2D, define 6, as above.
Then the path length of {fi(x4)}L_, for every realization of
0; is no more than L, i.e.

T
ST 16: — 6|l < Ly
t=1

where 0y = x5 = 0.

Step 2: characterize =*

For the constructed quadratic function sequence {f;(-)}7_,
in Step 1, the optimal solution z* admits a closed-form
solution: z* = A#. This closed-form solution specifies how
xy depends on the future cost functions, i.e., 6,4, for 7 > 0.
By analyzing the matrix A, we can show that the dependence
decays at most exponentially. The above discussion is formally
stated in the next Lemma, and proved in the appendix.

Lemma 5. For any 6 € X7, there exists a matrix A € RT*T,
such that z* = A0, where x* = argminyr CT(x). In
addition, A’s entries satisfy

oY
At 4 = w(l —p)p”

where p = @_1,f0r 7>0and T > 1.
Vers
Step 3: characterize z
We claim that z{7 is a random variable determined by
{0,111V 1 The reason is given below.
First notice that z* is a random variable because { f;(-)}7_;
is random. For any online deterministic algorithm, we have

o

ﬂff{ = «@ft(fh .- ~7ft+W71)

and fi,..., fiyw—1 are determined by 604,..
t+W=1
s=1

Therefore, ¢ is determined by {6,}‘*

Step 4: lower bound E[CT (z) — OT (x*)]:
Consider a set of stages J defined by

O w—1.

J={1<t<T-W,t+W=1 (mod A)}

It is straightforward that

T
Ele? —a*|* =Y Ellzy —i[* = Y Elof — 27|
t=1 tedJ



. ; D?
If we can show i) E ||z —27 || > a“% fort € J(Lemma

6), and ii) |J| > é—% (Lemma 7), then we can lower bound
E|lz? — 2*||* by
o o aiw D’
E K12 > E K12 > >
e I e e D
teJ teJ
2 2 2
ag D LrD o 2 oW
= |J|—= > 1- 20
I > S () - @0
where the last inequality is by Lemma 5.
Then, since C¥ (z) is a-strongly convex, we have
E[C] @) - O] @) 2 E 5+ — "
2
aD o
> (1 — 2(_ = L 2W
= 56 (1) (a+5) Tp
where the last equality is by (20). O

Below are the formal statements of Lemma 6 and 7. We note
that Lemma 6 provides insight on how single-stage variation
affects the dynamic regret. Remember that by construction,
the variation at stage ¢ + W satisfies ||0;1w — Orrw—1|| < D
when ¢ € J. Lemma 6 shows that such a variation results
in a O(D?) difference between online action and the optimal
offline action at time ¢, which will increase the dynamic regret
by O(D?) due to strong convexity. Even though here D is the
action space diameter, the result remains unchanged for any
v < D following the similar construction and proof arguments.

Lemma 6. Given random 6 as defined above, for any online
deterministic algorithm <7, we have

a? D?
Bl —af|* > =", VielJ
Proof. See Appendix E. O
Lemma 7. If T > 2W, and Lt > 2D, then
Lt
J| > —
1712 12D
Proof. See Appendix F. O

VI. A NUMERICAL STUDY: ECONOMIC DISPATCH

This section presents two numerical experiments: 1) an
economic dispatch problem as introduced in Example 1 using
real data; 2) a special case where RHAG and MPC has similar
performance.

A. Economic Dispatch
In this subsection, we consider an economic dispatch prob-
lem, defined in Example 1, with three conventional generators
with quadratic costs given below.
cMNwe1) = 1.4(xe1)? + 15241 + 10
cz(zt,g) = 1.6(xt72)2 + 10z 2 + 27
A (w13) = 2(w1,3)” + 6243+ 21
Change setup and figures to beta =10, xi =0.5, upper bounds

higher. Besides, we consider a high-penetration of wind supply
as shown in Figure 1 (b) where the data is from [36]. Figure 1

TABLE I
RUNNING TIME OF RHGD, RHAG AND MPC
W
o 5 10
RHGD 8.8781x10~° | 1.4923x10~%
RHAG 1.0416x10~% | 1.9052x10—%
MPC 0.0105 0.0110

(a) depicts the load profile of Bonneville Power Administration
controlled area from January 1 to January 5 in 2017 [36].
Each stage corresponds to 5 minutes. For simplicity, we let
& = & = 1.2, B = 1, the capacity of three generators be
[3x103,2.6 x 10%,2.1 x 10°]MW, and the starting generation
amount be [2 x 10%,1 x 103,1 x 103]MW in the simulation.

