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Abstract

We study predictive control in a setting where the dynamics are time-varying and
linear, and the costs are time-varying and well-conditioned. At each time step, the
controller receives the exact predictions of costs, dynamics, and disturbances for
the future k£ time steps. We show that when the prediction window k is sufficiently
large, predictive control is input-to-state stable and achieves a dynamic regret of
O(AT), where A < 1 is a positive constant. This is the first dynamic regret bound
on the predictive control of linear time-varying systems. We also show a variation
of predictive control obtains the first competitive bound for the control of linear
time-varying systems: 1 + O(1%). Our results are derived using a novel proof
framework based on a perturbation bound that characterizes how a small change to
the system parameters impacts the optimal trajectory.

1 Introduction

We study the problem of predictive control in a linear time-varying (LTV) system, where the dynamics
is given by x,41 = A;x; + Byu, + w,. Here, x; is the state, u, is the control action, and w; is the
disturbance or exogenous input. At each time step ¢, the online controller incurs a time-varying state
cost f;(x;) and control cost ¢; (u;-1), and then decides its next control action u,. In deciding u, the
controller makes use of predictions of the next k future disturbances, cost functions, and dynamical
matrices, and seeks to minimize its total cost on a finite horizon 7. Our main results bound the
dynamic regret and competitive ratio of predictive controllers in this LTV setting.

Recently, a growing literature has sought to design controllers that achieve learning guarantees
such as static regret [1} 2], dynamic regret [3l 4], and competitive ratio [5]. The most relevant
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line of work concerns predictive control with learning guarantees, which studies how to leverage
the prediction window k to reduce the regret and competitive ratio. This line of work has focused
on linear time-invariant (LTT) systems [3| 4} |6l [7]. However, linear time-varying (LTV) systems
have received increasing attention in recent years due to their importance in a variety of emerging
applications, despite the challenges associated with analysis. For example, in the problem of power
grid frequency regulation, the dynamics is determined by the proportion of renewable energy in total
power generation, which is time-varying [8}, 9]]. It is also common to use the LTV systems as an
approximation of nonlinear dynamics in predictive control and planning [[L0H13].

The current lack of progress toward understanding measures like regret and competitive ratio in
LTV settings is due to the need for new techniques to generalize the dynamics from LTI to LTV and
the costs from quadratic to well-conditioned functions. Specifically, the proof approaches used in
previous studies on regret and competitive ratio of predictive control in LTI dynamics with quadratic
costs, e.g., [4} 16, [7], require explicitly writing down the cost-to-go function, optimal control actions,
and algorithm’s actions as functions of the system parameters. This is very difficult, if not impossible,
for general cost functions that do not have a quadratic form. A promising approach that does not
require such explicit characterizations is to derive results via reductions from optimal control to online
convex optimization with multi-step memory, e.g., [1, 3,15} 14} [15]. However, such reductions usually
do not work well for LTV systems due to the need to represent the problem in control canonical form
[3L 5], or due to limitations on the policy class and comparisons to static benchmarks [[1} [15].

Perhaps the most prominent approach for controlling LTV systems is Model Predictive Control
(MPC), also known as Receding Horizon Control [16]. Generally speaking, at each time step, an
MPC-style algorithm solves a predictive trajectory for the future k time steps and commit the first
control action in this trajectory. MPC-style algorithms are known to work well in practice, even when
the dynamics are non-linear and time-varying, e.g., [[13,[17H19]]. On theoretical side, the asymptotic
behaviors of MPC such as stability and convergence have been studied intensively under general
assumptions on dynamics and costs [20H23]. However, non-asymptotic guarantees such as regret
and competitive ratio of MPC-style policies have been limited. Despite recent work providing such
guarantees in the context of LTI systems with quadratic costs, e.g., [4, 16, [7]], the derivation of regret
and competitive ratio results for MPC in LTV systems remains open.

Contributions. We provide the first regret and competitive ratio results for a controller in LTV
systems with time-varying costs. Specifically, we show that an MPC-style predictive control algorithm
(Algorithm [1)) achieves a dynamic regret that decays exponentially with respect to the length of
prediction window k in the LTV system (Theorem : O(AXT), where the decay rate A is a positive
constant less than 1. This almost matches the exponential lower bound for improvement from
predictions in the LTI setting shown in [3] in the sense that, to achieve any target regret level, the
required length of prediction £ shown by our bound differs from the theoretical lower bound by
at most a constant factor. With a variation of predictive control (Algorithm [2), we also show the
first competitive bound in LTV systems with time-varying well-conditioned costs (Theorem [4.3):
1 + O(A¥), where the decay rate A is identical with the one in the regret bound.

We develop a novel analysis framework based on a perturbation approach. Specifically, instead
of solving for the optimal states and control actions like previous analyses in the LTT setting with
quadratic costs, e.g., [4}[7], we bound how much impact an perturbation to the system parameters
can have on the optimal solution. This type of perturbation bound (Theorem[3.3)) can be shown even
when the optimal trajectory cannot be written down explicitly, which allows it to be applied in LTV
systems with well-conditioned costs. Then, we utilize this perturbation bound to establish results on
dynamic regret and the competitive ratio. In addition, we want to emphasize that the perturbation
approach we develop is highly modular and extendable. For instance, if a stronger perturbation bound
for some specific class of dynamics and/or cost functions can be shown, the dynamic regret of the
predictive controller will improve. Similarly, to further generalize the problem setting (e.g., to include
additional constraints), one only needs to establish the corresponding perturbation bounds and the
regret result will follow.

Another important component of the proof is a novel reduction between LTV control and online
optimization. Connections between online optimization and control have received increasing attention
in recent years, e.g., [1, 13} 15, [14}[15]]. Existing reductions rely on the canonical form, which does not
apply to LTV systems, and/or formulations of online optimization with memory of multiple prior
time steps, which makes the online problem more challenging. The reduction we present here relies



on neither, and is thus a fundamentally different approach to connect control and online optimization.
Further, this reduction is not specific to the predictive control algorithm we study, and we expect it to
prove useful for other controllers in future work. A limitation of our reduction framework is that it
cannot handle state/control constraints. This limitation is shared by previous works [3} 4,16, 7], and
represents a challenging open question in the literature.

2 Background and Setting

We consider a finite-horizon discrete-time online control problem with linear time-varying (LTV)
dynamics, time-varying costs, and disturbances, namely

X0.T ,U0:T -1

T
min " (fi(x) + ¢ (u-1))
=1
S.t. x; = Al»_l.xt_l + Bt_lut_l +Wiq,t = 1, ey T, (1)
xo = x(0),
where x;, € R", u; € R™, and w, € R" respectively denote the state, the control action, and the
disturbance of the system at time steps t = 1,...,7, and x(0) € R" is a given initial state. By

convention, the hitting cost function f; : R” — R, and control cost function ¢; : R™ — R, are
assumed to be time-varying and well-conditioned. Define the tuple ¥ := (A;, By, Wy, fr+1, Cr41)-

In the classical setting where no predictions are available, after observing state x; at time step ¢, the
algorithm needs to decide the control action u, before observing ©#;, which is an unknown random
disturbance input. We use the following event sequence to describe this ordering:

X0, g, Yo, X1, 11, I, X2, ..., X7 _1, ur—1, 971, XT .

We assume that the algorithm has access to the exact predictions of disturbances, cost functions and
dynamical matrices in the future k time steps (which are time-varying); i.e., the event sequence is

x0, D0, M, - o, D1, o, Vi, t, Fiats - - o s UT k=1, O 1, UT o, UT — 15 - - - UT 1.

Here we assume all predictions are exact, and leave the case of inexact predictions for future work.
This prediction model has been used in previous works like [4} 24H26], and is available in many
real-world applications such as disturbance estimation in robotics and frequency regulation in power
grids. The availability is due to the fact that, in such scenarios as mentioned above, experiments or
observations on the dynamics can be conducted repeatedly and consistently, which makes it feasible
to train a good predictor based on the data collected from repeated trials.

2.1 Assumptions

As is standard in studies of regret and competitive ratio in linear control problems, we assume the
cost functions are well-conditioned.

Assumption 2.1 (Well-conditioned Costs). The cost functions satisfy the following constraints:
1. fi(+) is my -strongly convex fort = 1,...,T, and {y -strongly smooth fort =1,...,T — 1.
2. ¢¢(*) is both m-strongly convex and {.-strongly smooth fort =1,...,T.
3. f;(-) and c,(-) are twice continuously differentiable fort =1, ...,T.
4. f;(-) and c;(-) are non-negative, and f;(0) = ¢;(0) =0fort=1,...,T.
Note that assumptions (1) through (3) are quite common [3} 15 [14} 25, 27]]. Assumption (4) is less

common, but can be satisfied via re-parameterization without loss of generality. Specifically, when
the minimizers of state cost f; and control cost ¢, are nonzero, we perform the transformation

x; < x; —argmin f; (x), u, «— u; —argmin c;4 (u),
X u
w, «— w; + Ay argmin f; (x) + By arg min ¢, (u).
X u

The intuition of this transformation is that, when the minimizer of the cost function for the next step
is known, we can always perform a translation in the state and control space to align the minimizer



with the origin. We refer the interested readers to Example [2.1] for a more intuitive explanation of the
above transformation.

