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Abstract

Efficient Sequential Decision Making
by
Alan Malek
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Peter Bartlett, Chair

This thesis studies three problems in sequential decision making across two different frameworks.
The first framework we consider is online learning: for each round of a 7" round repeated game,
the learner makes a prediction, the adversary observes this prediction and reveals the true outcome,
and the learner suffers some loss based on the accuracy of the prediction. The learner’s aim is to
minimize the regret, which is defined to be the difference between the learner’s cumulative loss and
the cumulative loss of the best prediction strategy in some class. We study the minimax strategy,
which guarantees the lowest regret against all possible adversary strategies. In general, computing
the minimax strategy is exponential in 7'; we focus on two setting where efficient algorithms are
possible.

The first is prediction under squared Euclidean loss. The learner predicts a point in R? and the
adversary is constrained to respond with a point in some compact set. The regret is with respect to
the single best prediction in the set. We compute the minimax strategy and the value of the game
for any compact set and show that the value is the product of a horizon-dependent constant and the
squared radius of the smallest enclosing ball of the set. We also present the optimal strategy of the
adversary for two important sets: ellipsoids and polytopes that intersect their smallest enclosing
ball at all vertices. The minimax strategy can be cast as a simple shrinkage of the past data towards
the center of this minimum enclosing ball, where the shrinkage factor can be efficiently computed
before the start of the game. Noting that the value does not have any explicit dimension dependence,
we then extend these results to Hilbert space, finding, once again, that the value is proportional to
the squared radius of the smallest enclosing ball.

The second setting where we derive efficient minimax strategies is online linear regression. At
the start of each round, the adversary chooses and reveals a vector of covariates. The regret is defined
with respect to the best linear function of the covariates. We show that the minimax strategy is an
easily computed linear predictor, provided that the adversary adheres to some natural constraints that
prevent him from misrepresenting the scale of the problem. This strategy is horizon-independent:
regardless of the length of the game, this strategy incurs no more regret than any strategy that has
knowledge of the number of rounds. We also provide an interpretation of the minimax algorithm as



a follow-the-regularized-leader strategy with a data-dependent regularizer and obtain an explicit
expression for the minimax regret.

We then turn to the second framework, reinforcement learning. More specifically, we consider
the problem of controlling a Markov decision process (MDP) with a large state-space. Since it is
intractable to compete with the optimal policy for large scale problems, we pursue the more modest
goal of competing with a low-dimensional family of policies. Specifically, we restrict the variables
of the dual linear program to lie in some low-dimensional subspace, and show that we can find a
policy that performs almost as well as the best policy in this class. We derive separate results for the
average cost and discounted cost cases. Most importantly, the complexity of our method depends on
the size of the comparison class but not the size of the state-space. Preliminary experiments show
the effectiveness of the proposed algorithms in a queuing application.
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1.1 Motivation

The decades since the creation of the internet have seen an explosion in the rate of data generation
and rapid movement towards the ubiquity of personal computers. With these developments, we
have the ability for sequential interaction with systems of unprecedented size and complexity and
an urgent need to understand large-scale sequential decision problems. This thesis studies two
strategies to deal with this problem.

1. Online learning focuses on simple frameworks, often eschewing probabilistic assumptions,
and develops simple algorithms with robust performance guarantees, even against non-
stochastic data.

2. Reinforcement learning, on the other hand, attempts to model the environment as a compli-
cated stochastic system and find an optimal policy to control it. We adapt this framework
to the large-scale sequential setting by developing methods that search for approximately
optimal solutions on low-complexity versions of the model.

1.2 Online Learning

Online learning describes the sequential decision problem as a repeated game between the learner
and some adversary (e.g. nature). For every round ¢t = 1,..., 7,

1. the learner picks an action a; € A

2. the adversary observes a; and plays a response x; € X
3. the learner suffers loss ¢(a;, ;) € [0, 1], and

4. the learner receives feedback (e.g. £(-, z;) or £(ay, x;)).

In contrast to machine learning which often assumes stochastic data and generates sophisticated
algorithms, online learning studies simple algorithms but proves performance bounds with minimal
assumptions, often allowing the data to be adversarially generated as responses to the choices of the
learner [|12]].

Since the data are adversarial, the cumulative loss can always be made large; instead, we
minimize the regret, defined as

T

R::Zg(a’hxt)_‘[’;(ml;”'axT)’ (11)

t=1
where L¥.(z1,...,xr) is the best loss of some reference class. If we take the class to be the set of
fixed action, then Li(z1, ..., x7) = mingeq 3, £(a, ;). Obtaining regret that grows sublinearly

with 7" implies that we are learning, as we can play almost as well as the best action in hindsight but
without seeing the data sequence ahead of time.
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Online learning is a useful tool in the context of large-scale sequential decision problems for
several reasons. First, the algorithms are often simple with fast updates. They typically have a small
memory footprint and only need to track a small number of parameters; specifically, data may be
discarded once they are processed. Second, the guarantees are robust even against non-stochastic
data. Third, online learning has been successful in games with partial information such as noisy
feedback or only observing the loss for the taken action (e.g. multi-arm bandit problems).

The typical analysis for an online learning algorithm is to

e propose an algorithm,

e prove an upper bound on regret (e.g. using some potential function argument),
e prove a lower bound on regret (e.g. by counter example) for any algorithm, and
e hope that the two bounds meet.

This outline has been very successful and many algorithms have upper bounds that match the rate
of the lower bound. In contrast, the minimax optimal algorithm provides a stronger notion of
optimality: the algorithm must achieve the best possible regret against all sequences, not simply a
regret that grows with the correct dependence on 7'.

The Minimax Algorithm
The minimax value of a game is defined to be

T
. 3 3 *
V= ;111613?1123(( .. C{?g}ti??% - ﬁ(at, xt) — LT(xl, ce ,SL’T>.
The value can be though of as regret when both players play optimal responses to the other player’s
actions. A strategy that plays the argmin a; in the above expression is the minimax algorithm; it is
precisely the optimal response to the adversary. It is optimal in the sense that, for any other strategy,
there is an x; sequence that causes that strategy to suffer more regret than the minimax strategy
would suffer on the x; sequence.
The value of the game and optimal strategies can be calculated by backwards induction. We can
write

T
V' = min max - - - min max Cag, xy) — Li(2q, ..., 27
a1€Ax1€X arEAxTEX P ( ’ ) T( ’ ’ )

= min max {(ay, x1) + min max ¢(as, r2) + - - - + min max {(ar, xr) — Ly(xq, ..., 27).

a€AzieX (a1, 1) as€A w2€X (a2, 2) arcAzreX (ar, o) 71, 27)

This form suggests that we study the recursion with base case

Ve(ar,...oar) = — Ly(a,...,ar)
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and induction step

Vici(zy, oo xp) = Ircllitnrr}gxﬁ(at, x) + V(xg, ..., xe).
This recursion yields the value, i.e. V' = V;(), and it conveniently encodes the temporal structure
of the problem. That is, the minimizer for a, depends on z1, ..., x;_ 1 only, which is exactly the
game history the learner would have access to when choosing a;. Similarly, the maximizer for x;
can depend on x4, ..., x;_1 as well as a;. Performing this series of saddle point problems is known
as backwards induction. Backwards induction requires that the learner account for the current loss,
l(ay, xt), as well as the future regret which encoded in V' (z1, ..., x).

Advantages of the minimax algorithm include robustness and a very strong notion of optimality:
the optimal constant, not just the optimal rate, is achieved. For regimes where the game length
and the dimensions are comparable, the difference in constants could be significant. From a
theoretical standpoint, minimax algorithms capture the inherent complexity of the problem. Instead
of an arbitrary regularization (e.g. ridge regression), the structure of the problem provides the
regularization. For example, for the game with square loss and a Euclidean ball constraint on
nature’s responses, the minimax algorithm plays a carefully shrunk empirical mean where the
shrinking is determined by the game parameters (the ball radius and the current round). As a
consequence, there are no parameters to tune.

Efficient Minimax Algorithms

The largest drawback of the minimax algorithm is that its computational complexity is often
exponential in 7'. At a high level, the value-to-go function must be computed for every possible
history sequence 71, . . . , x4, which is typically exponential in . From a more mechanical perspective,
each backwards induction step tends to add complexity. Even if L%.(z1, ..., x7) has some structure,
it is unlikely that min,, max,. ¢(ar, x7) + V (x1, ..., 2x7) will maintain it.

There are relatively few examples where one can perform the minimax analysis efficiently.
For example, consider log loss, first discussed in [45]. While the minimax algorithm, Normalized
Maximum Likelihood, is well known [|12], it is only efficient in two cases: the multinomial case
where fast Fourier transforms may be exploited [29], and very particular exponential families that
cause NML to be a Bayesian strategy [26]], [5]. The minimax optimal strategy is known also for: (i)
the ball game with W = I [50] (our generalization to Mahalanobis W = I results in fundamentally
different strategies), (ii) the ball game with W = I and a constraint on the player’s deviation from
the current empirical minimizer [2]] (for which the optimal strategy is Follow-the-Leader), (iii)
Lipschitz-bounded convex loss functions [2], (iv) experts with an L* bound [3], (v) static experts
with absolute loss [[13]], and (vi) time series prediction against a smoothness-penalized comparator
[31]. While this list may not be exhaustive, hopefully the reader is convinced that tractable minimax
algorithms are rare.
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1.3 Reinforcement Learning

One powerful tool for reasoning in complex systems is reinforcement learning. However, a lack
of computational efficiency prevents a more wide-spread adoption. While recent success such as
Google DeepMind demonstrate RL’s efficacy, theoretical understanding of optimality guarantees,
especially for large scales, is lacking.