Figure 1 (c) presents the dynamic regret of RHGD, RHAG
and MPC in a log scale as a function of prediction window
W. Notice that when W = 0, i.e. without prediction, RHGD
and RHAG reduces to classic OGD. When W increases, the
regrets of all three algorithms decay linearly in a log scale,
demonstrating exponential decay rates. Moreover, RHAG de-
cays faster than RHGD, aligned with our theoretical results in
Theorem 2. Finally, even though RHAG has larger regret than
MPC, to reach the same dynamic regret, the prediction window
size needed by RHAG is almost three times the prediction
window size needed by MPC, which matches our analysis
that RHAG exploits prediction information near-optimally.

Table I compares the computational time per stage of
RHGD RHAG and MPC for W = 5,10. All algorithms are
implemented via Matlab, and MPC uses Matlab’s quadprog()
solver to solve the optimization. Notice that RHGD and
RHAG are significantly faster than MPC, which is intuitive
because RHGD and RHAG are gradient based while MPC is
optimization based.

B. A special example

In this subsection, we provide a special case where RHAG
performs almost the same with MPC. Consider the quadratic
cost functions defined on [0, 4] in 16 stages:

ft(-rt) = O5(.I’t — 9,5)2

where 6, are [0,0,4,0,0,4,0,4,0,4,0,4,4,0,4,4]. 8 = 13
and zo = 0. The stepsizes are based on the strong convexity
factor and smoothness factor.

Figure 1 (d) compares the dynamic regret of RHAG and
MPC. Here we don’t compare RHGD because it has poorer
performance than RHAG. Notice that RHAG has very similar
performance to MPC by using much less computation than
MPC. This figure reflects the main message of this paper:
more computation may not improve (much) performance in
the online setting.

VII. CONCLUSION

In this paper we study online convex optimization prob-
lems with switching costs and propose two computational
efficient online algorithms, RHGD and RHAG. Our online
algorithms only use W steps of prediction and only need
W + 1 steps of gradient evaluation at each time step. We
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Fig. 1. (a) (b) are demand and wind generation profile every 5 minutes from January 1 to 5, 2017, from Bonneville Power Administration [36]. (c) depicts
the dynamic regret of RHGD and suboptimal MPC for the economic dispatch problem. (d) shows the dynamic regret of RHAG and MPC in a small example.

show that the dynamic regret of RHGD and RHAG decay
exponentially fast with the prediction window . Moreover,
RHAG’s decaying rate almost matches the decay rate of the
lower bound of general online algorithms, meaning that RHAG
exploits prediction information near-optimally by using much
less computation time. This means that in the online setting,
more computation may not improve (much) performance. As
a by-product, we also show that OGD is the optimal online
algorithm in the online optimization with switching costs and
without prediction.

There are many interesting future directions, such as 1)
generalizing the method to handle imperfect prediction, ii)
designing and studying other computational efficient online al-
gorithms such as suboptimal MPC, iii) studying projection-free
algorithms to further reduce the computational complexity.
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APPENDIX
A. Proof of Lemma 1
Proof. Remember that C7 () = 3", (fo(we)+ 5 [|zs—a—1[|?).
Since ), fi(x¢) is a-strongly convex and [-smooth, we only
need to study Zle ngt —x¢_1]|%. It can shown that the Hes-
sian of Zthl §||xt — x4_1]|? has eigenvalues within [0, 4/3].
So L =1+ 4f, and C¥(z) is a-strongly convex. O

B. Proof of Theorem 1

Before the formal proof, we introduce a supporting lemma,
which upper bounds the switching cost of OGD outputs.
Lemma 8. Given f; € x(o,l,G) fort = 1,...,T, and
stepsize 1, the outputs of OGD {x,}]_, satisfy

T

T

2G
> s =@ ® < 0= r) > N0 = 0:-1
t=1 t=1

where 1 is chosen to be x1 = xo, k = /(1 = F), 0y 1=
argmin, cx fi(x;) for 1 <t <T and 0y = xo.
Proof. Firstly, given 1 = xg, we have