Additionally, we need to assume the dynamics are controllable. 1t is crucial that the dynamical
system can be steered from an arbitrary initial state to an arbitrary final state via a finite sequence
of admissible control actions. For linear time-invariant (LTT) systems, the full-rankness of the
controllability matrix completely characterizes the reachability of the state space, which is generally
used as a standard assumption for analysis [[7,128 29]]. This can be generalized to parallel assumptions
for LTV systems as follows. We begin with a definition.

Definition 2.1. For a dynamical system with linear time-varying dynamics x; = A;—1Xr—1+B—1u;—1 +

wi—1,t = 1,...,T, the transition matrix ®(t5,t1) € R™" (from time step t; to t;) is defined as
Ay _1Ap_p - A iftry >t
Oy, 1) 1= | An1An=2 f fz .
1 ifto <h

and the controllability matrix M(t, p) € R™"P) is defined as
M(t,p) = [®(t+p,t + )B,, ®@(t + p,t +2)Bys1, ..., @t + p,t + p)Brip .

The dynamical system is called controllable if there exists a constant d € Z,, such that the controlla-
bility matrix M(t, d) is of full row rank forany t = 1,...,T — d. The smallest constant d with such
property is called the controllability index of the system.

Given the above definition, we can state the key assumption necessary for the analysis of LTV
systems. We use a slightly stronger assumption than being merely controllable, which we refer to as
(d, o)-uniform controllability. It is a natural generalization of its counterpart for LTI systems (see
Assumption 2 in [28]], where (d, o) is instead named as (¢, v)).

Assumption 2.2. There exists positive constants a, b, and b’, such that
Al < a. ||B|| < b, and ||B]|| < b’

hold for all time stepst =0,...,T — 1, where Bj denotes the Moore—Penrose inverse of matrix B;.
Furthermore, there exists a positive constant o such that

O_min(M(t’ d)) =20
holds for all time steps t =0, ...,T — d, where d denotes the controllability index.

Note that Assumption[2.2]implies omin(M (1, p)) > o for all p > d because appending more columns
to a matrix with full row rank will not reduce its minimum singular value.

The LTV setting we consider is more general than the settings which existing results on regret and
competitive ratio have assumed [1} 3} |4, [7]]. We highlight the implications of this general setting for
enabling applications in the following examples.

Example 2.1 (Trajectory tracking in LTV systems with well-conditioned costs). Consider a trajectory
tracking problem with LTV dynamics and well-conditioned costs, which generalizes the standard
linear quadratic tracking problem in [4] 30] with LTI dynamics and quadratic costs. We adopt
LTV dynamics x;+1 = Aix; + Byuy + w; and general well-conditioned cost functions f;(-), c;(+) (see
Assumption @) With the desired trajectory di.T, we consider a new state X; := x; — d; and a new
disturbance Wy := w; + Aydy — dyi1. Thus, using the new state and disturbance, the problem naturally
fits into our problem setting with k future predictions of (Az, By, Wy, [, ¢t, dr+1). Note that predictive
control with LTV dynamics is practical in nonlinear systems [13, 31|] because the nonlinearity could
be well approximated by LTV models [31)].

Example 2.2 (Power grid frequency regulation). Consider the frequency regulation problem in [8],
where state x = [07,w"|T represent the status of a power plant, and power generation p;, € R" is
the control action. The continuous-time dynamics is given by

o _ 0 I 6 0
ol T|-M®)'L M@ 'D| |w| T|M@)t| P
S~ N~ — u(t)

x(t) A(r) x(1) B(r)



Algorithm 1 Predictive Control (PCy)
1: fort=0,1,...,T—k—-1do
Observe current state x, and receive predjctions Grorak—1-
Solve and commit control actions u; := wf (X1, Weepak—15 F) vy

2
3
4: Attime step 7 =T — k, observe current state x, and receive predictions ;..
5: Solve and commit control actions u;.r—; := t,bf (xr, wer—150)vpp_y -

Here M(t) denotes the rotational inertia matrix, which is time-varying and is determined by the
proportion of renewable power in total power generation at time t, and can be accurately predicted in
a certain time horizon [32133|]; L and D are known system parameters. Using standard discretization
techniques, we can formulate a discrete-time linear time-varying system x;41 = Ay Xy + Bruy + wy,
where A; and B, are determined by A(t) and B(t). The cost functions are quadratic costs which
penalizes frequency deviation [8]. This setting fits into our predictive control algorithm, since the
controllers have accurate predictions of A; and By in the near future due to predictablity of M (t).

2.2 Predictive Control

We study a classical predictive control (PC) algorithm inspired by model predictive control, which
solves the optimization problem of k future time steps (where k is called the prediction window).
specifically, the algorithm receives the dynamics and disturbances of the next k time steps, calculates
the optimal solution, and then applies the first control action of the optimal solution. The PC algorithm
with prediction window k is denoted as PCy.

More formally, At time step t < T — k, PCy solves the optimization problem z/thk (X7, Weerrk—1; F).
Since we need to consider horizon lengths other than k, for arbitrary p > 1 and time step 7, we define
the optimization problem /" (x, £; F) as

p

p
GP (e, F) = argmin Y frr(ye) + ) Cour(veo1) + F(ye)
7=1

Yo:p>Vo:p-1 7=

st.yr =Anr 1Y 1+ Bryr—1ivea + 4ot =1, p, ()
Yo =X,
where x € R” is the initial state, £ € (R")” (indexed by O, ..., p — 1) is a sequence of disturbances,

and F : R"® — R is a standard terminal cost function regularizing the final state. Here we additionally
require that the terminal cost F has the form F(x) = a(||x||), where @ : R>p — Rs¢ is a convex K-
function (i.e. continuous increasing function with 0 at the origin, see Appendix[A]for definition) that is
twice continuously differentiable. For each time step 7 = 1,..., k, y; € R" is the predictive state, and
vy € R™ is the predictive control action. To make the algorithm well-defined, at time step ¢t =T — k,
PCy, can finish the rest of the trajectory optimally by committing uz _r.7_1 = ¥ (x7 i, wr—k.7-15 0).
The pseudo-code of predictive control is given in Algorithm [I]

It is also important in our framework to study the behavior of predictive control under some fixed
terminal point. So, for prediction length p > 1 and time step #, we define an auxiliary optimization
problem with a strict terminal constraint y,, = z as follows:

P P
Yl (x,£,2) = argmin Y frr(ye) + ) Crar (Vo)
Yo:p-Vo:p-1 =1 =1
s.t.yr = Appr-1Y7-1 + Brar—1ve1 + 4o, 7= 1,000, p, 3)
y0 = x, yp = Zs

where the optimal value is denoted by ¢/’ (x, £, z). We define this auxiliary optimization problem
besides y” (x, £; F) because we need to fix both the initial state and the terminal state, for example,
when expressing a sub-trajectory of the offline optimal trajectory as the solution of an optimization
problem. i also allows us to study the impact of the perturbation at the terminal state on the optimal
trajectory directly, which will be useful in the proof of dynamic regret (Theorem #.2)) and competitive
ratio (Theorem |4.3)).



Throughout the paper, we use {(x;, u,)}IT:1 to denote the trajectory of predictive control, and use

{(x7,u;)}_, to denote the offline optimal trajectory (i.e., the optimal solution of (T))). We also use
several standard definitions and notations in linear algebra and optimization, which we detail in
Appendix [A]for clarity. In particular, we use vector 2-norms and induced matrix 2-norms throughout
this paper unless otherwise specified.

Two standard metrics will be utilized to assess the performance of our predictive control algorithms,
namely dynamic regret sup, ) ., (cost(ALG) — cost(OPT)) (the additional cost of our algorithm

cost(ALG)

oS (OPT) (the worst-case ratio of the

against the optimal algorithm) and competitive ratio sup, ) ,,
cost of our algorithm over that of the optimal algorithm).

3 A Perturbation Approach

In order to study the regret and competitive ratio of controllers in LTV systems, we develop a new
analysis based on a perturbation approach, which we introduce in this section. This approach is based
on developing bounds on how much the solutions to (2) and (3) change with respect to perturbations
to the initial/terminal states and the disturbance sequence. Our perturbation bounds are related to the
concept of incremental stability defined in [34]], but not exactly the same because we consider the
optimal trajectory in a finite horizon whereas the incremental stability focuses on asymptotic behavior
over an infinite horizon. Simply stated, the key to our approach is to derive the perturbation bound
in Theorem [3.3] which states that if the target variable we are concerned with is the /-th predictive
state/control input, while the perturbation occurs at the 7-th time step, then the impact on the target
variable is exponentially small with respect to the time difference |4 — 7|.