Reinforcement learning assumes that the world is a Markov decision process, abbreviated MDP,
and tries to learn the MDP while simultaneously performing well. An MDP is parameterized by

1. adiscrete state space X = {1,2,..., X},
2. adiscrete action space A = {1,2,..., A},

3. transition dynamics P : X x A — Ay that describes the distribution of the next state given a
current state and action, and

4. loss function ¢ : X x A — [0, 1] that provides the cost of taking an action in a given state.

For time step ¢, the learner observes the state x;, chooses an action a;, and receives loss ¢(zy, a;). The
next state is then generated stochastically: z; 1 ~ P(zy, a;). The (fully observed) state encapsulates
all the persistent information of the environment, and the influence of the agent is captured through
the transition distribution, which is a function of the current state and the current action. The state
evolves in a Markov fashion: z; is conditionally independent of the past given z;_; and a;_1. A
policy 7 provides a distribution of actions for every state, and the usual goal is to find a good policy.

We focus on an important subproblem to reinforcement learning: planning. The MDP planning
problem assumes perfect knowledge of the MDP and tries to find the optimal policy. Even though
the planning problem decouples the optimization problem (finding 7) from the learning problem
(estimating the parameters of the MDP), it is still challenging when X or A are large.

Classical techniques such as value iteration [7] or policy iteration [27] solve the planning prob-
lem but scale quadratically with X. We restrict the optimization space to arrive at an approximately
optimal policy but with complexity scaling with the size of the restriction instead of X. Exploiting
the fact that the optimal policy can be written as the solution to a linear program [36], the ap-
proximate linear programming line of work reduces the computational complexity of the planning
problem by approximating solutions to the linear program by only considering solutions on some
low-dimensional subspace. The first theoretical guarantees in [19,|17] bounded the suboptimality
of the greedy policy corresponding to the best value function representation. Later papers, such
as [15, 51], improved the computational burden by e.g. sampling constraints. Unfortunately, these
algorithms all require that the optimal policy be near the low-dimensional subspace.

1.4 Contributions

Two chapters of this thesis are devoted to efficient minimax algorithms. In Chapter [2] we study the
prediction game. Given some compact set X € R? and a game length 7, eachround t = 1,...,T
of the prediction game consists of:
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1. the learner predicts a, € RY,
2. the adversary observes a; and responds with ; € X, and
3. the learner observes @, and receives loss ||x; — a,|>.

The regret is with respect to Li-(x1, ..., x7) = mingex 3., , |2 — a||5. We derive the minimax
algorithm, show it is efficient, and calculate the value. We also extend the analysis to sets X in
Hilbert spaces. This work is a broad generalization of the previous published work [30]].

Chapter 3| studies the minimax algorithm for the classic problem of linear regression. For each
roundt = 1,...,7, the game protocol is:

1. the adversary chooses a covariate &, € X; C R?,

2. the learner predicts a label ¢, € R,

3. the adversary observes ¢; and responds with y; € ), C R, and
4. the learner observes y; and receives loss (7; — y)?,

where &, and )/, are some constraints we will specify later (and will be carefully chosen to ensure
that the minimax algorithm is computationally efficient). The linear regression is encoded into the
regret term. Specifically, we define regret with respect to

T
L}(wlv ey Ty Y1, ;yT) = minZHGth - yt”;
HeRd 1

which is the best linear predictor in hindsight. This protocol emphasizes that the structure of
minimax analysis can be entirely derived from the regret term. We shall see that, despite the
learner’s prediction being unconstrained, the minimax strategy (under certain restrictions on the
adversary) is a linear function similar to ridge regression but with a data-dependent regularization.
The first part of this chapter was previously published as [6].

Chapter ] switches to the second topic: planning in large state-space Markov decision problems.
Our method builds off the approximate linear programming literature but takes the novel approach of
approximating in the dual space of the linear program. The dual LP can be interpreted as optimizing
stationary distributions over state action pairs with dual objective equal to the expected loss. We
show that approximately solving a low-dimensional LP suffices to provide a policy that is near
optimal with respect to the best in the class, even if the class is far from the optimal policy. Thus,
the performance bound is non-trivial even if the subspace does not contain a near optimal policy.
This work is an extension of the previous published paper [35].

Finally, Chapter [5| summarizes the work and discusses further directions.



Chapter 2

Minimax Squared Loss Prediction
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2.1 Introduction

We are interested in general strategies for sequential prediction and decision making (a.k.a. online
learning) that improve their performance with experience. We model interaction with the envi-
ronment as a repeated game where the learner and environment take turns playing actions with
full knowledge of the past. We formalize the learning task as a problem of minimizing regret, the
difference between the learner’s performance and the performance of the best strategy from some
fixed reference set. In many cases, we have efficient algorithms with an upper bound on the regret
that meets the game-theoretic lower bound (up to a constant factor). In a few special cases, we
have the exact minimax strategy, meaning that we understand the learning problem at all levels of
detail. In even fewer cases we can also efficiently execute the minimax strategy. These cases serve
as exemplars to guide our thinking about learning algorithms.

This chapter explores efficiently computable minimax strategies for the squared Euclidean loss.
Our setup, described in Figure is as follows. Given a game length 7 and a set X C RY, for
eachround t = 1,..., T, the learner plays a, € R?, the adversary plays z; € X, and then the
learner is penalized using the squared Euclidean distance ||a — x ||2 After a sequence of 7" such
interactions, we compare the loss of the learner to the loss of the best fixed prediction a* € R<. In
all our examples, this best fixed action in hindsight is the mean outcome a* = Zthl T

Given: T, X.
Fort=1,2,...,T,

e learner chooses prediction a;, € R?,

e adversary chooses outcome x; € X,
and

. 2
e learner incurs loss ||a; — x||”.

Figure 2.1: Protocol

We use regret, the difference between the loss of the learner and the loss of a*, to evaluate
performance. The minimax regret for the T'-round game, also known as the value of the game, is
given by

T T

V = infsup---infsup ZHat o — ianHa —x|? (2.1)
ay X1 ar X7 =1 a =1

where the a, range over actions in R? and the x; range over outcomes in X. (Note that the value

depends on X and 7', but we omit the dependence from the notation.) The minimax strategy chooses

the a;, given all past outcomes 1, . .., ;_1, to achieve this regret, and the maximin strategy (of the
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adversary) chooses x; given x1, ..., x; 1 and a;. Equation (2.1) can equivalently be thought of as

T T
V= inf sup > [la;— x| —inf) |la— =z’
® =1

Player Environment ¢—1
Strategies Strategies
with the causal dependencies of a; and x; on the past made explicit. Hence, the minimax value is
the best response to the worst case.
The contributions of the paper can be succinctly summarized as identifying constraints on X
that allow efficient computation of (2.1)) and the minimax strategy. We proceed by first solving two
special cases in explicit detail, then generalizing.

Special Cases

Our goal is to derive the minimax strategy for a general compact X € R?. Our previous work
[30] explicitly computed the minimax strategy in two special cases: the Brier game, where the
action and outcome spaces are the probability simplex with K outcomes, and the Mahalanobis loss
game, where the action and outcome spaces are the Euclidean norm ball. The former is traditionally
popular in meteorology [[10] and the latter has connections with online Gaussian density estimation
[50].

We generalize these results to polytopes in general position (Section [2.3)) and to arbitrary
ellipsoids (Section . Recall that a collection of points in R? is in general position if, for any
k < d+ 1, no (k — 2)-dimensional flat (i.e., a subspace with an offset) contains & of the points.

Definition 1 (simplex). For a collection of k < d + 1 points in general position, z1, . . ., z;, € R%
we use Z to denote both the matrix with columns z1, . . ., zy, as well as the collection of points. We
define the Z-simplex as the convex hull of these points,

k
AZ = {Zpkzk:plw"apkzO?]'Tp:l}. (22)
i=1

We say that /\ z is of size k. Use /\j, to denote the probability simplex over k actions,

Ap={p:pi,....pp 20,1Tp=1}.

It is easy to see that A\ z is exactly the image of /\; through the linear map Z.

In particular, the k£ = d + 1 case corresponds to the standard definition of a simplex that is
affinely independent in R?; that is, the polytope cannot be translated to lie in some low dimensional
subspace. Also, the notion of general position is equivalent to requiring that

s 7))

For a positive semi-definite matrix W, we define the Mahalanobis norm as

|3y = 2TWie, (2.3)
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where W is the Moore-Penrose Pseudo inverse. Without loss of generality, we assume that W is
symmetric.
The unit ball in this norm is an ellipsoid.

Definition 2. A positive semi-definite, symmetric W and center z € R? define the ellipsoid
B(z, W) ={z e R | ||z — 2|, <1} (2.4)
with centered case Ow = B(0, W).

Note that the ellipsoid Oy is the image of () := ()y under the linear map W 2T, Instead of
Euclidean loss on Mahalanobis balls, we could have equivalently played with Mahalanobis losses
on Euclidean balls by transforming « to W ztz; we shall later see that affine transformations do not
change the regret.

Bridging the Gap

One of the main results of this chapter is that ellipsoid games and certain simplex games have the
same minimax strategies and the same regret. The key geometric quantity to study is the smallest
enclosing ball.

Definition 3 (smallest enclosing ball). For a compact set X, the point cxy € X and scalar py € R
are defined to be the center and radius of the Euclidean ball with the minimum radius that contains
X, that is, (cx, px) is the solution to the optimization problem
min p
cp

s.t. X C B(e, p),
where B(c, p) denotes the Euclidean ball,
B(e,p) ={z eR!|[lz —cl| < p}.

We shall show that the regret for any compact set is the same as the regret played on the smallest
enclosing ball. Intuitively, the adversary only chooses points maximally far apart and hence plays
on the intersection of the boundary of X and the smallest enclosing ball. The proof is by a sandwich
argument: every compact set contains a simplex (possibly in a lower dimensional subspace), is
contained in a Euclidean ball, and the regret of the games played on these two sets match. More
precisely, we prove the following theorem.