T

T-1
Z e — $t71||2 = Z |e41 — xt||2
t=1

t=1
According to Corollary 2.2.1 (2.2.16) p.87 in [35]

T-1

Z 211 — ae]|® <

t=1

Since f; € Fx(a,l,G), and ||z — 67| > 0,

~I o

T-1
Z(ft(xt) — fu(01)) 2D

T-1 T-1 T
ST flw)=fi(0) G D =0 < G |la—0:] (22)

t=1 t=1 t=1

The remainder of the proof is to bound 3., [|lz; — 6;]|. By
triangle inequality of Euclidean norm,

T T
D llwe =0l <D (lwe — O] + 16— 6 1)) (23)
t=1 t=1

From Theorem 2.2.8 p.88 in [35], we have

T T—1
Z |zt = Ol < & Z |z — 64|
t=2 t=1

where x = /(1 — 7). Plug this in (23), we have
T T-1 T
D lwe =0 <Y lwe =60+ Y110 — il
t=1 t=1 t=1

T T
<k o= 0+ Y10 —all 24
t=1 t=1

where the first inequality is by x; = 6y = ¢, and the second
one is due to ||xp — 67| > 0.
Regrouping the terms in (24) gives us:

T 1 I
Ty — 04| < —— 0 —0,_
Sl =0 < 7 3= 1|

This inequality together with (21) and (22) proves the bound
in the lemma. O

(25)

Now we are ready to prove Theorem 1.
Proof of Theorem 1I:

RCg(OGD, gT) <
T

(fe(me) = fe(@p) + B/2]l @y — me—1|?)

~
Il

AT
[M]=

(felze) = fu(00) + B/2||lme — 21 1?)

~
Il

="

T
G
<SGz — 0l + > 110 — eHH—l(l —
t=1 t=1
G T T G
< - — — "
S ; 10 — 01| + ; 16 Htﬂ”l(l -

&
(1—-r)

The first inequality is by throwing away negative term
—B/2||lzf — x}_,||?. The second one is because #; minimizes
fi(z¢). The third one is from bounded gradient and Lemma
8. The last one is by (25) and combining like terms.

Then we have proved the upper bound on the dynamic regret
by taking supremum on both sides of the inequality above. [

Iel T
= (B/1+ ”@Z 16: — 01| < (B/1+1) Lr

C. Proof of Lemma 4:

According to the construction, for any realization of 6;, we
have

T K—1
Z [0: — 01|l = Z 0kat1 — Okl < DK
t=1 k=0

In the following, we will show that K < Ly /D, then the
proof is done. Remember the definition of A:

A=[T/|Lr/D|] 2T/ Lr/D]



Equivalently, |Lr/D] > T/A Since K =
Z| i > T/A}, and | Lt /D] € Z, we have

[£] = min{i €

K <|Lr/D] < Lr/D

D. Proof of Lemma 5

The proof takes four steps:

(D study unconstrained optimization and show that z* =
arg mingr CT (x) = Af.
(II) show that the constrained optimization admits the same
optimal solution: z* = Af
(II) give closed-form expression for matrix A
(IV) lower bound the entries a; .y, for 7 > 0 of matrix A
(I) Unconstrained optimization arg mingr C{ (z) = A6.
Remember that

1= i

t=1

- 8
5| Sllee 0 + Sl — wral?]

t=1

O — i ﬂ

Notice that C{ (x) is strongly convex, then the first order
condition is a sufficient and necessary condition for the
unconstrained optimization mingr C{ (z):

Oé(ll?t — Gt) -+ 6(2$t — Tt—1 — I’t+1) = O7 te
a(a:T — GT) =+ 6(33'1“ — xT_l) =0

[T —1]

By ¢ = 0y = 0 and canceling « on both sides, we can write
the linear equation systems in the following matrix form:

Hx =20

where H is given as below:

1+28 28 0o - 0
-5 1428 8 0
H = 0 -8 1428 0 (26)
0 0 0 142

Notice that H is strictly diagonally dominant, so H is in-
vertible. Therefore, the optimal solution to the unconstrained
optimization, #* = arg mingr C{ (x), is given by

= A0 where A= H!