Proving such a result directly is challenging because of the complexity of the LTV dynamical
constraints in (Z) and (3). Thus, we develop a novel reduction from LTV systems to fully-actuated
systems, i.e., systems where the controller can steer the system to any state in the whole space R”
freely at every time step. This special case is a form of online optimization called smoothed online
convex optimization (SOCO), and has received considerable attention recently, e.g., (24,127, 35]. We
exploit the controllability of the dynamics to analyze the LTV system in chunks of d time steps. A
sequence of d time steps combined together can be thought as a fully-actuated system and thus we
can formulate a SOCO problem, which is (1/d)-times as long as the original LTV system. In this
section, we first show the perturbation bound for SOCO in Section [3.1] and then we leverage our
reduction to derive a result for general LTV systems in Section [3.2]

3.1 Smoothed Online Convex Optimization

The classic setting of SOCO is an online game played by an agent against an adversary: at each
time step ¢, the adversary reveals a hitting cost function f;, a switching cost function ¢;, and a
disturbance (or exogenous input) w,. The agent picks a decision point £, € R", and incurs a stage
cost of ft (%) + & (X¢, Xi—1, w;—1). The agent seeks to minimize the total cost it incurs throughout the
game. The offline optimal cost is defined as the minimum cost if the agent has full knowledge of the
costs and disturbances at the start of the game. Instead of analyzing the performance of an online
algorithm directly, our focus is on studying how the perturbations of the system parameters (initial
state, terminal state, and disturbances) impact the offline optimal solution. These results are critical
for deriving the guarantees for predictive control in the online setting in Section 4}

To begin, observe that when the initial state £o, terminal state £,,, and the disturbances W are given,
the optimal p-step trajectory of SOCO can be obtained from the unconstrained optimization problem

r-l b4
§ (R0, , %) = argmin Y fr () + Y Ex(fr, St Wro1), “)
Xip-l r=] 7=1
where the objective is a convex function of the decision variables £1.,_1. Since @) is an unconstrained
optimization problem, the gradient of its objective equals zero at i (£, W, £ p). Using this, we can
further show that the directional derivative of zﬁ(}?o, W, %p,) along some direction e, denoted by y,
satisfies the linear equation My = §, where symmetric matrix M is the Hessian of the objective
and vector ¢ is determined by the direction e. A special structure of the objective of () is that
the correlations only occur in two consecutive time steps. This implies that its Hessian M is block



tri-diagonal. Such tri-diagonal structure of M has been noted by previous work, e.g. [36], and have
been leveraged to solve the linear equation M y = ¢ quickly. In contrast, we focus on the exponential
decay phenomena M~! exhibits, i.e., the magnitudes of entries decay exponentially with respect to
their distances to the main diagonal [37]]. Bounding each entry of y = M~'§ separately gives us the
following perturbation bound. We state this result formally in Theorem [3.1] and its proof can be
found in Appendix [B]

Theorem 3.1. Given a tuple (%0, W, %) that contains the initial state, the disturbances, and the
terminal state in this order, we consider the optimal solution of the SOCO problem

p-l p
§ (R0, W, 2p) = argmin ) fr(fe) + D r(fr, frmt, Wro)
fupo1 7o =1

indexed by 1,...,p — 1. Assume fr : R" — R is u-strongly convex, ¢ : R" x R* X R — R is
convex and {-strongly smooth, and both are twice continuously differentiable for t = 1, ..., p, then

p—1
|h—7]-1
+ Z 4
7=0

-1
forall1 < h < p—1, where Co = (20)/pand g =1—2- (\/1 T 200 + 1) .

A N

Xp —xp

|+/10p_h_1

([ (%0 W, £p)n = G (£ ", £7,)n]| < Co[2G7|%0 - £ W — W, |

As a remark, we do not require the hitting cost f; to be strongly smooth, or the switching cost ¢ to
be strongly convex in Theorem This makes the assumptions on the SOCO costs f;, ¢, weaker
than the assumptions on the LTV costs f;, ¢, defined in ().

3.2 Linear Time-Varying System

We now build upon the SOCO perturbation result to derive a perturbation result for LTV systems. In
particular, we show an exponentially-decaying perturbation bound for our LTV system by reducing it
to SOCO and apply Theorem 3.1} As we have discussed, LTV systems are more difficult than SOCO
because the dynamics prevent the online agent from picking the next state x;,; freely at a given state
x;. We overcome this obstacle by redefining the decision points as illustrated in Figure[I] Specifically,
given state x, at time step ¢ as the last decision point, we then ask the online agent to decide state
X¢+4 at time step (¢ + d) rather than x, at time step (£ + 1).

Since d is the controllability index, x;+4 can be picked freely from the whole space R" regardless of
x;. We also utilize the principle of optimality, e.g. if yo.x, vo:x—1 is the optimal solution to l//,k (x,&,2),
then y;.;, v;:j—1 is the optimal solution to ¢,/ (i, &:j-1,y;) forany 0 <i < j < k. Therefore, the
trajectory between time ¢ and (¢ + d) can be recovered by solving z//;i (X7, Weezrd—1>Xr+d). SO we are
able to formulate a valid SOCO problem on the sequence of time steps ¢, + d,t +2d, . . ..

Naturally, the hitting cost at time step (¢ + d) remains the same, while the switching cost becomes
§Id (¢, Wrired—1, Xr+a ), Where the function £ is defined as

§tp(x7{7z) = Lf(x’é”Z) _ﬁ+p(z)' (5)
An illustration of the reduction can be found in Figure[I] We would like to point out that our reduction
from optimal control to SOCO is novel in that it leverages the principle of optimality to apply to
more general LTV settings, as opposed to the reduction via control canonical forms in [3] that is
specific to LTT systems. Unlike the switching costs in [14} 27, 35, [38]] which are explicitly defined as
the ¢>-distance or squared £»-distance, the switching cost &” here is defined implicitly as the optimal
value of an optimization problem. Lemma 3.2]shows that the switching cost defined in (§) satisfies
the requirements of Theorem [3.1] which allows us to obtain the desired perturbation bound.

Lemma 3.2. Under Assumption[2.1and for integer p > d, we have
1. P (x,¢,z) is L1(p)-Lipschitz in (x,{, 2);
2. &P(x,¢,z) is convex and Ly (p)-strongly smooth in (x,, 2).
Here Li(p) = C(p)(1+£-C(p)[me), La(p) = € - C(p)* + £* - C(p)*/me, where £ = max((y, €c),
0(a’?)  ifa > 1,

C(p)=10(p*) ifa=1;
o(l) ifa < 1.
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Figure 1: Illustration of the reduction from LTV to SOCO. Here we consider a simple example
where t = 0 and p = vd. At time step 0, the agent cannot steer the system to an arbitrary target state
at the next time step due to dynamical constraints. However, given (d, o-)-uniform controllability,
the controller is able to enforce an arbitrary target state after d time steps, which prompts the
transformation to a SOCO problem with a decision point in every d time steps.

In Lemma[3.2] we use O(-) to hide quantities a, b, and 1/0; the precise expression of C(p) and the
proof of Lemma 3.2]can be found in Appendix [C} Using the reduction from LTV to SOCO, we obtain
a perturbation bound for the LTV systems (2) and (3)) in Theorem [3.3] the proof of which is deferred
to Appendix [D]

Theorem 3.3. Consider the optimization problem defined in (2) and (3)) and with a horizon length
p > d. Under Assumptions[2.1|and2.2] given any (x,{,z) and (x’,{’,2'),

p-1
67 (x, ¢ F)yy =02 (6, 25 F)y || < C(/thx — 4y ATz - 4“;||)

=0
p-1

[wf G 8oy =0 (8 2y | < C(Ahnx =X+ Y ATl = g+ ar T - z’||)
=0

hold for all time steps t. Here we define Lo = maXg<p<24-1 L2(p), and the constants are given by

- 21117-1 -1\t
A=(1-2(Vixaigmo+1) | o= (1 —o(Jixigma +1) |
( )

me

Theorem [3.3]allows us to bound the distance between any two trajectories so long as they can be
expressed as the optimal solutions of the optimization problem (2)) or (3). For example, to bound the
norm of each state in the predictive trajectory ¢” (x, £; F), we only need to set x’ = 0, ¢’ = 0 in the
first inequality because an all zero trajectory can be expressed as /7 (0, 0; F). The formal statement
of this result can be found in Appendix

4 Performance Guarantees for Predictive Control

We now demonstrate the power of the perturbation approach in Section [3.2] by obtaining bounds on
regret and competitive ratio. The key intuition behind our analysis is the following: at time step z,
if the predictive controller with prediction window k is given the knowledge of x; and x;,, it can
fully recover the offline optimal states and control inputs for the future k time steps, x;, . ., and

Uy, p_q» from zpf (X5, Wersk—1, x;* +k). However, without the knowledge of the offline optimal states,
the predictive controller solves wf (X7, Wit +k—1, X1+k ) instead, where x4 is implicitly determined by
the k-th predictive state of &f (x¢, Wet+k—1; F). We overcome this gap with our perturbation approach

(specifically, Theorem@] and its corollaries), which allows us to bound the distance between the
controller’s trajectory and the offline optimal trajectory.