Theorem 4. Let X be a compact set and let cy and py be the center and radius of the smallest
Euclidean ball that contains X. Forn = 2, ..., T, recursively define the coefficients o = 1/T and
Q1 = Qp + ai. Then the squared loss game has value

T
V=p3 > an 2.5)
n=1
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which is achieved by the minimax strategy

n—1

a, = cy + Z (x; — cx) . (MM)

t=1

Hilbert Space

One may notice that the value of the game on a compact set X only depends on the radius of the
smallest enclosing ball and some function of the game length; in particular, there is no dimension
dependence. This invites the question, can we play in an infinite dimensional space with the same
regret and, if so, is the minimax strategy? We will show that the answer to both questions
is yes. We show that achieves the same regret (2.5)) in Hilbert space, and show that this is
optimal using a limiting argument from the finite case, by constructing a sequence of finite subsets
with a minimum enclosing ball whose radius approaches that of X'.

Related Work

Repeated games with minimax strategies are frequently studied [[12]] and, in online learning, minimax
analysis has been applied to a variety of losses and repeated games; however, computationally
feasible algorithms are the exception, not the rule. For example, the minimax algorithm for log loss,
Normalized Maximum Likelihood (NML), is well known [435]], but it generally requires computation
that is exponential in the time horizon, as one needs to aggregate over all data sequences. To our
knowledge, there are two exceptions where efficient NML forecasters are possible: the multinomial
case where fast Fourier transforms may be exploited [29]], and very particular exponential families
that cause NML to be a Bayesian strategy [26, |5]. The minimax optimal strategy is known also
for: (i) the ball game with W = I [50] (our generalization to Mahalanobis balls with W £ T
results in fundamentally different strategies), (ii) the ball game with W = I and a constraint on
the player’s deviation from the current empirical minimizer [2] (for which the optimal strategy
is Follow-the-Leader), (iii) Lipschitz-bounded convex loss functions [2]], (iv) experts with an L*
bound [3], (v) static experts with absolute loss [|13]], (vi) unconstrained linear optimization [37/]], and
(vii) linear regression [6]. This close-to-exhaustive list demonstrates the rarity of tractable minimax
algorithms.

The Ball game was considered previously by [S0], who identify the minimax algorithm for the
special case W = I. The generalization to W # I results in fundamentally different strategies.

Outline

The paper is organized as follows. Section [2.2] begins with describing the minimax framework
and introducing the tool of backwards induction as a means of computing the minimax strategy.
We then apply this tool and fully solve the simplex and ellipsoid games in Sections [2.3]and [2.4]
presenting the value, the minimax strategy, and the optimal strategy of the adversary. We then
generalize to an arbitrary compact set in Section [2.5|by first proving several necessary properties of
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the smallest enclosing ball for convex sets and then deriving the minimax strategy and value using a
sandwich argument. Section [2.6|then shows that the regret and minimax strategy remain essentially
unchanged in the infinite dimensional case. We conclude in Section[2.7]

2.2 Value-to-go

In this section, we introduce the value-to-go function and some common elements of the ball and
Brier games. All games will be specified by a game length 7" and a constraint on the adversary’s
action space X C R? For simplicity, we omit this dependence from our notation. For some
observed data x1, . . ., x,, the value-to-go for the remaining 7" — n rounds is given by

T T
V(xy,...,x,) = inf sup ---infsup Z Hat—:ctHz—ianHa—a:tHz,
¢ t=1

An41 Tn41 ar T t=n+1

where &, 1, ..., @y are constrained to be in X but a,,,, ..., ar are unconstrained (although we
will later see that the learner will never play outside of the convex hull of X’). The value-to-go at
x,,...,x, encapsulates the effective future regret if both players play optimally starting with a
history x4, ..., x,.

By definition, the minimax regret is V' = V/(e) where € is the empty sequence, and an easy
induction shows that the value-to-go satisfies the recurrence

—inf, 3.1 |la — x| ifn="T,

' ) ) (2.6)
mfan+1 sup,, ., a1 — ®psr|]” + V(xr,. .., xpy1) ifn<T.

V(ey,...,x,) = {

Our analysis for the two games proceeds in a similar manner. For some past history of plays
(x1,...,x,) of length n, we summarize the state by s = > )" @, and 0 = Y | x]x;. As we
will see, the value-to-go after n of T rounds can be written as V (s, 02, n); i.e. it only depends on
the past plays through s and 0. More surprisingly, for each n, the value-to-go V (s, 0?%,n) is a
quadratic function of s and a linear function of o2 (under certain conditions on X).

It is easy to see that the terminal value V (s, 02, T') is quadratic in the state; this is simply a
consequence of the form of the loss of the best action in hindsight, as described in Lemma [3]
However, it is not at all obvious that propagating from V(s + x, 0% + 7@, n + 1) to V (s, 0%, n)
by using the second case of preserves this structure. This compact representation of the
value function is an essential ingredient for a computationally feasible algorithm. In many regret
minimization games, the minimax strategy has a computational complexity that apparently scales
exponentially with the time horizon. We show that, for squared Euclidean loss, the minimax strategy
can be computed in constant amortized time.

The Offline Problem The regret is defined as the difference between the loss of the algorithm
and the loss of the best action in hindsight. Here we calculate that action and its loss.
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Lemma 5. Fordata x1, ... ,xy € X, the loss of the best action in hindsight equals
T T 1 T T/ T
inf a—z|° = rlr, — — T x|, 2.7
s Yeelt = Soin—1 (32 (%) "

.. . T
and the minimizer is the mean outcome a* = 7>, | ;.

Proof. The unconstrained minimizer and value are obtained by equating the derivative to zero and
plugging in the solution. 0

The best action in hindsight is independent of &X', and therefore the follow-the-leader strategy is
as well. As we shall see, the minimax strategy does not have this property.

2.3 The Simplex Game

This section analyzes the squared loss game when the adversary is restricted to play on a general
simplex, which can be thought of as a non-degenerate (k)-vertex polytope in R%. We first define
a simplex and connect the Euclidean loss game on the simplex with a Mahalanobis loss game on
the probability simplex and prove several useful lemmas for optimizing quadratic functions in the
simplex. Building off of this, in Section we evaluate the value-to-go function of the simplex
game and present the minimax and maximin strategies. Finally, we show a regret bound.

Simplex Preliminaries

Recall that the Z-simplex is the convex hull of the columns of Z, which are in general position. We
require that Z be in general position because it allows a short description of the mapping between
Az and /\;, that relies on the offset vector, defined below. We will use G := ZT7Z to denote the
Gram matrix of Z and g := diag(G) to denote its diagonal.

Definition 6. For the Z-simplex, define the offset vector to be any vector v satisfying Zv = 0 and
17v = 1.

Note that such a v always exists: since Z are in general position, Z can have rank at most d and

1ZT} has full rank and v is

the null space cannot be orthogonal to 1. In the case when k = d + 1, [
uniquely determined.

We can think of v as the point in A\, that maps to the origin, provided that Az contains the
origin (otherwise, v will have negative entries but will lie in the hyperplane containing A\;). The

vector v affords us an easily described affine transformation between Az and A\.

Proposition 7. Given the Z-simplex Az, the linear map Z maps from /\y onto /\z. For any
z € A g, the affine map
vV(z)=v+ Sz (2.8)
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guarantees that p = N/ (z) € /Ay, is a solution to Z'p = z, where v is the offset vector and
S :=(I—-vlT)Z". (2.9)
Additionally, ZS = 1.

Proof. Let z € Az, and we want to find a p such that Zp = z. By definition of /A z, z must be
in the column space of Z, and hence we can take p = Z'z + aw for any « (since v is in the null
space of Z). Solving for the « that requires 17p = 1 yields

1"(Z'z+av) =1 a=1-12Z"2
since 17v = 1. Hence,
p=2Z"z+ (1 — 1TZTz) v
= (I —-v1")Z'z 4 v,
and S = (I — v1T) ZT as claimed.
The last claim of the theorem is easily checked: ZS = Z (I —v1") Z1 = ZZT = 1. O

Minimum Enclosing Ball of a Simplex

One of the biggest reasons for working with simplices is that the minimum enclosing ball is easy to
compute in closed form, as described in the following lemma, where g = diag(Z7Z) and S is as
defined in Proposition

Lemma 8. Ler Z be in general position and /\ z be the corresponding simplex. The center and
radius of the minimum enclosing ball are

1
cz = §STg, and py =cycy+g'v (2.10)

provided that Scz + v = 0, where > denotes an entry-wise inequality between vectors.

The proof of Lemma 8] builds off Lemma [I0]and will be presented shortly. We state Lemma [§]to
highlight an important condition:

Definition 9. A simplex /\ 7 is ball-like if

Scz +v = 0. (2.11)

The ball-like property holds only if the minimum enclosing ball touches the simplex at every vertex,
and allows easy computation of the minimum enclosing ball via (2.10).

We will drop the subscripts on ¢ and p? when the context is clear.
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Optimizing Quadratic Functions on the Simplex

Before we prove Lemma [§] and compute the value-to-go, we will derive a useful result about
optimizing quadratic functions over A z.

Lemma 10. The optimization

max —p'Z"Zp+2d'p
P
s.t. 1'p=1.
has solution
p=v+SS'd
and value
d’'SS'd + 2d™v.

Proof. We can equivalently solve the optimization for p or z = Zp, since p — z is a one-to-one
mapping between {p : 17p = 1} and R?. Using p = v + Sz and z = Zp, the optimization is
equal to

—p'Z"Zp+2dp=—2"2+2d"Sz + 2d™v
=—(2—8"d)" (2 — S'd) +d"SS"d + 2d™v

We can therefore read off the solution as z = S7d and the value as
d'SS57d + 2d™v.
Mapping this back, we find that the solution is

p=v+Sz=v+ 8S57d.