(II) The constrained optimization has the same solution.
Since H is strictly diagonally dominant, then by Theorem 1
in [37], we have

1
Alloo = [|H Moo < =1
[Alloc = [[H™ oo < 1SS Jge| — > ose 1hesl
Besides, since H has negative off-diagonal entries and positive
diagonal entries, and is strictly diagonally dominant, the
inverse of H, denoted by A now, is nonnegative. Therefore, for

each ¢, Z; can be written as a convex combination of elements

in X:
T T
= Zat,ses + (1 - Zat,8>0
s=1 s=1

because 0;, 0 € X. By convexity of X, we have Z; € X, then
naturally, 7* € X7. As a result, z* = argminyr C7 (z) =
arg mingr C7 (z) = #* = A6.

(III) Closed form expression of A.

Since matrix H has many good properties, such as strictly
diagonal dominance, positive diagonally entries and negative
off-diagonal entries, tridiagonality, symmetry, we can find a
closed-form expression for its inverse, denoted by A now,
according to Theorem 2 in [38]. In particular, the entries of A
are given by a .y, = %uthT for 7 > 0 where

up = —2 1 vp = !
i\’ T —ur o+ (- Dur

_ 1 Tt o (E=1)p—p?
’Ut—CSPT_t + cap C3_UT< 1_p2

1-(-1)p
Cy = Vvp—————
1—p?
and p = VOs-1 & = a/B + 2. Since A is nonnegative and

\VQr+1’

u, is apparently positive, we have v, > 0 for all ¢.

(IV) Lower bound a; 4, for 7 > 0.

We will bound w;, vr and vyi,/vp separately and then

combine them together for a lower bound of a; ;. for 7 > 0.
First, we bound u; by

t P 2t

since t > 1 and p < 1.
Next, we bound vr in the following way:

o~ Top = 1 1—p?
E=DA=p*)=(p=p*""") »

S 1 1—p? 1 1—p?
TE-DA=p") p TE-1 p

20542 Qs
Q-1 P T J/Q +1

isby T > 1, (p— p?T=1) > 0; the second inequality is by
0<p<l.
Then, we bound v;4 .

Vigr —1)p—p? 1—(6-1
pT—t=T t+r _ (€ )P P + (€ )pp2(T—t—T)
vT 1-— 1-—

o (E=Dp—p? p+1—p P 1—p

- 1— p? 1— p? 1—p?
where the inequality is by 1 — ({ — 1)p > 0, vp > 0, and the
second equality is by p? — &p+1 = 0.

Finally, combining three parts together,

where £ = % + 2= ; the first inequality

ouser = § o] [pTor] o]

a 1

1—p2(1—p a
- r 1= p)p”
Z e, (1p2)” P Ll




E. Proof of Lemma 6
Proof. Define
(O,...,O,at7t+w,...,
xy = a,f = b6 + 6.
E(z? — x;‘)“‘ ]E( 7 _ b0 — c)0)?

E(z? — b,0)% + E(c;9)2 —2E&,0(z

E(c,0)% — 2 c,0(x — b}0)

E(c;0)? — 2E(z¥ — b,0) Ec,0 = E(c,0)?
where the second last equality is because (z7 — b,6) i
determined by {0}V =1, ¢/6 is determined by {6, }s:tJrW’

{6,151 and {6, }s:t+W are independent when ¢ € .J; and
the last equality is because E 0; = 0 for each ¢.

,ay T) c
¢;. By Lemma 5,

(Clt717 ..
asr), and b, = a; —

I
ay

— b9

Denote ¢; = (¢t,15---,C,1)-
T K—1 [min(T,kA+A)
ct0 = Ct,sgs = Ct,s 0kA+1
s=1 k=0 s=kA+1

and Oya 41 are iid. for K =0,..., K — 1 with zero mean and

var(0;) = D?/4. Thus,
K—1 [min(T,kA+A) 2
E(c},0)? = var(c}0) Z Z cts | var(Orati)
k=0 s=kA+1
2
K—1 [min(T,kA+A) 2 2
a D
= D?/4 Do | 2
k=0 s=kA+1

where the last inequality is because c¢; is nonnegative with the
first t + W — 1 entries being zero. O

FE. Proof of Lemma 7:
Before the proof, we introduce a supportive lemma.