4.1 Dynamic Regret

We first bound the dynamic regret of predictive control. For this analysis, a key observation is that the
offline optimal trajectory is given by x* = &g (x0, wor-150),, .. Furthermore, the optimal trajectory
starting at time step ¢ with state x, is equivalent to the trajectory of predictive control with prediction
window (7T —¢) and no terminal cost, i.e. zZ,T" (x, wer 215 0) Vi Using Theorem , we can bound
the change in decision points against the change in prediction window k. Lemma @.I[formalizes this:

Lemma 4.1. For any integers p, h such that p > h > 1 and time stept < T — p, we have

|

Then, we can follow the road map below to bound the dynamic regret of predictive control PCy:

- - 2C
1 -h
BP0 weep1s F),, =00 (ko wianpi F) || < 20277 (cﬂuxtu + 0<§5‘%_1"WT")'

(a) Given the well-conditioned state/control costs, it suffices to bound the distance between PCy’s
trajectory and the offline optimal trajectory (i.e., Hx, - x;‘”) to show the dynamic regret result.
See inequalities (22) and (23] in Appendix [H]for technical details.

(b) At each time step ¢, the optimal next state (under an imaginary terminal cost F) from the
current state x, is given by L/?tT”(xt, wrr-1; F)y,. However, reaching the optimal next state
from x, requires full knowledge of the future costs, dynamics, and disturbances. Although
PCy cannot reach the optimal next state due to incomplete knowledge of the future, it can
leverage the predictions of future k steps to decide a near-optimal control action from state x;.
By cumulatively summing up the bounded difference in Lemma and applying Theorem|[3.3]
one can show the suboptimality, measured by the distance ||xt+1 - z//tT" (xp,wer—13 F )y1 ,is in

the order of O(1*). See inequality (T9) in Appendix [H|for technical details.

(c) Using the exponentially-decaying LTV perturbation bound in Theorem[3.3] we can convert the
per-step suboptimality bounds to a global suboptimality bound on Hx, - X; | that is also in the
order of O(A¥). See inequalities (20) and (21)) in Appendix [H|for technical details.

The O (%) upper bound on the distance between the algorithm’s trajectory and the offline optimal
trajectory leads to the regret bound in Theorem[4.2]

Theorem 4.2. Suppose ||w;|| < D for some constant D at each time step t. Let A, C, Ly be the decay
rate and constants defined in Theorem[3.3] If prediction window k > d is sufficiently large, such that

1 2C 1
kz1+10g(m-C(1_/l+ﬂ))/log(z) (6)

for some positive constant § € (0, 1), then the trajectory of PCy satisfies:

1. (Input-to-state Stability) The norm of each state x; is upper bounded by

ol < S - (1= 0P g | 4 2S5 (14 25) D ifo<1<T—k
X =
' %2-(l—6)T‘2k/l‘+k‘T||x0||+(631L_21)(1+%)+%)D fT—k<i<T.

2. (Dynamic Regret) The dynamic regret of PCy is upper bounded by

A D)\?
cost(PCy) — cost(OPT) = O (D + M) /lkT+/1k||X0||2),

0

where the notation hides quantities a,b’,{y,{., C,1/(1 = A) and Lo.

An implication of Theorem [4.2]is that to obtain o(1) dynamic regret when the norm of disturbances
are uniformly upper bounded, it suffices to use a prediction window of length ®(log T'). This parallels
the result shown in [4], although in a more general setting.

4.2 Competitive Ratio

We now focus on bounding the competitive ratio of predictive control.Here, we study a modification
of the predictive control algorithm we have considered to this point. In particular, we introduce a



Algorithm 2 Predictive Control with Replan Window £ (PC i 1))
1: Suppose T = noh + mg, where integers ng > 0,k —h+1 < mg < k.
2: fort=0,h,...,n9(h—1) do
3 Observe current state x, and receive predictions Jy./x-1.
4: Solve and commit control actions us.r4h—1 = ¥y (Xr, Werrk—15 F v -
5
6

: At time step ¢ = ngh, observe current state x, and receive predictions ¢;.7_;.
. 3 1 .7 Mo .
: Solve and commit control actions u,.7—1 1= ¥, (X, W15 O)V():mo_l.

replan window £, as defined in Algorithm [2| which we denote as PC(y p,). This style of algorithm
has been considered previously in the SOCO literature, where it has been shown to obtain a constant
competitive ratio in some settings where MPC does not [39]].

Our analysis approach highlights why this modification is beneficial for competitive ratio. Specifically,
we obtain the competitive ratio bound by applying a potential method building on [40]]. We define the
potential function as the squared distance between the algorithm’s trajectory and the offline optimal
trajectory, i.e., ¢; (xs, x;) = ||x, - xf”z, which is standard in the literature [5[14}[27]. We study how
this potential function changes over time. Intuitively, we need to upper bound the increment of this
potential function by the offline optimal cost to obtain a competitive ratio result. To achieve this, the
algorithm needs to “move closer” to the offline optimal trajectory rather than “moving further away”
from it. Recall that Theorem [3.3| gives that

“Wzk (Xes Wepak—15 F)y;, - l//f{(x;k, Weit+k—15 F)yh” < C/thxt - x:“ @)

When the algorithm commits the first predictive state (& = 1), the left hand side of (7)) might be
larger than th - x;“” when CA > 1. Thus, the algorithm must “wait” until the right hand side of

becomes smaller than Hx, - X; H This is accomplished in Algorithmvia the replan window #h.

Our main result for this section is the following competitive ratio bound for PC g y).

Theorem 4.3. Let A, C, Ly be the decay rate and constants defined in Theorem[3.3] In Algorithm 2]
if the replan window h satisfies h > max{log ((1 + £)C)/log (1/4), d} for some positive constant &,
and the prediction window k satisfies k > h + d, then it has competitive ratio

1/2
8—1(1‘0 +{y ) ) C/lk—l—h)’
mg

cost(PC
sup —( (k’h)) =1+0
*(0).w cost(OPT)

where the notation only hides a small numerical constant.

Note that when the constant ¢ and the replan window # are fixed, the competitive ratio is on the order
of 1+ O(p¥) as the length of prediction k tends to infinity. One potential line of future work is to
understand if the replan window is necessary. It may be possible to either strengthen the constants
given in Theorem 3.3]or improve our proof approach so as to eliminate the requirement on /.
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A Definitions and Notations

Definition A.1. We use the follow convention on linear algebra:

1. ||| denotes the (Euclidean) 2-norm for vectors and the induced 2-norm for matrices:

||v||=1/v%+v§+---+v§l, v eR"?

A
HAl= sup JAXL ¢ goan,
vern\{0y 1l

2. 0 (A) is the collection of singular values of a matrix A, also known as the singular spectrum,

3. Omin(A) denotes the smallest singular value of a matrix A;

4. A > O indicates that a matrix A is positive semi-definite.

The notions of strong-convexity and smoothness are used throughout this paper:

Definition A.2. A real-valued function g : R" — R is called €-strongly smooth if

4
g() < () +(Ve(x),y = x) + Slly = 1ll3

and is called m-strongly convex if

8(0) = g(x) + (Vg(x).y =) + 2 lly =1}

for any x,y € R". Here -, ) denotes the standard inner product of vectors.

We also require the terminal cost to be a K-function, the definition of which is given below.

Definition A.3. A function g : R>o — Ry is said to be a K-function (or belongs to class K), if it is
continuous, strictly increasing, and satisfies g(0) = 0.

For ease of reference, we summarize in the following table all the notation used in the paper.

Notation Meaning
Az, By dynamical matrices of the system at time step ¢
Xg, U, Wi state, control action, and disturbance at time step ¢
fis ¢t hitting cost function and control cost function at time step ¢
myg, me strong convexity parameters of cost functions
lr,le strong smoothness parameters of cost functions
WP (x,¢;F) | optimal trajectory’ from step  in the future p steps (free terminal state)
P (x,¢;F) optimal value from step ¢ in the future p steps (free terminal state)
wP(x,¢,z) | optimal trajectory’ from step # in the future p steps (fixed terminal state z)
F(x,¢,2) optimal value from step ¢ in the future p steps (fixed terminal state z)
(in ¥ and ) predictive state, control action, and disturbance
Yoo Voo i within the optimization
F,z terminal constraint function F (in ¢) or fixed terminal state z (in ¢)
{(x¢, ut)}T:1 the trajectory of our predictive control algorithm
{(x7,up)},_, | the offline optimal trajectory (i.e., ;Zg (x(0),w;0))
A A n the converted SOCO trajectory with initial state £, disturbances W,
V(&0 % %) | and terminal state £ »
PN hitting cost, transition cost, and optimal trajectory of the converted
e &> 21:p-1 | SOCO problem

T Trajectory contains both states and control inputs, which are referred to by subscripts y+ and ur, respectively.