With this lemma, we can immediately prove the smallest ball theorem.

Proof of Lemma/[8] The smallest ball containing /A z has center ¢ and radius p that are solutions to
the optimization problem

min  p?
p,cENzZ

st. |lzi—clP=p*<0 Vi=1,... k

Using p as the vector of dual variables, the Lagrangian is then

k k
Llepp) =S pils— el + 7 (1 . zpi) |
i=1 =1
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If we differentiate with respect to ¢ and set this equal to zero, we must have ¢ = ) _. p;z;; using

this, we are left with
k k
S il - Zol + 4 (1 S pi)
i=1

i=1

under the further constraint that p; > 0. We can rewrite the first term as
Sopllei =26l = Sopilei -2 2 e D)
= Zpi (e]Ge; —2p'Ge; + p'Gp)
= g'p—p'Gp,
and thus we see that the least-norm minimum ball is equivalent to the optimization problem
min g'p—p'Gp (2.12)
p
st. peE Ak
Applying Lemma([l0]with d = g/2 gives
. 1
pr=v+ 55 STg,
which implies that

STg
2

cZ:Z(v+SST%> =

and ]
pz = ZQTSSTQ +g™v.

However, Lemma|[I0|solves the optimization problem where 17p = 1 is the only constraint. If the
solution given by the Lemma also happens to satisfy p; > 0, then the solution must also be correct
on the subset p € A\,. That is, for the ¢z above to be correct, it suffices if

v+ Secz € Ay,

which is exactly equivalent to the ball-like condition. 0

We need one final ingredient before we can evaluate the value of the game: namely, we need to
understand how saddle point problems over Az behave.

Lemma 11. For a simplex /\ z, vector b and constant 3 > 1, the optimization problem

min maxHa, —x||* 4 fxTx + 2bTx
acR? zEA
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achieves its value

d'SS7d+2d™w = (1 + B)’°cTe +2(1 + B)c'b + bTb + (1 + B)v'g

where )
d= %ﬂg + Z7b.
This is accomplished by the saddle point defined by the player strategy
a*=S7d

and the randomized adversary strategy (the maximin strategy randomizes, playing * = z; with
probability p;)
p'=v+887d

provided p* > 0. Note that the expected value of the maximin strategy is precisely a*.

Proof. The objective is convex in x for each a as § > 1, so it is maximized at a corner x = zj.
The value is unchanged by allowing the adversary to play linear combinations. That is,

min max ||a —z|* + BxTx + 2T = mln max||a — zi|]? + Bzl zi + 2072,
aENz xeEN ENZ

- E —z z z+2b"z
205, i, [, Ll =l B 287

where the second line follows from a straightforward application of a min-max swap (see e.g. [46]).
The properness of the squared loss implies that the minimum of Ey,|la — 2| is at @ =
Eyp|2zr] = Zp; plugging this in yields

min max la —x||” + faTx + 20Tz = max E [|1Zp — zi||* + Bzfzi + 2b7 2]
acz xc

= max —pTZTZp +((1+p)diag(Z7Z) +2Z7b)" p
P

We immediately find p* by applying Lemma with the linear term equal to d = 1+B —==g + Z7b,
which can be written as

p=v+8587d
R )

Lemma [I0]also provides the value
d'p=d'SS’d + 2d™v

_(1+py
4
_(1+py
i
Finally, the optimal player action is

g"SSTg+ (1+ B)g"SSTZTb + b ZSSTZTb + (1 + B)v'g

g'SS'g+ (1+5)g"Sb+b'b+ (1+p)v'g

a*=Zp = S7d.
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Minimax Analysis of the Simplex Game

With the above lemmas, we can readily compute V' (s, 02, n) as a recursion and specify the minimax
and maximin strategies.

Input: Game length 7, ball-like simplex A
Calculate the smallest enclosing ball center c.
Calculate

1 2
ar = T Qp = Oy + Qpy,
Sets =0
foralln=1,....T do

Play a* = c+a, Y1, (z; — ¢)
end for

Figure 2.2: Minimax A strategy, ||-||* loss

Theorem 12. Consider the T-round game over a ball-like simplex /\ 7 and Euclidean loss ||a— x||*.
After n outcomes (@1, . .., x,) with statistics s = Y ;| @, and 0® =Y || ] X, the value-to-go is

V(s,0%n) = a,8"s — o> + (1 — na,)g"Ss + yn,

the maximin strategies plays point zy, proportional to

p=vt 8 (1= - Dan et ann - 1))

n—1

and the minimax strategy is
n—1
a*=Zp" = c+an2(mt—c)
t=1
where the o, coefficients are defined in Figure[2.2land v = 0 with
Y1 = Yo+ (1 = (n — 1)ozn)2 c'c+ a,v’g.

Proof. We proceed by induction. Recall that V (s, 02, T'), the value at the end of the game is

1
V(s,0*,T) = TSTS — 02,
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corresponding to ooy = % and v = 0. Now, assume the induction hypothesis for n < 7" rounds. To
check the n — 1 case, we evaluate
V(s,02,n—1) = min max|ja — x|* + an(s +x)7(s + x)
acRdzeAz
— (0 +xx) + (1 — na,)g'S(s + ) + V.

= min max|ja — z|* + e — zTx
acRizeElz

+2 (1 —2nozn STg + ozns) ' T+ a,s’s
+ (1 = na,)g™8™s — 02 + .
Applying Lemmawith B = (an, —1) and b = =222 87g + s achieves its value
d'SS'd +2d™v

where

n 1— n
d= (%I + 2na ZTST) g+a,Z's

and the maximin strategy is

p'=v+857d

— nay,

. 1
v+ %SSTQ n SSTZTSTg + a,Ss

=v+ L (1-(n—-1)a,) SS"g+ a,Ss

2
s
=S({(1—-—mn—-1)a, nn—1
(( (n— Day) e+ ay(n )n—1>
Recall that the player plays a* = Zp*, and so
s n—1
a* — (1—(n—1)an)c+an(n—1)m:c+an2(wt—c).

t=1

Next, we need to show that the value-to-go remains in the correct form. Repeatedly using the
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identity ZS = I, we have

o, 1—na, 1—nao,

]
dTSSTd +2dTv = g (71 + TZTST) SST (%I + TZTST)

— nay, T
+ 20,97 I—|— 5 ——Z'ST | §8777s
+Oz28TZSSTZT8+2dT’U
a 1 —na T/« 1 —na
= iy ST LA “nggr - tnggQr
g<2 T s) (255+ ) SS)g

+ ay (an + (1 —nay,)) g'8s + a’s™s + a,v'g

a 1—na, \2
S T TSST
(2+ 2 )g g

+ ay (ap + (1 —nay,)) gT8s + a’s™s + a,v'g
and hence the value is

V(s,o?,n—1) = (a? + ozn)sTs + ((1 = nay) + oy (an + (1 —nay))) g"STs

—l—( 5 ) gTSSTg+0zang—02+7n
=a,18s+(1—(n—1)a,_1)g'STs

+ ( ( 4 1)0én) TSST
=a,18's+(1—(n—1)a,_1)c’s

g+ a,v’g —02+’yn

+(1=(n—1ay)’ce+avw’g — o+,
under the update
Qp_1 = Qp + 04721
Yoot =T+ (1= (n—Da,)’ cTe + a,vTg.

Finally, we need to verify that the strategies above respect the constraints of the game, i.e. that
a* € Az and p* € A4 1. It suffices to verify the latter. Otherwise, the above calculations do not
correspond to the minimax strategy. We need to show for all s > 0 with sum n — 1 that p* > 0, i.e.

v+S(1—(n—1a,)c+a,s) =v (1 —(n—1a,) e+ a,s) € L.

By Proposition [/} 5/ is one-to-one from A\ to Az, and thus the above statement is equivalent to
(1= (n—1)a,) c+ a,s € Az, which we can easily verify by noting that the expression is exactly
a convex combination of ¢ € Az and 5 € Ag. O

This full characterization of the game allows us to derive the following minimax regret bound.
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Theorem 13. The minimax regret on the T-round ball-like simplex /\ z satisfies

T
V(Ag) = p? Zan <p*(1+In(T)), (2.13)

n=1
where p? is the squared radius of the minimum enclosing ball, c’c + v7g.

Proof. The regret is equal to the value of the game, V' = (0,0, 0) = ~o; thus, we need to calculate
ST (1 = nay,,1)? Observe that
(1 —nayy1)® = 1= 2na,4 +n’al
= 1= 2nans +n*(an — apy1)

= apy1 +1— (n+ 1)2an + nla,.

After summing over n, the last two terms telescope, and we find

N

T-1

(1 —nap)? = —T2ozT+Z(1+ozn+1) = Zozn,

n=0

S
I
o

and hence V' = (c"c + gTv) Zzzl o, = p? Z:zl a,. verifying the first equality.
Each «,, can be bounded by 1/n, as observed in [50, proof of Lemma 2]. In the base case n = T
this holds with equality, and for n < 7" we have

2 < 1 N 1 1n(n+2) < 1
a, = o, Qi1 < < —.
+ +1 (n+1)2 n+1 n(n+1) n
It follows that o o< 327 a, < SO0, 1 <1+ In(T) as desired. O

Remark 14. In fact, [50, Lemma 3] actually proves the slightly more refined bound

>y =In(T) = In(In(T)) + O (%) .

2.4 The Ellipsoid Game

This section parallels the previous: we first introduce the Euclidean loss game on an ellipsoid and
relate it to the Mahalanobis loss game on a unit sphere. Section 2.4]then proves some useful lemmas
for optimizing square functions and saddle points on ellipsoids and uses these tools to compute the
value-to-go and optimal strategies.