Lemma 9. If T > 2W, and Lt > 2D, then
T-W T-W
s A 2A
Proof. Notice that if © > 1, then |x] > x/2. Thus, all we
need to show is that Z=W > 1, or equivalently T — W > A.
Remember that A = [T/|Lr/D]|]. If we can show that
T —-W > T/|Lr/D], then by the fact that T — W is an
integer, we have T — W > [T/| Ly /D]].
Equivalently, we want show |Ly/D| > =L . Notice that
when Ly > 2D, we have |Ly/D]| > 2. When T > 2W > 0,
we have

] >

T < T
T-W ~T- T/ 2
Therefore, we have |Ly/D] >

=2

W

Proof of Lemma 7. Rewriting the definition of set J as

J={1+W <t<T, t=1 (modA)}

Then we have
T-W
A

T-W

J] = A

[T/A] = [W/A] = |

] >

S 1 T-W ll /D] T-W
= 2T/LLT/DJ +1 = g tbr/Plgy |Lr/D]
T-T/2 1
> — el
> S| Lr /D) A r — 5L2/D)]
1
Z - X LT/D = fLT/D
8 1
where the first equality is straightforward after rewriting the

set J, the first inequality is a property of floor and ceiling
functons, the second inequality is by Lemma 9, the third
inequality is by A = [T/|Ly/D]] < T/|Lr/D] + 1, the
fourth inequality is by 7" > 2W and Ly < DT, and the last
inequality is because Lt /D > 2, and |z]| > %x when > 2.

O

G. The remaining proof of Theorem 4

There are two scenarios to be discussed: D < L < 2D,

and 0 < Ly < D. We do not consider L7 = 0 because it is
trivial. The proof will still be based on constructing parameters
for the parameterized quadratic function given by (19), but this
time we will let the cost function changes only once because
L1 is small.
Scenario 1: D < Lt < 2D. When W > 1,T > 2W > W+1.
For 1 <t <W,let 0, =0. Att = W + 1, let §; following
the distribution P(6; = £') = P(6, = —&) = 1. For the rest,
just copy the Oy 1: 0 = Oy qq for W +2 <t <T.

It is easy to verify that for any realization of 6, Zthl 16: —
bl = 8wl = 2 < & < Ly.

By Lemma 10 to be stated below, we have E ||z —2*||? >
Ellaf’ — af? > Sugrl

sequence such that

As a result, there must exist a

(&%

cf(@?) - cf(a*) > §||x” —z*|?
aD? oW 9 o 2
> 1-—
> F (1-p) <a+,6’)
aDLy oy L o \’
> 22T 1-
> 5P (1-p) Py

The proof is done.
Finally, we provide Lemma 10, which will be useful in
0 < Ly < D scenario and Theorem 3’s proof as well.

Lemma 10. For any W > 0, consider the quadratic cost
function (19) with a sequence of parameters 0 satisfying: i)
01 =+ =0w =0, ii) Oy following distribution P(0; =
) = IP’(Ht =-%) = %for 0 < v <D,iii) 6, = 0wy for
+ 2 <t <T. Then, for any online algorithm <, we have

[NIAS

S

aiy wv?
4

Proof. The proof is very similar. Let ¢ =
(at,l, ey at,T), C; = (O7 e ,O,at7t+W, ey
a, — ¢,. By Lemma 5, zf = aj6 = b0 + c}6.
- x,’f)Q = ]E( S _ b0 — c)h)?

E(z — b,0)% + E(C;9)2 —2E&0(z

E(ci0 )2 — 2E0t9( - by9)

E(c,0)? — 2Rz — b,0) Ec,0 = E(c,0)?

E e — 2| >
1. Define aj

/
at,r), and b

E(z;”
— b9)



where the second last equality is because (z7 — b,0) i
determined by {0,}:X"V "1, /6 is determined by {6, }s:tJrW’
{6,151 and {6, }s=t+W are independent when ¢ = 1; and
the last equality is because E 0, = 0 for each t.

1/2

T
2 2
Z a1,s01+w) ZZ%,HW
s=14+W

E(c}0)? = E(

O

Scenario 2: 0 < L < D. The proof will be same except that
at t = W + 1, let 6, follow the distribution P(¢, = &) =
P(6, = _LTT) = %

It is easy to verify that for any realization of 6, Zthl 16 —
01l = [|0w 1]l = &F < Lr.