B Proof of Theorem 3.1

In the next lemma we will use the notation As, s to denote the submatrix obtained by selecting the
blocks indexed by some set Sg X S¢ while preserving their relative order. Specifically, consider a
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matrix A € R " formed by w X w blocks A; j € R™". Leti| < - < i|g,| be the elements in
Sr €{1,...,w},and j; <--- < jis.| be the elements in S¢ € {1,...,w}, both in ascending order.
Then Ag,, 5. € RISRI"XIScin s defined as a block matrix

Ail,jl Ail,jz e Ail,j|sc|
Aiz,jl Aiz,jz T Aiz,j|sc|
ASR,SC =
Ai\sR\,jl Ai|sR|,j2 Ai\sR\,j|sC|
For a diagonal block matrix D = diag(D;,...,D,)andasetS C {1,...,w}, we use the shorthand

notation Dg := diag(Di,,Diz, ...,D where i| < ... <i|g| are the elements in S.

i|s| s

Lemma B.1. Suppose A is a positive definite matrix in S®"* formed by w X w blocks A; j € R™".
Assume that A is g-banded for an even positive integer q; that is

Aij=0,V]i—j| > q/2.

Let [ag,bo] (bg > ag > 0) be the smallest interval containing the spectrum o (A). Suppose
D = diag(Dy,...,D,,), where D; € S" is positive semi-definite. Let M = ((A+D)™") as

defined above, where Sg, Sc C {1,...,w}. Then we have |M|| < Cy‘z, where

C - 3 _ [ +/cond(A) -1 2a i
- 7= yeond(A) + 1 o

ao ’
Here cond(A) = by/aq denotes the condition number of matrix A.

Sr.Sc

min |i — j|.
ieSR,jescl J|

Proof of Lemma|B.1} We first prove the lemma for the the special case where D = 0.

For the case d # 0, write d = vq/2 + « for integers v, & satisfying v > 0,1 < k < ¢/2. Following the
same approach as the proof of Proposition 2.2 in [37]], we see that there exists a polynomial p,, of

degree v, where
2
(1 + \/cond(A)) . .
d d
— " vy,
2 cond(A)
where the last inequality holds because cond(A) > 1.

47 = poa] = oo

Since p, has degree v < 27‘2 and A is g-banded, the matrix p, (A) satisfies (p,(A)); ; = 0 for any
i € Sgand j € Sc. We then obtain

I1PIl = H(A-l)
Sr,Sc

because 2-norm of a submatrix cannot be larger than that of the original matrix.

(a7)

<A™ - po(A)] < c¥Y,

= ”(A‘1 pod)

SRr,S

< ||a7!| = & < C, the result trivially holds.

For the case d = 0, as ||P|| = ‘

Sr.Sc

Now we show the general case (where D; > 0 for 1 < i < n) through a reduction to the special case.
Define a positive definite matrix N := (apl + D) € S", and then define matrix H € S"* as follows,

H=N:(A+D)N2,
We start by showing that / < H < z—g - 1. For any x € R"“, we observe
xTHx=x"N 3 AN 3x+x N 3 DN 3x
> xTN"2agIN 3x+x N DN ix
= x"N"2(apl + D)N"2x

2
= lx[I.
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For the other inequality, we have
XxTHx=x"N"2AN 2x +x N 2DN ix
<xTN2boIN ix+x N DN ix
=x"N"2 (aol + D)N_%x + (bo —ag)x "N~ 'x

byp—a
< el + == el
0 2
— Il

Thus I < H < 22 - I, which gives cond(H) < bf’ = cond(A) Note that H is also g-banded, so we
can apply the result of the special case (D; = 0,i = 1,-- -, n) to obtain that

[H Dsrsc|| < 2% <294,

lq
cond(H)-1 . .. .
= | V— < .
where yy ( cond(H)+1) < 7. Using this inequality, we conclude that

1P|l = ]|((A+ D) Nspsell = H(N—;H-lN_;)

Sr.Sc

< H(aol + D) 2| - [ICH Dsse|| - H(aol +Ds.) 7

1y
< a—OH(H Dsesell
< Cy‘z.

—— since Dg > 0. L]

Here we apply the fact that H(agl + Ds)_% F

Now we return to the proof of Theorem 3.1]
Proof of Theorem Lete = (eg,pu",e),)" be a vector where e, e, € R" and
w=[po, 15 s pp-1l,

for u; € R",i =0,1,...,p — 1. Let 6 be an arbitrary real number. Define function /1 : R(P=D*" x
R" x RP*" x R" — R, as

h(Z1:p-1, %0, Worp-1,Xp) = Zfr(xr)+zcr(xnxr 1, Weo1).

7=1

To simplify the notation, we use £ to denote the tuple of system parameters, i.e.,

£ = (%o, Wop-1,%p)-

From out construction, we know that £ is u-strongly convex in £1.,_1, so we use the decomposition
h = h, + hp, where

._.

pP-
u
ha(f1p-1,¢ 5|xf|| +Zc7(x7,x7 W),

=1

ﬁ '~|

10 = 3 (£ - Bl IP).

~
Il
—_

Since ¢ (£ + 6e) is the minimizer of convex function & (-, £ + f¢), we see that

Vi B (L + 60e), { + 0e) =

16



Taking the derivative with respect to 6 gives that

Vél:p*l ML +6e), 0+ 96)%!’7/(5 +0e) = =V Ve, R (& +6e),C +0e)ey
_ Vfc,,Vﬁl;pflil(l,&(f +0e), ¢+ Be)ep,

p-1
- Z Vo Vi, W (& +0e),  +0e) .
7=0

To simplify the notation, we define
M = Vzﬁl:p—l h(§ (¢ +6e), ¢ + 0e), whichisa (p — 1) x (p — 1) block matrix,
RO := -V Vs h(J (¢ +0e),C +0e), whichisa (p — 1) X 1 block matrix,
RW) = Vi Vi h(§(E+86e), ¢ +6e), whichisa (p — 1) x 1 block matrix,
K ==V, Vs h(§(£ +0e),l +0e),¥0 < T < p— 1, whichare (p — 1) X 1 block matrices,

where in M, R, R(P)_ the block size is n X n; in K{7, the block size is n X r. Hence we can write

-1
d ooz -1] p(o S
i +oe)=m R©ey+RWPe, + TZ(:)K(T)#T .
Recall that R, R(P) are (p — 1) x 1 block matrices with block size n x n. {K7}o<r<p-1 are
(p — 1) x 1 block matrices with block size n x r. For R©® and K©, only the (1, 1)-th blocks are

non-zero. For R(P) and K P~V only the (p — 1, 1)-th blocks are non-zero. For K\¥) 7 =1,...,p-2,
only the (7, 1)-th and (7 + 1, 1)-th blocks are non-zero. Hence we see that

d .~ 4 _ _
GO+ = (MR eo + (M R ey

- 0 - -1
+(M l)h,1K1(,]),uo+(M l)h.p—lK,(fi],l)ﬂp—l
p-2
+Z(M_l)h,TZT+lK7(—‘;)-+1’1/’lT'

7=1

Since the switching costs ¢ (-, +,*), 7 = 1,..., p are {-strongly smooth, we know that the norms of

0) p(p) 0) g (p-1) (7)
Rl,l’Rp—l,l’Kl,l’Kp—l,l’ and {I<T:T+1,1}15‘r51’_2

are all upper bounded by ¢£. Taking norm on both sides gives that

<M Y a|llleoll + €| (M), p-i][lle I

+ (| (M~ [[lloll + €| (M pi [l -1l

d . A
E'J/(f‘*'g@)h

p-2
# 2 M e[l (8)
7=1

Note that M can be decomposed as M = M, + M}, where

M, = V%:p_lila(lf/(f+ «9e),§A+ Oe),

My = Vi,  hy(§(2 +6e), + be).
Since M, is block tri-diagonal and satisfies (u + 20)I > M, > pl, and M, is block diagonal and
satisfies Mj, > 0, we obtain the following with Lemma [B.T}

2 2 2 el
(M| < ;ﬂg_l’H(M_l)h,p—IH < ;/15 " and (M7 ] < ;/1<|>h o

where Ao := (y/cond(M,) — 1)/(+y/cond(M,) +1)=1-2"- (\/1 +(2¢/u) + l)_].
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Substituting this into (8], we see that

p-1

h-1 h—1|-1 -h-1

A5 Meoll + 40 el + A5 eI,
7=0

<Gy

H—lﬂ(f +0e)

where Cy = (2¢) /.