Here, we consider the game with Euclidean loss and ellipsoid X = Qw = {x € RE |
|||y < 1}. We will first solve the centered case, as the general case easily follows. The centered
case is without loss of generality: since the loss is the difference between the player’s and adversary’s
plays, translating X will simply shift both sets of plays and offer exactly the same loss.
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Ellipsoid Preliminaries

As with the simplex, we could equivalently think about the Euclidean loss on a warped space (e.g.
an ellipsoid) or the Mahalanobis loss on a Euclidean space.

Lemma 15. Playing x and a in the Ow game with Euclidean loss ||-||* is equivalent to playing
1 1

Yy = (WT) 2x and b = (WT) 2 a, respectively, in the Euclidean game with Mahalanobis loss

A%

1

This lemma is a simple consequence of noticing that z € Qw < ||(W')2z|| <1<y e O,
1
and ||y — by = [W2(y - b)|| = [l — a|. ,
For the rest of the section, we will fix W > 0 and consider the game with loss ||-||” and action
set ¥ = Ow.

Optimization on an Ellipsoid

For each step of the backwards induction, we will need to solve a quadratic saddle point problem on
the ellipse, which will be provided by the following lemma.

Lemma 16. Fix a symmetric matrix A and vector b and assume A + W =1 = 0. Let A\ be the
1 1
largest eigenvalue of W + W2 AW 2 and v, the corresponding eigenvector. If

VW (AW ' — A) W ib < 1,
then the optimization problem

inf sup |la — x|’ + T Az + 2b"x
acRd z€Ow

has value
B (AmaxW " — A) 7' b + A, (2.14)

minimax strategy a* = (ApaxW ! — A)7'b, and a randomized maximin strategy that plays two
unit length vectors, with

T
a” Umax

1
Prlz=a j:\/l—aTW—la 'vmax)——i ,
( + + + 2 2/1-aTW-'la,

where a | and a) are the components of a* perpendicular and parallel {0 Uy, ax.

Proof. As the objective is convex, the inner optimum must be on the boundary and hence ||x||,;,, = 1.
Introduce a Lagrange multiplier A for xTW ~'x < 1 to get the Lagrangian

inf inf sup|la — z|* + T Az + 227b + A(1 — 2TW 'z).
acR4A>0 =
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This is concave in ¢ if I + A — AW ™1 < 0, that is, A\,.x < A. Differentiating yields the optimizer
x* = (I + A— AW1)"" (a — b), which leaves us with an optimization in only a and \:

inf inf a'a—(a—b)T(IT+A—-2AW )" a—b)+\

a€Rd A>Amax
Since the infimums are over closed sets, we can exchange their order. We then exploit the fact that,
for all A > A\,.x, the objective is convex in a. We have

IT-IT+A- 2 W HhHa*=—(T+A- W H b
—(I+A- W HIT-T+A-X\W H Ha*=b
sa =0O\W1'-A)"b
We now rewrite the optimization problem as
inf inf a7 (I —(I+A- /\Wfl)*l) a+2bT(I—l-A—)\W*l)*la—bT(I+A—)\W’1)’1b+)\

A>Amax a€R4
and plug in a = a*. The the quadratic term can be simplified as
aT(I-(I+A- W) )a

=bT(A- W HTIT-IT+A-2WHHA-IW b
=b(A- W H T T+A- W' -DIT+A- W H 'l A-xw )b
=b"(IT+A- W HHA-xwH b

Plugging this into the objective, we find

inf infa™(I-T+A-MW H Na+2"(I+A- W ) la—b"(IT+A- AW )b+ A

)\ZAmax aERd

= inf —bT(I—i—A—)\W_l)_l(A_)\W—l)—lb_bT(I+A_)\W—1)—1b+)\

A>Amax
= inf —bT(A—- AW H b+
AZ)\max
We can use the spectral decomposition WiAW: = > Avv] to rewrite this optimization
problem as
inf B'OW = A) '+ A= inf WA - W2AW:) 'Wib+ )
A>Amax A>Amax
= inf vIWibv! | (M — W2AW?)~ VIW2by; | + A
~ inf Z( TW3b) o] (AT - WEAW?S)™! (v;Wab>+A
A> Amax 5
_ YW & v] Yj W s
— Agf; (vrwho) - v (oW4b) + A
1 2
(vg Wab)
= inf + A
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The derivative of the objective with respect to A is

12
G - ) 2 (w) o

i?j

= (Z vgwébv;> (A — W2AW?2)~? (Z vJWébvi> +1
= bWz (Al - W2AW2) Wb+ 1
= bW (AW ' — A) W 2b+ 1,

and so the objective is an increasing functionin A > A, as long as bTW 32 Aw-1 —A)_QW_%b <
1. The infimum is attained at A\, and the a* is minimax for the given * when the assumed in-
equality is satisfied.

To obtain the maximin strategy, we can take the usual convexification where the Adversary
plays distributions P over ()w . This allows us to swap the infimum and supremum (see e.g. Sion’s
minimax theorem [46]) and obtain the equivalent optimization problem

V =supinf E [aTa —2a"z + Tz + xTAx + 2bTx].
P a z~P
We notice that the objective only depends on the mean p = [E & and second moment D = E zxT of
P. Since « is supported on the boundary of Oy, we must have tr(W'D) = 1and D = uuT. It
is clear that these two properties are necessary for any distribution on the boundary of ()yy; the fact
that this criteria is also sufficient is proven in [32, Theorem 2.1]. Therefore, the above optimization
is equivalent to

V =supinfa’™a —2a"pu +tr((I + A)D) +2b"p

wD a
=supinf —puTp +2b"p + tr((I + A)I)
wD a
=—-a""a"+2b"a"+ sup tr((I+A)D)
D>a*a*7T
tr(W-1D)=1

where the second equality uses a = p and the third used the saddle point condition p* = a*.
. . . 1 1 . . .
We can rewrite the matrix trace constraint as tr(W -2 DW ~2) = 1 and the objective in the

supremum as tr <(W + W%AW%)W*%DW*%) We then see that the matrix W2 DW 2

seeks to align with the largest eigenvector of (W + W%AW%) while respecting the constraint

W :DW 7 > <W_%a,*> (W_%a*>T. If we reparameterize by C = W2 (D — a*a*") W2,
it becomes clear that we need to find

sup tr ((W + W%AW%)C> :

C>0
tr(C)=1—a*TW la*T
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Umax

Figure 2.3: Illustration of the maximin distribution from Lemma([I6] The mixture of red unit vectors
with mean g has second moment D = pp™ + (1 — po7 1) Uy 0]

max"*

By linearity of the objective, the maximizer can be of rank 1. Hence, this is a (scaled) maximum
eigenvalue problem, with solution given by C* = (1 — a*"W ~la*)v,.v] ., so that D* =
W 2a*a* W2 + (1 — a "W La*) vl ..

It is easy to verify that the mixture in the theorem has the desired mean a* and second moment
D*. See Figure |2.3|for the geometrical intuition.

]

Notice that both the minimax and maximin strategies only depend on W through \.,.. and

vmax-

Minimax Analysis of the Ellipsoid Game

With the above lemmas, we can compute the value and strategies for the ellipsoid game in an
analogous way to Theorem Again, we find that the value function at the end of the game is
quadratic in the state, and, surprisingly, remains quadratic under the backwards induction.

Input: Game length 7', X = B(c, W).
Calculate

1 —
AT = ?I, An = An+1 (/\;I;j_)l(w—l + I—- A”'H) ' A”'H + An+1’

where A" = )\maX(W%AnW%)
foralln=1,...,7 do

Play a* = ¢+ (A\PW ™ + T — App) " Apnt Z?:_f (z — ).
end for

Figure 2.4: Minimax ()w strategy
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Theorem 17. Consider the T-round ball game with loss ||a — :13||2 and action space Qw, the
matrices defined in Figure and the statistics

s=> x and o®=) xzlz. (2.15)
t=1 t=1

After n rounds, the value-to-go is

1 1
V(s,0%,n) = =sTA,s — —0> + Yy,
2 2
where A, is as defined in Figure 2.4 and
=0, T = Yot + (W2 Ay W2). (2.16)

The minimax strategy plays
a*(s,0°n) = a* = ApaxW ' —Apy1 — 17T A, 8

and the maximin strategy plays two unit length vectors with

T
CL” VUmax

-4 ’
2 2/1-aTW-la,

Pr (:B =a + \/1 - a']_W_la'L’Umax) =

. 1
where \yax and v,y correspond to the largest eigenvalue of WiAnHW% and a, and a are the
components of a* perpendicular and parallel to v ,.

Proof. Recall that we needed to calculate

V(s,0%n) = infsuplla —z|* + (s + )T A1 (s +x) — (02 +2T2) + Yor1,

a T

which may be reorganized to

§TA,18 — 02+ Y1 +infsuplla — x||> + 27 (Apyy — I + 25T A, .

a xr

We now apply Lemma [16| with A = A, ., — I and b = A, ;5. Let A7} be the largest
eigenvalue of W + W2(A,, — )Wz = W2A,,,W2. If we have

1> sTAu APSW T 4 T — Ayy) Agas, (2.17)
then the value equals
§TAp118 — 02 + st + AT 4+ 8TA, o (NESW I 4 T— A, ) Ayys

with minimax strategy
a* =W+ T— Ay) TA s
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If we assert that V (s, 02, n) = sTA,, s — 0%+, we find that we must have the correspondence:

max yx7 — -1
An = An+1 ()\n+1W ! +1I— An+1) An+1 + An+17
Tn = /\gl-i){ + Ynt1-

The final piece is to check Equation (2.17). We use the observation that A,, has the same eigenspace
as W1 (see the comment after the proof for more discussion). Then, let v denote the eigenvalues
of W~!. We have that the largest eigenvalue of A, .1 (APSW L+ T — A1) - A, is ()\max)2

n+1
because the mapping
/\2

(Amxy + 1 - 2)°

A=

1s monotonic in A < \™ex,

We can then calculate A\ = /\maX(W%AnHW%) = Amax(An+1)/Vmax

The proof now follows by combining the recurrence for the largest eigenvalue from Section [2.4
with the bound on v, from the proof of Theorem I3}

max \ 2 2
max - —2 _An —n
STA i (AW 4+ T— A, )  Aps < ( +1) ls* < afun® < (n+1)2 <1

Understanding the Eigenvalues of A,

The eigensystem of A, is always the same as that of W. Assume that W ! has eigenvalue,

eigenvector pairs (v;, v;), in decreasing order, and let \!,, ; denote the eigenvalue of A, associated
. . . 1 .
with v;. Assuming that the order of \!, does not change, we can calculate \'** = A—?, set A = &

v T
are update \! as
~ (N |
P\ , n . + )\; ’
BRI PR

which leaves the order of the \! unchanged. The largest eigenvalue \! satisfies the recurrence
2 . .
A = 1/T and A, = (AL,4)” + AL,,, which, remarkably, is the same recurrence for the a,
parameter in the Brier game, i.e. \J** = 22—
This observation is the key to analyzing the minimax regret.