By Lemma 10, we can bound E ||z

As a result, there must exist a sequence such that

2 2
— o > Sasptr,

of @) = Cf (@) = Slle” — 2|
al? Q@ 2

> T 2W (1 _ )2

>— P (1-p) <a+6>

2
Q «
> 1— )2 2W 12
_96( ) <a+ﬁ>p T

H. Proof of Theorem 3

Remember that 0 < Ly < DT, so we will discuss two
scenarios: 0 < Ly < D,and D < Ly < DT (Lp = 0 is
trivially true), and construct different function sequences to
prove the lower bound. The proof will be very similar to the
proof of Theorem 4, we will first construct random sequence,
then show that the lower bound holds in expectation. Without
loss of generality, we let ¢ = 0.

Scenario 1: 0 < Ly < D.
Construction of random costs. For each 0 < Ly < D, we
consider the following construction of X C R?:

Ly Lr VD212 /D% -
X =[5 Ixl= ; ]
27 2 2 2
It is easy to verify that the diameter of X is D.
For any « > 0, consider the parametrized cost function:

a - a .
Sz — ) + S (ye — Ge)°

2 2
where (7;,7;) € R? are parameters which may be
outside the action space X. It is easy to verify that
fi(xe, ye; T, i) belongs to function class Fx (o, o, G), where
G = a/(M +D/2)2 + D? when §; € [-2,2] and 7, €
[-M, M] for M > D.

Next, we construct two possible function sequences, and
each sequence is true with probability 1/2.

Sequence 1: &1 = M, & = LTT fort > 2.4, =0,¢t€[T].
Sequence 2: 1 = —M, Iy = fLTT fort >2.4g.=0,t€[T].
where M = D + (1 + /o)Ly /2.

Let (6, p:) = argminy fi(z¢, ye; Tt, Gt ), and (a*,y*) =
(1,91, 27, yr) = argminyr C¥ (z,y). Then, for each
sequence, we have

Sequence 1: Gt:x’{:LTT, pr=y; =0for 1 <t <T.

Sequence 2: §; = xf = — =y, =0for 1 <t <T.

Je(@e, ye; Te, ) =

Bound E[C] (z7,y”) — Cf (%, y)].
By strong convexity, we have

E[Cf (z,y7) = Cf (2", y")]

T
oct . o, 90T L «
28 (G e =)+ e )|
t—

T
T4 * T4 *
+EY [Slo — 22+ Sy - il
t=1

g [ocT
8%1

Y

* * . * ¢ ¥ *
(@ et~ ah)| + B G et~ il

T
66(;1 (z*,y*) =0 when t > 1,
o0y (¥, y*)(z —xf) =0 when t > 2
Oz Y t t) — = 4.
Next, we will expand the expectation by considering two
possible sequences:

E[CT (a7, y7) = CT (=", y")]
oct . . . a .
> 8|S )t —m} VE[2 ot - )]
1 LT LT « LT
= 5(—}1)(33?( 7) + h( zy + 7) + Z(ffj - 7)2
— —)* > =hL
Tgler )2 ghl
where h = %ilT (z*,y*) when the costs follow Sequence 2
and h = —86211 (z*,y*) when the costs follow Sequence 1.

When M = D+ (1+ B/a)2E, h = aD and

Since G = ay/(M + D/2)? + D2 <
aD\/(2+B/(2a))2+ 1, it is easy to verify that our
current lower bound by showing that

aD GLT

> Gl
2 T 9 /21 B/a)2+1 42+ B/(2a))
OCGLT

2
> ZGLT(1—0)2< = )
8(a+p) 32 a+f
Scenario 2: D < Ly < DT. The proof will be identical to the
proof of Theorem 4 in Section V-B except for one difference:
when W = 0, we are able to give a better bound for |.J| even
without the condition L7 > 2D. Notice that the condition
D < Ly < DT is still necessary for the construction of § in
Section V-B to be well-defined.
The bound for |J| is given below.

Lemma 11. If T > 1, and D < Lt < DT, then
Lt
4D

Proof. By definition of J and A = [T/|Lr/D]] <
T/|Lr/D|+ 1, when Ly > D and T > 1, we have

Cl(a",y")] = —-Lr

=5

T._ T T
I=1x1z3x = T/|Lr/D]+1
L/ T Lr T Iy

>7 —_— —_—
T+ [Ly/D] “2DT+T 4D



by |z| > x/2 when z > 1, and Ly < DT.

Then, by G = aD, Lemma 11 and 5:
E(C] @) - Of @) 2 E 5o - a" |

2 2
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