Hence we obtain

[ (E)n = (¢ + el = H / —w@ + ee)hdeH

/ H—w@we)h

h— 1 h-1
ﬂhl||eo||+2/1l T e+ A ||ep||)
7=0

This finishes the proof. O

<G

C Proof of Lemma[3.2]

Lemma C.1. Suppose function f(x,y) is convex and L-strongly smooth in (x,y), u-strongly convex
in y, and continuously differentiable. Define functions y*(x) := argminy f(x,y) and g(x) :=

miny f(x,y). Then, function y* is %-Lipschitz and function g is (L + %)-strongly smooth.

Proof of Lemma|C.1] Let y*(x) = arg min,, f(x,y). This function is well-defined since the strong
convexity of f(x,y) in y guarantees that y*(x) is unique. We see that for all x, x’,

Vyf(x,y"(x)) = 0and V, f(x", y*(x")) =
Using these equalities, we obtain
0=y (x) = y"(x"), Vy f(x, " (x)) = Vy f(x", y" (x)))
= () =y (), Vy f(x y (0) = Vy f(x, yT (x7))
+ (0" () =y (), Vy £ (3, 3" (x7) = Vy f (27, ¥ (X))
> plly* (x) = y* I =y () =y @ - [Vyf (3" () = Vy £y ()]s
where we used the fact that a y-strongly convex function £ satisfies
(a —b,Vh(a) —Vh(b))y > plla - b|* Va,b

and the Cauchy-Schwartz inequality in the last inequality. Since f is L-strongly smooth, we see that
k3 * 4 1 k3 4 4 * 7’ L 4
1y*(x) = y" (Il < ;||Vyf(x,y () = Vy f (' y* ()| < pllx—x I

which implies function y* is %—Lipsohitz.

Note that the gradient of g is given by

Ve(x) = Vo f (v () + o ey ) 2 2 9y ),

because V, f(x, y*(x)) = 0. Hence we obtain

Vg (x) = Ve () < [V f (x, y"(x)) = Vi f (X', y" (X))l
SNV f e,y (0) = Vi f (L y NI+ IV f (2, 37 () = Vi f (7 y ()]
< Lllx = X[l + LIly*(x) = y* (<)

L2
< (L+ —)||x —x’|.
u
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Lemma C.2. Suppose A is a w1 X wy block matrix. Let A;; denote the (i, j) th block of A, 1 <i <
w1, 1 £ j < wy. The induced 2-norm of A is upper bounded by

w] W2

Al < ZZHAUII

i=1 j=1

Proof of Lemma For unit vector x, we have the following:

2
wi

w2
lAxIP = 31> Ay

i=1]|j=1

w] w2 2

S Z”Aij” [
i=1\j=1
w]

< Z”Au” ZHXJHZ

1

”Z ™

where we used the definition of the induced 2-norm in the first inequality and the Cauchy-Schwarz
inequality in the second inequality. O

LME

Now we come back to the proof of Lemma[3.2]

Proof of Lemma @ To simplify the notation, we define the stacked state vector y, control vector v,

and disturbance vector { as
Yo 0 o
Y1 Vi &
y = . N Vv = : N é’ =
Yp Vp-1 §p—1

Recall that the transition matrix ®(z,, ¢1) is defined as

Atz—lAtz—Z cee At1 iftp, > 1y
I ifo<n’

(I)(tZ’tl) = {

Using this, we can express the state vector y as an affine function of initial state x, control v, and
disturbance ¢:

y=8%+8"v+5%¢, 9)
where
0 0 0 D(t,1)
O(t+1,t+1) 0 0 O(r+1,1)
§¢ = O(t+2,t+1) PE+2,t+2) --- 0 X = O(t+2,1)
CI)(t+[;,t+1) (D(t+p',t+2) <I)(t+p.,t+p) <I>(t-|.-p,t)

and SV = S{ . diag(B,, ey Bt+p—1)'
To simplify the notation, we use the shorthand M := M (¢, p) for the controllability matrix and
RS = [®(t+p,t+1),®(t+p,t+2),...,0(t+p,t+p)].

throughout the proof. Since p is greater than the controllability index d, we know M has full row
rank. The dynamical constraints for (3]), which is identical to the constraints of (3), can be written as

Mv=z-®(t+p,1)x —R5(.
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Because M has full row rank, we let MT = MT (MM T)_1 be the Moore-Penrose pseudo-inverse of
M. Let V e RmP)X(mp=n) be a matrix whose columns constitute an orthonormal basis of ker (M).
Then, we can express all feasible control vector v as

v:M’k(z—d>(t+p,t)x—R§§)+Vr, (10)

where r is a free variable that can take any value in R"P~",
Let F denote the objective function of £7, i.e.,

p-1

F(y,v) = (Z Sree (o) + Ct+‘r(v‘r—1)) + Ct+p(Vp—1)'

7=1

Since we can express the state vector y and control vector v as linear functions of x, z, { and r, we
can write the switching cost (3) as an unconstrained optimization problem

min  F(y(x,z,¢,r),v(x,2,{,1)), (11)

reRmp-n

where functions y(x, z, £, r) and v(x, z, £, ) are determined by

X
[y]_[SX—SVMW(Hp,t) s'Mt S¢-S"MTRC S*V| |z (12)
v

-MT®(t+p,1) M -MTR¢ 1% |

Note that if @ # 1, the following is due to Lemma[C.2}

SR ’ P b a2 2
] i i—j a*P*?> —(p+1Da’*+p
154 < Z lp(r+it+ > < Z PRIC )N - |a2 1|
1 0 _

i=l j= i=l j=

By Lemmal[C.2} we also have

a?r+? — 1 N b a?r -1 a?r -1 aP -1
S| <A —. M| < = - ISYI < BISEIL NRE || < < )
¥ =\ I < 25\ S IS < BISE LIRS < S < =

Since the norm of a block matrix is upper bounded by the sum of norms of each block, we see that

< C(p), (13)

S* —SYMT®(t+p,t) S'MT S¢-SYMTRS SVV
~-MT®(t+ p,1) M -MTR¢ 1%

where, when a # 1,

c b va-2) @ =T 1+p|[0N(@2 = (p+1a2+p) o fer=1
= . + +1|+y—— .
() o2(a-1) a’-1 b |a2— 1\ ar-1 b

If a = 1, by Lemma[C.2] we see that

1 1

S L (&Y BN
¢ i NE 20-)) | = (M T 7
ISE<{ D) D Mg +ist+ HIF| < =12a = E5—.

i=1 j=1 i=l j=1

By Lemma|[C.2] we also see that

b
IS*1l < vp + L || M7 < — VP IIsIl < bISEIL IR < P

Therefore, for (T3) to hold when a = 1, we need to set

C(p) = bo_—‘/z’_’(\/;+2)+1)(1+b @%M-(H@).
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Since F is convex and strongly smooth in (x,u), and both x,u are affine functions of (y, z,r),
F(x(y,z,r),u(y,z,r)) is convex and £ - C(p)>-strongly smooth in (y, z,7). Since F(x,u) is m-
strongly convex in u, by (TI0), we have

VZF(x(y, 2w, 1), u(y, 2, w,7)) = VIV2F (x,u)V
> mel,
where we used that ||Vv||, = [|v||,, Vv € R™P~" because the columns of V are orthonormal in the last
inequality. Therefore, by Lemma[C.T] we know that (TT)) is convex and L, (p)-strongly smooth in

(y,z), where

Ly(p) :=-C(p)* + £co’

By Lemma|[C.I] we also know that the optimal solution of (TT):
r*(x,z,0) == argmin F(y(x,z,4,7),v(x,2,{,7))

reRmp-n

is ¢ - C(p)?/m.-Lipschitz. By (12) and (T3), we see that

X

e y_Sx—SWﬂ®O+pJ) S'Mt S¢-SYMTRS SV z

A B VI R N) Mt ~M*R¢ 1% ¢
r*(x,z,4)

is L1 (p)-Lipschitz, where
Li(p) = C(p)(1+¢-C(p)*/me).

D Proof of Theorem 3.3

The proof of Theorem [3.3]is based on the decision-point transformation introduced in Section 3.2}

Recall that we use d to the controllability index as defined in Definition [2.1] To show the perturbation
bound of ¢ (-, -, -)y,, suppose h and p satisfy ud < h < (u+1)d and p = vd +r, where u,v,r € N
and 0 < r < d. Now we shall select the decision points as

Yo, Yd> " 7y(u—1)d’yh7y(u+2)d9' L Y(v=1)dsYps

which are also denoted by y;,,--- ,y;,_, for simplicity. Since the distance of any consecutive decision
points falls in [d, 2d), we can apply Lemma 3.2]to bound the strong smoothness of switching costs.
In the transformed SOCO problem, the disturbance input of the (7 — 1)-th time period is a vector
Weot = &i, -1 € R (x=i=-1) Each stage cost TN (X, We—1,xi,) is convex and Ly (iz —iz—1)-
strongly smooth by Lemma[3.2] and is thus Lo-strongly smooth by definition. Recall that the solution
of the transformed SOCO problem is denoted by / (x;, ¢ ,Xt+p). Then by Theoremwe have

(ZACN IR A I
= H!ﬁ(x’ (7 Z)u - l&(x,’ éd? Z,)u”

< Cy

v=2

-1 —7|-1 —1)-u-1

A e =l + D A T we = wi |, + 480 ||z—z'||2)
7=0

v-2 ire1—1
-1 -7|-1 -1)-u-1
= Col A e =l + AT Y g - g+ Al ||z—z'||2)
=0 j:i‘r
C v—2iT+]—1
o G e P DR Ll et I Ky CR
0 =0 Jj=is

=C

p-1
V=l + 3 A, = o]+ a7z - z’||).