Theorem 18. The minimax regret of the T-round ball game satisfies

T

1+ In(T
V = )‘maX(Wil) Zan S +Tn())\max<wl)'
n=1

Proof. Notice that V' = V(0,0,0) = v = ZTZI AR = A (W Zle o, and use the bound

n

on 22:1 o, from the proof of Theorem [
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General Ellipsoid
We now generalize the results of the previous section from B(0, W) to B(c, W).

Theorem 19. Given a positive semi-definite matrix W and a vector ¢ € RY, the T-round ball game
with loss ||a — x| and action space X = Ow + ¢ has the same regret as the game with X = Qwy,
minimax strategy

a*(s, a2, n) = a" =c+ (AmaXW’1 — A, — I)’lAnH (xy — c)
=1

and the maximin strategy plays two unit length vectors with

;
@] Vmax

g ’
2 2/1-aTW-la,

Pr (w =c+a, + \/1 - aflwlad_vmax> =

. 1 1
where \yax and Vpay correspond to the largest eigenvalue of W2 A, . \W2 and a, and a are the
components of a* perpendicular and parallel to v,.x. That is, the minimax and maximin strategies
are just offset versions of the centered-ellipsoid case.

Proof. Letx!, s, 02/, and a, denote the centered versions of x,,, s, o2, and a,,, respectively. It
is straightforward to notice that the value of offline problem with x,, is the same as with x; with
solution @ = a* + ¢, where a* is given by Equation (2.7)). Tracing through the calculations of the
proof of Theorem[17} we find that the calculations with @/, are exactly the same as for the centered

case if we notice that ||a,, — x, || = ||a,, — || with @’ = a — ¢. Thus, the optimal response is the
a’ given by Theorem [I7} which equates to the a presented in the theorem statement. 0

2.5 The Convex Set Game

Building off the two special cases in the previous sections, we are now ready to derive the minimax
strategy and value-to-go for bounded convex sets.

The basic argument is as follows. We first show that any convex, compact set X has some
contained ball-like k-simplex contained with the same minimum enclosing ball. The regret of this
ball-like simplex must lower bound the regret on X, since it is a smaller set and the adversary’s
action is more limited. On the other hand, the regret on the minimum enclosing ball must upper
bound the regret on X. Since the regret on these two sets is actually equal, the regret on X must
also agree.

Remark 20. The bounded assumption is necessary. Otherwise, the adversary could play some fixed
point for the first T' — 1 rounds, then play xr with arbitrary norm on the last round. Regardless of
ar, the adversary could pick xr with ||| > ||ar|| such that the loss of the comparator is still
much smaller (since it is the average of all the x;).

Mechanically, the backwards induction is not feasible even from the last round with unbounded
X (as we are maximizing a convex function over an unbounded set).
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Finding a Supporting Ball-like Simplex

Let & have smallest enclosing ball with center ¢ and radius p. To lower bound the regret of playing
on X', we need to find a subset with an easy to calculate regret. To this end, we define:

Definition 21. Let X be a convex, compact set. We say that a simplex /\ of size k < d + 1 supports
X if A\ is a ball-like simplex and has the same minimum enclosing ball as X.

This section shows that we can always find a simplex to support X'. We shall see that the
ball-like simplex is formed from a subset of the intersection of the minimum ball and X'

Lemma 22. Let X be a closed and bounded set, possible in some Hilbert space H. The smallest
enclosing ball is unique.

Proof. First, we argue that the minimum enclosing radius is well defined and attained. Define the
setR ={p e R:3Jx € X¥st. ¥ C B(x,p)}. This set is bounded above since X" is bounded;
otherwise, X must be a singleton and the result is trivial. Hence, it must have a non-zero infimum,
which we denote p.

We will check uniqueness of the center by contradiction. Assume that both ¢; and ¢, are centers
of smallest enclosing balls, i.e. X C B(ey, p) N B(cg, p). First, note that ¢; and ¢, must both be in
the convex hull of X'. Otherwise, the projection theorem for Hilbert space implies that the projection
of, say, ¢; onto the convex hull must be closer to every point.

Defining ¢’ = 932, we easily derive

lz—ci|® = o —c + (¢ —c)|* =z =’ + ¢ —ci|* +2(x — ¢, ¢ — ).
Now, assume that  is closer to ¢; than ¢,. This implies
0< |z — el —llo—al’=d—cl® - —al’+2& -, a—c)

and since ||¢’ — ¢;||> = || — e1||°, we have that 2(x — ¢/, ¢; — ¢;) > 0.
Finally, we expand ||z — ¢;]|” to

|z — e|* =z — ei||” + ler — ea]|* + 2{x — €1, ¢1 — e)

>z —eil|* + lles - e,

and hence B (c’ , \/ p?—|ler — e H2> is a smaller enclosing ball, yielding a contradiction. This

implies that c is unique. [

Next, we turn towards indentifying a subset of X that has a well understood regret. Any
supporting simplex seems to be a good candidate, but we must first prove their existence.

Lemma 23. Every convex, compact set X € R? has a supporting simplex of size 2 < k < d + 1.
That is, there exist points z1, . .., zj in general position that share the same minimum enclosing
ball as X.



CHAPTER 2. MINIMAX SQUARED LOSS PREDICTION 30

Proof. Let X=0XNB (cx, px), where OX is the set of boundary points of X'. We claim that X
and X share the same minimum ball. Let us consider sup,, y || — c|| as a function of c. At cy, we
have

supllz — c| = sup|lz —c[| = p

reEX zeX

and the minimum enclosing ball of X must be the same as the minimum enclosing ball of X" by

uniqueness.
Now let ¢ denote this unique minimum. By Caratheodory’s theorem, there exist points
Z1,...,2r € X with corresponding matrix Z such that, for some p* € A\, we have ¢ = Zp*.

Without loss of generality, assume that p* has all non-zero entries (otherwise, the corresponding z;
could be removed without consequence). Let Az be the convex hull (we will later show that A\ is

a simplex). Recall that the minimum enclosing ball is the solution to the optimization
. 2
min .
ceR? p? P
Vit e—zi[|*<p?

Using p as the dual variables, the Lagrangian is

L(07027p) = max min p2+2pl (HC—ZZ‘H2—p2).

p=>0 ceR4,p?

As any finite convex hull is bounded, Slater’s condition holds, so we have strong duality and the
KKT conditions are necessary and sufficient for optimality. Hence ¢, p? and p are optimal iff

e — ZiH2 < p? (primal feasible)

p >0 (dual feasible)
pi(lle—z|*—p*) =0 (complementary slackness)
0=2 Z pi(c — z;) (O.L vanishes)

1 = szw (0,2 L vanishes)

These conditions are easily checked for p*. We constructed p* € A\, such that | Zp* — z||* = p?
for all 2 (which covers all but the forth condition) and Zp* = ¢ (which covers the forth). Hence, by
uniqueness of the the smallest ball, Az and X’ must share the same smallest enclosing ball.

It remains to check that A\ 7 is ball-like. It is sufficient to show that v + Sez € /.. This is an
easy consequence since cz = Zp* and the mapping from Az to /\ is one-to-one. [

Remark 24. Playing the minimax strategy for a general closed set requires knowing the center
of the minimum enclosing ball. This requirement is very benign under any assumption that the
center is at the origin (e.g. symmetry assumptions). However, even in more complicated sets, the
problem of finding the smallest enclosing ball is well understood. For example, there are linear
time algorithms for finding the smallest ball of a set of points [38]] (in our earlier derivations, we
formulated this as a quadratic program).
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Main Result

We have finally gathered the tools necessary to prove our main result. Since the adversary’s plays
are constrained but the player’s are not (although the player will naturally play in the same space),
games with larger sets will have at least as much regret. Thus, for any X', we can upper bound its
regret, R v, by the regret of the game on the smallest enclosing ball,

T
Ry < pgf Z .
t=1

On the other hand, the above section has shown that there is a ball-like simplex that lower bounds
the regret on X by py ZtT:l ay. Since these two bounds match, the regret on all sets in the middle
must be the same:

Theorem 25. Let X be a compact set with center and radius c and p, respectively. The squared
loss game has value

T
V=0 an, (2.18)
n=1
which is achieved by the minimax strategy
n—1
an:c—{—anZ(mt—c). (MM)

t=1

Proof. We will use V(S) to denote the value of the Euclidean game when X = S. Note that if
S; € S, then V(S;) < V(Ss) since the adversary has strictly more power (he can play from a
larger set).