=0
The last inequality holds because each interval is of length at most (2d — 1). Here the constants are

2L .
Co= OMzLQ(M+@umg+Q,
m

- )
C
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1
2d-1

-] )
C =Co/do = ZmLO(l—z-(\/H(zLo/mc)ﬂ) 1) A= (1—2(\/1+(2L0/mc)+1) l)

c

The proof of the perturbation bound of (-, -, ")y, is quite similar. The only difference lies in the
terminal cost, which can be addressed with the addition of a fixed auxiliary state. Specifically, we
append x,,x = 0 to the end of the decision point sequence, and define a zero transition cost to the
auxiliary state ¢, (Xr4p, Wy—1,Xaux) = O (note that ¢, is trivially convex and Lo-strongly smooth).
Denote the solution of the modified version of transformed SOCO problem by ¢’ (x;, £, Xauy), then
by the same argument as above, we have

07 (x, Oy =0 F )y || = 107 (2, 8,00 =0 (27, £, 0)ul|

<---<C

p-1
A = x|+ T Az = ),
7=0
where the constants are the same as previously defined. This finishes the proof of Theorem [3.3]

E Stability of the Optimal Trajectory

Corollary E.1 (Stability of the Optimal Trajectory). For the predicted trajectory from solving @)
with a prediction window p > d, the norm of the h-th predictive state is bounded above by

p-1
~ _ 2C
157 (x5 F)y || < C{ el + > APzl | < AP lxl + <= supli¢e |l
7=0 -4+

Proof of Corollary[E-1} Note that " (0,0),, = 0. By Theorem we see that
”lﬁtp(x’ {)yh” = ”‘th(x’ Oy — ¢7 (O, O)yh“

p-1
h-1
<claf+ Y 2l ||zf||)
7=0
2C
< CAM x| + supl|{zl,
1- /ll T

where the last inequality holds because

p-1

_ 2
e 2
7=0 -

F Smoothness of the Optimal Cost

Corollary F.1. For any time step t and integer p that satisfies p > d, function (' (-, £, ) satisfies that

Lo+¢ 1
F(x, 2 < (L+md (. 4,2) + Tf(l + 5)(”)6' —xl?+1lz’ - ZI|2),Vx,X',§, 2,7

Lemma F.2. Assume a function g : R" — R, is convex, {-strongly smooth and continuously
differentiable. For all x,y € R", for alln > 0, we have

¢
00 < (14 + 514 2l -1
n

Proof of Lemma

800~ 8(0) < (Vg (), x ~ ) + sl = I
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n 2t 2 ¢ 2
< — V Pa— —_ —_ —_
< 20V + 2o lbe = yI+ Sk =1

el 1
< ng(y) + 5(1 + —)le —y|I%
n

where the second inequality follows from the generalized means inequality and the last inequality
holds because

I I e||ve|f 1 2
0<gly--v <g(») - (Vg(»), =Yg ) + = |~ =g(y) - =V
< g(y 7 g(y)) <g() < 8.7 g(y)> 2” 7 8(») = 5 IVeWI
O
Now we come back to the proof of Corollary [FI}
When d < p < 2d — 1, since &7 (x, £, 7) is Lo-strongly smooth by Lemma we know
L{)(X, g’ Z) = le‘n(x9 g’ Z) + fl+p(z)
is (Lo + {5 )-strongly smooth. Therefore, by Lemma|F.2| we obtain that
’ ’ LO +£ 1 ’ ’
(02 < (L4 (.2 + = (1 ' 5)(||x = xlP + 112 - 2IP).
When p = 2d, let x; := ¢ (x",£,2’)y,. We see that
L (x,4,2) < (x, Loa-1,x1) + & (x1, Lana-1, 2)
, Lo+¢ 1 ,
< (L+ i (5, Loa-1.x1) + > ! (1 + E)HX—X &
, Lo+¢ 1 ,
+ (L4 )iy (x1, ana-1,2) + > ! (1 + 5)”2 -Z|P
. Lo+t 1 , ,
< (e (.62 + =52 (1 + 5)(||x =P+ 12 = 2IP)-
When p > 2d, letx; =47 (X', {,2 )y X2 =07 (X', 4, 2')y, . We see that
P (x,¢,2) < (x Loam,x1) + Lf).,,:izd(xla{d:p—d—l,xZ) + Lfﬂ,_d(xz, {p—dip-1,2)
, Lo+7¢ 1 ,
< (L4 (¥, Lo:a-1,%1) + > f(1+5)||x—x 2
+ "2 (1 Lapeam1s X2)
n, Lottr (1 ,
+(1+ U)tfl+p,d(x27{p—d:p—1,z ) + > (1 + —)HZ -
n
Lo+¢f 1
< (e (.42 + =5 (1 ' 5)(||x’ —xI+ 112 = 2IP).
G Proof of Lemma [4.1]
Proof of Lemma To simplify the notation, we define
2=y (s F)y 2= ~lp+1(-xl;F)yp'
We see that
|&,” (xei F)y, =P s F)y,, || = 0F (s 2)y, = 0P (0, 2)y,, | (14a)
<A z-7Z| (14b)
2C
< 2C/l”_h(C/l”||xt||+l D (14c)

where we used the definition of ¢ and i in (T4a); Theorem [3.3]in (T4B); Corollary [E.1]in (T4c). O
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H Proof of Theorem

Throughout the proof, we will use {(%;,#,)} to denote the trajectory of predictive control with
prediction window 7 (PCr). Recall that {(x,, u;)} denotes the trajectory of predictive control with
prediction window k (PCy), and {(x},u;)} denotes the offline optimal trajectory (OPT), i.e., the
optimal solution of (T).

For simplicity, we will use the shorthand notations

Of (3 F) =97 (6, weaap-13 F) and f (x,2) = 97 (6, Wrap-1, 2)
throughout the proof.
Proof of Theorem[.2} Since x;41 = ¥ (x;; F)y,, forall 2 < i < k, we have

U Cmis )y, = 0Fh (i Fy, (15)

Therefore, we obtain that for k <t < T — k,

x|l = H‘Zi](xt—l;F)yl”

k—1

< D I Gamis Py =0y Germimts F) i ||+ 1754 G F)y | (16a)
i=1
k-1

= Zliwixxz-i; F)y, = 005 Gamis F)y ||+ 104 Gris F)ye| (16b)
i=1
= : 2C 20

< ; pYoy L (C/lk“ x| + . AD) + (C/lk||x,_k|| 1o AD) (16¢)

= 2C 2C
< CA* YAkl +2C Y 21,2l |+ — |1+ —|D,
< (nmkn g; esill | + T (14 7=

where we used the triangle inequality in (T6a)); (T3) in (T6b); Lemmad.T]and Corollary [E-T]in (T6c).

By a similar argument, for 1 < ¢ < k, we have

[lx: 1l = ”1!75_1 (xr-1; F)y1 ”

-1
< Z”&tk—i('xl*i;F))’i - ‘Zf—iq(xt*i*l;F)ym” + ||l;(])((x0;F)yt||

i=

—_ =

t—

= Z”J’z{(—i(xl—i;F)yi - lﬁf—_ll (xl—i;F)yz’” + H‘Z’(])((xo;F))’t”

~ o~
—_

. 2C 2C
< Y 221 ek x| + ——D A D
s Dpct et - 70 + (Gl + 7
-1
. 2C 2C
<cA 2y Ak, C — (1+—|D, 17
< ( Z; loill | + Cllwoll + 7= 1+ 1= (17)

Recall that, under the assumption of (), the sum of coefficients in (I6) and (I7) are upper bounded
by
i1

2C Z ak—l—i) <1-¢, CA*! (/l +2C

i=1

k—1
cak!

/lk_l‘i) <1-6.
i=1
Using inequalities (T6) and (T7), one can show by induction that forz < 7 — k

C 2C 2C
< —. 1 _ 6 max((),t—k) 1 D 18
Ibll < = - (1-6) beoll+ 5= (1 7= (8)
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Fort > T — k + 1, by Corollary [E.T] we see that

x|l = ||l/~/;<~_k(xr—k,WT—k-T 150)yp s ||
2CD
< CAT | xp_i || + T
2 2C? 2C 2C
< —— . (1 =) 2k kT + 1+ + D
5 (=9 ol +\sa—p\" 1) Y 1oa

This finishes the proof of ISS of PCy.
By Lemma[4.I]and (I8), we also see that fort < T — k,

T-t
5 53, 61 v < 3

B Py, =0 s P |

2C
< chap I(C/l”||xt||+ /ID)

p=k
_2c? 2% 4C? k
—m'(/l) ||%||+m'/l D
k
:0((D+—/l (||x(;||+D))/l’<). (19)

We further obtain that forr < T — k,
llxe — %l = “xt - ';g (03 F)”

t—1

< “xt 'pz 1t+1(xl‘ l’F)y1|| +ZH‘// t+l(-xt nF)y, J}IT_;t_tH—l (xt—i—l;F)ym”

t—1

<l =05 G Py | + 3 € = 3025 (e F)y | (20a)
i=1
k
:0((D+—/l (”x‘;”"LD))/lk), (20b)

where we used Theorem 3.3[and the fact that ¢/ -"**! (x;_;_1)y,,, can be written as

7T —t+i+1 7T —t+ T—t+i+1
wtl ' (xt i- 1’F))’z+1 djt i l(wtt ' (xt —i- I’F)yl’ )

Yi
in (204); we used we used (19),
”xt—i - l/;,T_;iﬁi+1 (xt—i—IZF)yln = “&f_i_l(xl—l’—l;F)yl - lz,T_;t_tHl(xt—i—l;F)yl”
and
=1 c
I+ ) CA <1+ ——=0(1
Zl <1+ 5—==0(1)
in @208).
By Corollary [ET] we see that
N 4CD
ey = 27| < 2€2" ||xoll + T
It follows that, by Theorem [3.3] the following holds for all 1 < T — k:
i = 2| = |l (x0,x3) = g (x0,%7)|| < CA*[2€C27 |Ixo| + —
Combining this inequality with (20) gives
Ak +D
||x,—x;‘||=0((D+%)/lk), Vi <T k. Q1)

25



Since

we have

(ur —u}) = B) ((xpa1 —x7,)) —

Ar(xy —xf)),

e =zl < " (beewr = 7 |+ alpee = 27)-

Therefore, under Corollary [FI] for any n > 0,

where

IA

IA

IA

U (X Xee1) = (L+m)ef (37, x7,)
= (ft+1(xt+1) - (1+ 77)ft+1(x;‘+1)) + (ct+1(ut) -1+ 77)Ct+1(u;<))

1

2

1

2

1
(12 ) (sl =P+ el =

1

n

Ly

1
2

|

(e =551+l = x2P).

’)
(1 . 1)(ff T | T
. t+1 2

1+

(22)

1
(1 + —)Zaz(b')zfc”x, -x; 2
n

Ly = Cp +2(b")C. +24a°(b")?C,..

Then, for any > 0, we obtain the following inequality:

cost(PCy) — (1 + 1) cost(OPT)

IA

IA

|

T-k-1

1
D G i) + b (er g, xr)

T-k-1
) -1 +77)( Z b (0 ) + o (g x7)

t=0

|

(s ea1) = (L 737, ) + (6 G o) = (L4 (o)

L' 1\ Lo+¢
I N e LR e Y CC
t=0
T-k-1
. 1\ Lo+¢
D I R (R R e
=0 n
k 2
(D+ : (”x(js”w)) AZkT)’ (230)

s(1+1)0
n

where we used the fact that the cost of zﬁ?_k(xr,k;O) is less than or equal to the cost of

Yk (xr—k,x;) in (23a); we used (22) and Corollaryin (23B); and we used (20) in (230).

O

To bound the optimal cost, we consider a suboptimal controller inspired by the decision-point
transformation, where the controller forces the states x4, x24, ** , X(v=1)d> Xva+r t0 be O (d is the
controllability index, and T = vd + r). The cost of this suboptimal control is determined by the
transformed transition cost £” (-, -, -) between each pair of consecutive decision points. By strong
smoothness of &7 (-, -, -) proven in Lemma we have

1
€ (x,2,0) < sLa(p) (1€ + 1xl1?)

LoD?

<
2

L() 2
+ ~ b
P+ Sl

where Lo = maxg<p<2a-1 L2(p). These inequalities add up to

v=2

COst(OPT) < £(x0, Wora—1,0) + > €40, Wegs(es1ya-1,0) + €L (0, w (v _1yar -1, 0)

7=1
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LoD?> Lo, .»
< T+ —
< — T+ ol

= O(DT + ||xo|1%).

Hence cost(OPT) = O(D*T + ||xo||*). Now we can take n = ©(A¥) in (23) to get a regret bound of

Ak D)\
cost(PCy) — cost(OPT) = O (D + M) ART 4 K ||x0||2).

0

I Proof of Theorem

Proof of Theorem- To simplify the notation, we will omit the disturbance sequence w;.;4x—1 in
1//t and 1//z throughout the proof At each time step ¢, we will use x;/u, to denote the state/input of
PC k,p) algorithm and use x /u; to denote the state/input of the offline optimal. We define

Hy = fi(x1), My = ¢ (ur-1),
Hi = fi(xp), M/ = cr(uy_y).
Let %44 = ¥k (x); F)y,, Xiek = ok (x;, 0)y, .
Ift <T—k,t =0(mod h), we have

||x,+h - )‘;:rh”2
=W s Py = 0 a0l
. - 5 2
< (15 G Py, = BE G Py |1+ 105 G Py, = 0 Gl (242)

~ _ 1\, . .
<(1+ 5)“Wf (X3 F)y, = ‘//f (x;;F)Yh||2 + (1 + E)“’:”f(x;;F)yh - ‘/’f(x;vxt'+k)yh||2 (24b)

. . 1
< (L4 0 G Py, = 5 5 Py |+ (1 + -)He/fl‘ (5 Fead, — U G0l 2d0)

< (1+C22%||x, — x;||* + c2a201-h) (1+ )”ka For|[ (24d)
1
< Tyel =il e 4 (1 2 -l 40

where we use the triangle inequality in (24a)); the AM-GM inequality in (24b); the definition of %,
in (24c); Theorem [3.3]in (24d); the assumption of Theorem[.3|on £ in (24¢).

Since the objective function plus the indicator of the feasible set is m ¢ -strongly convex in variables
Xeal:r+k, We see that

2 &
||x;<+k - fr+kH2 = E Z(H:*'T + Mt*+‘r)' (25)
7=1

|2« 2
xt+k“ Ht+k
cost F(x;1x) = a(||xr+k]]), where « is a class K function. By the definition of ¢, we see that

[[Xs+x1l < ||%+x |- Therefore, we obtain that

Recall that the terminal

||x:+k _)E""k”2 = x:+k||2 (26a)
< 2% il + 2fxs, (26b)
< 4”)2”"< - ;<+k||2 + 6||x;<+k||2 (260¢)
12
< — Z(Hm )+ iy (26d)
< — Z(Hm

27



where we used Cauchy-Schwarz inequality in (26a) and (26c); we used ||%r4x |l < [|X+«]| in 26B);
we used (23) in (26d).

Suppose T = ng - h+mg, where ng € Z, and k —h+1 < mg < k. Summing up the previous inequality
fort =0, h,2h,...,(n— 1)h, we obtain that

g 1 2 no-l
anih _x;fh“2 < 2 20k=1-h) # . Z||x;fh+k _)zimknz
i=1 =

€ i=1
1+€)? 20

< C22k=1=h) # . =2 . cost(OPT), 27)
€ mf

where we used (26) in the last inequality.

Therefore, we obtain that for all > 0,

cost(PC g ny) — (1 + 1) cost(OPT)

no—1 no—1
(Z L?h (xih’x(i+l)h) + L::':)Oh (xn()h’xT)) - (1 + U)(Z L?h (x;‘h’x;kl‘_'_l)h) + an(:)h (x;kloh’x;‘))
i=0 i=0

n()—l

D (el Ceimxiny) = (14 1)l Oty )) + (£, Conno ) = (141D, (i)
i=0

D (el i eenym) = (L), (i Xty ) + (609, Conns ) = (L0, (7)) (280)
i=0

=
S
—_

IA

1\ L+{ S ) . 2 1\ L+¢ T

s (1 + 5) T zZ:(; (”xih —xp,||" + Hx(i+1)h _x(i+1)hH ) + (1 + 5) " |[Froh T Xngh

(28b)

1 X )

=1+ =) @+ p) D i =3
d i=1
1 20(1 +¢€)?

< (1 + —) S(L+ty)-CP20 (—26) - cost(OPT), (28¢)
n me

where we use the fact that the PC algorithm (with replan window £) plans optimally after time step

nh in 28a); we use Corollary [F1]in (28b); we use 27) in (Z8c).

1
-1 L+t )2

By setting 7 ~ € CA*1=" | we see that the competitive ratio of the PCy ) algorithm

(with replan window #) is in the order of

1
= (L + {5 )2 ) C/lklh)'
m

1+0

28
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