Recall that A () is the ball-like simplex sharing the minimum enclosing ball with X". Since
Az (x) is ball-like, Theorem implies

T

P o=V (Lzw) < V().

n=1

On the other hand, the ball B(cx, px) is a special case of the ellipsoid with W = pLXI . Since
X C B(cx, px), Theorem 18] establishes

T T

V() < V(Blew, o)) = dueW DD a0 =2 >

n=1 n=1

Therefore, we have
T T
Yoane ZVI(C) =) anpt,
n=1 n=1

which provides the other side of the inequality. [
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Remark 26. Theorem 25| provides the value and minimax strategy for the convex set game, which
is a surprising result. We cannot calculate the value-to-go or the maximin strategy for any of the
sets between the supporting ball-like simplex and an enclosing ellipsoid; yet we can calculate the
minimax strategy and the value. Recall that the maximin strategy on the ball-like simplex plays
(Theorem|[I2)) vertex z1, . . ., z; with probability proportional to

pr=v+S((1—(t—1)a)c+ a;Ss;)

and the maximin strategy on any ellipsoid B(W | ¢) plays (Theorem )

P ( +4/1—al ) L o
rir=c+a —a a4V | = = ————.
+ Lo 2 2y/1-ala,

where \yax and V., correspond to the largest eigenvalue of W%AnHW% and a, and a are the
components of a* perpendicular and parallel to V.

2.6 The Hilbert Space Game

In the previous sections, we analyzed the Euclidean game for compact sets and found that the regret
only depends on the radius of the smallest containing Euclidean ball. In particular, the regret has no
explicit dependence on dimension, which suggests a natural extension to Hilbert space.

Consider the squared loss game where the adversary is constrained to play @, € X, where
X C H is some closed and bounded set of a Hilbert space #. In Reals®, the minimax strategy is

n—1
an:c—i—anZ(wt—c), (MM))

t=1

where c is the center of the smallest enclosing ball. By Lemma there is a unique smallest
enclosing ball even if X is in H, and therefore the above strategy is well defined is H. It is easy to
compute since it is a linear combination of past data and c.

The main result of this section is showing that the finite-dimensional results carry over to Hilbert
space: the regret of is p? thzl a;. We accomplish this by proving a direct upper bound and
then constructing a lower bound from a sequence of finite dimensional games (which we analyzed
in the previous section).

Lemma 27. For some fixed point d € H, the strategy

n—1

a, = d+ anZ(wt —d),

t=1

with the same o, recursion (ap = % and o, = o + a,), obtains regret

T T
R; = Zat |z, — d|” < <sup |z — dH2> Zat.
t=1 zeX t=1
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Proof. Recall that the regret is

T T
Ry =) [la; — x| — inf > Jla — o,
=1 ac€H

. . 1 T
the optimal comparator is @ = 7 » |, | ;, and hence

T T 1 T
. 2 2
inf Slla—al® = 3wl - 5[ Y=
acH i t=1 =1

Expanding, we find that

T T
1
Re = Y (ladl? ~2fan ) + 2| Sa

t=1 t=1

-9 <d+ o i:(ms — d),a:t>

s=1

2

2

t—1

d+a, ) (x, - d)

s=1

E

t=1

T

Z(mt —d)

t=1

T
_ 2
=2 |

t=1

1
T

+2 <Z(:ct —d), d> +7|d|?

t=1

2 t—1
1
—20415 <$t—d,2(ms—d>> +T
s=1

t—1 2

Z(ms - d)

s=1

Z(fﬂt —d)

t=1

T

= Z (at—l_at)

t=1
T

= a||D (@ —a)

t=1 s=1

T
= Zat | — d||2
t=1

A straightforward bound on the regret is

T T
> aym —d|? < (Sup |z — d|y2> >
t=1 zeX t=1

and optimizing the above guarantee over the choice of d reduces to finding the squared radius of
the smallest ball enclosing X, i.e.

t—1

Z(ms - d)

s=1

2 t—1
_QO[t <£Bt—d,Z(ZL‘S—d)> +OZT
s=1

2 t—1

Z(ms - d)

s=1

-2 <:13t - d,tz_:(azs - d)>

p? = infsup ||z —d|*.

deH zeX
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It follows that the minimax regret has the bound

T
V(H) < p*) . (2.19)
t=1
Note that this holds even if the inf ; in the definition of p? is not attained. [

This result matches the upper bound for the finite dimension case. The infimum c is always
attained and is unique (Lemma [22)), and we have seen that the maximin strategy always plays x;
such that ||x; — ¢|| = p; thus, the upper bound can be met with equality.

Before we prove the matching lower bound, we prove the following proposition, which may be
of independent interest.

Proposition 28. For any closed set Z € H, there exists a sequence of finite sets C; C Z such that

pCin) o /2

p(Z) i

where p(C;) is the radius of the smallest enclosing ball of the convex hull of C;.

Proof. We construct C; iteratively by adding a point to C;_;. The key argument is showing that we
can always pick a point that increases the radius significantly towards p. We start with a singleton
Cy = {z} with z; € Z arbitrary. This witnesses p(C;) = 0 with center ¢; = z;. We construct
Ci41 from C; as follows. If p(conv(C;)) = p(Z), we are done. Otherwise, by definition of p(Z),
there is a point € Z such that ||c — x| > p(Z). We then set C; 11 = C; U {x}. The difficulty is
in showing that p(conv(C;)) makes significant progress to p(2).

For any finite set C', we can perform a min-max swap,

2 . . . 2 _ . . 2
pA(C) = minmax||z —e|* = maxmin} q(z)l|z - e,
zeC
and obtain a distribution ¢ on C; with mean c such that
2
PG = > @)z —cf’.
zeC;

Now, consider the distribution ¢, on C;; that puts probability (1—\)¢(z) on z € C; and probability
A on x. The optimal center w.r.t. this distribution is its mean ¢, = (1 —\)e+ A \x = c+ \(x — ¢),
and we can lower bound its radius by evaluating the dual problem at ¢y and noting that ||z — ¢, ||* =



CHAPTER 2. MINIMAX SQUARED LOSS PREDICTION 35

(L= APz —c|® = (1= A)p*(2):

P(Cirn) = (1=21) Y a(2)llz — exl® + Allz — ex?

zeC;

1=2) 3 () (I — el =2z — c.x — €) + N|z — e]*) + Al — e

zeC;
(1= Np*(Ch) + (1= NXP*(Z) + Nz — e )?
(1=XN(P*(Ci) + Xp*(2)) + A1 = N)?p*(2)
(1= NP(C) + M1 — N)pA(2).

AVARLY,

This expressions is a lower bound for any A € [0, 1] and is maximized at

P*(Z) - p*(CY)

\ =
2p*(Z)
2 200:))?
where it takes value (p(z)t—p(cl)). Therefore,
4p*(2)
2 2
p*(2) + p°(Ci)
Ci > )
AG) 2 =507
and we may think of p?(C;) as a sequence with a lower bound generated by the mapping = ﬁ%pﬁ,
which increases to its limit of p?(Z).
To obtain the convergence rate, define x; = p(C;11)/p(Z). We then have x; = 0 and
! L1+ 2 L (l—ax)? i )
«’L’z‘+1—;($s+1—l’s)—;( 9 _'rs>—;TZ§(l_$i+l>a
and solving the quadratic inequality yields
p(Cis1) 1 2 1 \/5
Bl >4 -S4 2 >1—4/2
N2 = TiTVitES i
]

Proposition 28 makes the lower bound for the Hilbert game immediate, which leads finally to
our main result.

Theorem 29. The value of the squared norm game over any closed, bounded, convex set X with
minimum enclosing ball of radius p is

and the minimax strategy (MM)).
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Proof. Lemma 27|immediately gives an upper bound, V(X)) < p Zle ar. The lower bound is
an application of Proposition Define X; = conv(C};), where C; is the sequence of finite sets
guaranteed by the proposition. Since X; C X, we must have V' (X;) < V(X), and so, applying
Theorem 25| yields p(&;)? S, a; < V(X) for all i, and hence

XY 0 S V(X) < p(X) Y

completing the proof.

2.7 Conclusion

This chapter calculated the value and minimax strategy of the squared loss game where the adversary
is constrained to play in some closed, bounded, convex set. We proved that if p and ¢ are the radius
and center of the minimum enclosing ball, then the simple strategy

n—1
a, = c+an2(mt—c). (MM))
t=1

is in fact minimax optimal. The player only needs to know ¢ and 7" to play. Furthermore, the value

is
T
R < p? Z oy
t=1

regardless of dimension. We have also calculated the value-to-go for ball-like simplices and ellip-
soids and can play with subgame perfection (i.e. optimally respond to a non-optimal adversary). As

promised, these methods are computationally efficient as all the o, coefficients can be precomputed
in O(T) time.



Chapter 3

Minimax Online Linear Regression

37
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Given: Covariate budget matrix 3 > 0
Fort=1,2,...

e Adversary reveals x;
e [ earner predicts 3, € R
e Adversary reveals y; € R

: " 2
e Learner incurs loss (g; — y;).

Learner’s aim is to minimize regret,
R = E — Yt) —mln E (z0 — yt)

Figure 3.1: online linear regression protocol

3.1 Introduction

Linear regression is a fundamental prediction problem in machine learning and statistics. In this
chapter, we study a sequential version: on round ¢, the adversary chooses and reveals a covariate
vector &, € RY, the learner makes a real-valued prediction );, the adversary chooses and reveals the
true outcome y;, and finally the learner is penalized by the square loss, (4; — ;). The protocol is
described in Figure [3.1]

Since it is hopeless to guarantee a small loss (the adversary can always cause constant loss per
round), we instead aim to guarantee that we are able to predict almost as well as the best fixed linear
predictor in hindsight. Letting &’ and 3 denote x, ..., x; and ys, . . ., y;, respectively, the regret
of a strategy that predicts 7 is defined as

T

2 . 2
— ;) — min (0Txy — y,)°.
=1 S —

|
]~
S

RT (Ig{7 w?v y{)

A strategy s : [, (R? x R)'"! x RY — R, is a map from observations to predictions, and we
define Ry (s, 2], yl ) :== Ry (41, =], y]) where g, = s(@1,y1,..., @1, Y1, @;). This chapter
studies the minimax regret, which is the lowest possible regret of any strategy guaranteeable against
all sequences chooses by the adversary, including sequences that adapt to the player strategy. That
is, the minimax player strategy s* is such that

maXRT (s T ,yl) = mln maXRT (s x, ,yl)
wl ry1 ml ’yl

where the min is over all strategies. Phrased another way, every other strategy can be made to suffer
at least as much regret as the minimax strategy.
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The minimax regret can also be written without explicitly defining a strategy as follows:

) = maxminmax - - - max min max Rp. 3.1)
Al Y1 Y1 xT yr yr
This form may be more intuitive as it suggests how to compute the worst case strategies: solve the
optimization problem, starting from time 7" and working backwards.
We have not specified the domains of any of the optimizations. Throughout, we will allow ¢, to
be unconstrained, but we will need to constrain the adversary to achieve any non-trivial guarantees.
In general, computing minimax strategies is computationally intractable: the optimal prediction
; depends on the complete history (x1,y1, ..., Ti1, Y1, ), and the dependence might be a rather
arbitrary function of this enormous space of histories. Hence, we will concentrate on constraint
families that permit efficient solutions with a per-round complexity independent of 7'. Precisely,
we search for settings were there are horizon-free minimax strategies. We require a strategy to
minimize the worst case regret over covariate and label sequences, but we also insist that, for any
time horizon 7', the strategy incurs no more regret than any other strategy, even a strategy that
knows T

Definition 30. A strategy s* is horizon-independent minimax optimal for some class A of covariate
sequences and some class ) (xT) of label sequences, possibly depending on T € A, if

T T . T T
sup sup Rr (s*, T, ) — min sup Rr (s, T,y ) = 0.
T zTeA, yTey(=T) s zTeA, yTey(=T)

Outline and Our Contributions Our main result is that given a constraint 3 on the scale of
the covariates, there is an efficiently computable minimax optimal strategy that can compete with
every covariate and label sequence in some class (described in Section [3.7)). The restrictions on the
adversary essentially ensure that the adversary respects the scale constraint 32, so that the player is
not led to under-regularize or over-regularize.

We proceed by analyzing a sequence of restrictions on the adversary of decreasing severity. We
show that, under these conditions, the minimax strategy is always a simple, linear predictor. After ¢
rounds, define the summary statistics

t t t
Sy = Z Yoy of = Z yg, and II, := Z T,x]. (3.2)
q=1 q=1 q=1

The minimax strategy (we call it mms) predicts
Yip1 = wL_lPt+13t7 (mms)

where the P, matrices have an intricate definition we will describe shortly. We first note that taking
P, = HI or P, = (IT, + M) corresponds to follow the leader or ridge regression, respectively. The
minimax algorithm is more sophisticated. For 3, > 0, a limit on the size of the covariates, define

a
Py =%, Pi= Py — 5 Poza(Py (3.3)

t
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where

V4b? +1 -1
L. (3.4)
VA +1+1

Hence, (mms)) has per-round complexity O(d?). The rest of the chapter explains how we arrived at
(3.3)) and presents several families of constraints on the data, {x;, y;} where (mms) is the (efficiently
computable) minimax strategy.

Intuitively, the minimax strategy begins by regularizing against all possible future covariate
sizes defined by 3. Upon seeing x;, it lessens the regularization in the direction of x;x] since
there is less budget left in that direction.

We will always impose the following Adversarial Covariate Conditions. For P, defined by (3.3)),
we denote

2. T o
by =z, Pz, a; =

AZ) = {a:lT  for Py = Xf, Pf = Ht} (3.5)
AD) = {x{ for Py = Xf, P > II, and P} = HT} . (3.6)

The conditions essentially require that the scale of all the covariates ! at the conclusion of the game
are compatible with X, the scale promised to the player at the start. We provide more interpretations
of this condition and show that, without this condition, the adversary can cause arbitrarily high
regret.

We begin our analysis in Section [3.3| with the easier case of fixed-design regression where all
the covariates @1, . . ., xp are chosen by the adversary and revealed at the start of the game. This
allows us to explicitly solve for the value-to-go starting from the back of the game, provided that
the labels are bounded and the covariates satisfy an additional alignment condition. The backwards
induction results in (mms) with P, matrices defined by

P =11, P, =P+ Pyziaz) P 3.7)

which corresponds to the forwards P, upon setting 3 to be the unique matrix that leads to Py = Il.
The P, matrices are shown to have the alternative form

) P,
quwr+ Z [y T,x], (3.8)

q=t+1

and we immediately see that 7 € A(X). The P, matrices also have the form which intuitively
is ridge regression with some future-instance-weighted regularization. We can view each term
@] P,x; as round ¢’s contribution to the regret, and hence the P; can be interpreted as an inverse
second moment matrix when the outer products &,z for unseen data are weighted according to
their contribution to the minimax regret. We emphasize that P is a product of the minimax analysis;
its elegant form showcases the beauty of the minimax approach.

Section [3.4]demonstrates that we can also be minimax in the fixed design case if we fix some

R > 0 and require
T

Z v’z Pix; < R.

t=1
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There are no bounded label assumptions, and since the strategy is (mms)), it clearly does not need
knowledge of R and it is automatically adaptive in this sense. This suggests that the above quantity
is a natural measure of the complexity of the constellation of labels and covariates for regression.

In order to study more general adversarial-design games, Section [3.5|shows that the forwards
and backwards recursions are equivalent so long as 7 € A(X). This immediately lifts the two
previous fixed-design results to the adversarial-design setting. That is, we show that (mms) is
minimax optimal for all sequences x! € A(X) and label constraints studied in Section

However, our goal is to be minimax against sequences in .4(3X). To this end, we examine a
hybrid game in Section [3.6) where the covariate sequence is fixed but the adversary is allowed to
adaptively choose when to stop the game. Then, Section relaxes the condition that P, = HTT
with equality and show that, as long as the covariates satisfy a continuation condition, (mms)
remains optimal. We proceed by analyzing a variant of the game where the adversary is allowed to
stop at any point, and we derive conditions that ensure that the adversary causes maximum regret by
not doing so.

Section [3.8] continues the intuition of (mms) as a modified ridge regression by casting the
minimax algorithm as Follow-the-Regularized-Leader with a specific, time-dependent regularizer.
Finally, Section [3.9|derives an O(log(7")) regret bound for the worst case covariates.

Related Work

Linear regression is one of the classical problems in statistics and has been studied for over a century.
The online version of linear regression is much more recent. [22] considered online linear regression
with binary labels and ¢;-constrained parameters w, and gave an O(d log(dT’)) regret bound for
an /y-regularized follow-the-leader strategy. [|11]] considered /5-constrained parameters, and gave
O(\/T) regret bounds for a gradient descent algorithm with /5 regularization. [28] showed that an
Exponentiated Gradient algorithm, based on relative entropy regularization, gives O(\/T ) regret.
All of these results depend on the scale of the instances and labels. [S3]] applied the Aggregating
Algorithm [52] to continuously many experts to arrive at an algorithm for online linear regression.
This algorithm uses the inverse second moment matrix of past and current covariates, whereas the
minimax strategy that we present uses the entire covariate sequence (see (3.11))). Vovk’s algorithm
was interpreted and re-analyzed in various ways [21} 4]: it is minimax optimal for the last trial, and
it satisfies a O(log T") scale-dependent regret bound. The scale dependence is perhaps not surprising
when future instances are not available. The regret bound we obtain for the minimax strategy is
O(log T') with no dependence on the scale of the covariates. Refined work on “last-step minimax”
was done by [39].

We take the approach of [50] and [30], who studied minimax optimal strategies for prediction
games with squared loss: rather than proposing an algorithm that explicitly involves regularization
and proving a regret bound, we identify the optimal minimax strategy for square loss; the ideal
regularization emerges.
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3.2 Fixed Design Linear Regression

In the fixed design setting, the game length 7" and covariates &7 are chosen and revealed before
the game begins. The goal of this section will be to calculate the value-to-go and the minimax and
maximin strategies of this game. Recall that the value is

T

) = min max - - - min max g —min Y (0Tz, —y,)*
71 Y1 Jr AcRd p—

where we constrain yl 6 y for some Y (we will provide several amenable examples later) but do
not exphcltly constrain ¢. This formula encodes the requirement that g, is a function of 3! ' and
7t~ and g, is a function of yt and "', We emphasize that in the fixed design setting, every y, and
¥ can be a function of =7

The standard technique to solve for the value is known as backwards induction. Define the value
to go function recursively with base case

and induction

V (s1,07,t) = glifll max (1 — yer1)? + V(8¢ + Yer1Tugr, 07 + Yyt + 1))
The value-to-go function at time n, V (y}', x1 ), is the regret if 37 and ¢} have been played and
both players play optimally from round n + 1 onward with the loss of the fixed actions of the past
St (U — yn)? subtracted off (they do not affect the strategies). These equations are naturally
solved working backwards from n = 7', hence the name.

Generally, calculating the value-to-go is computationally intractable: we must evaluate V (32, 1)
for every possible sequence of plays, which suggests, and often results in, complexity exponential in
T'. The contribution of this work can alternatively be understood as specifying when this exponential
blow-up does not occur. In fact, the value-to-go can be written as a succinct function of s,, and o,
only.

The Offline Problem
Lemma 31. Fix data (x1,%1), ..., (x7,yr). The loss of the best linear predictor in hindsight is
T T T T/T tr
uf)fgﬂ@ ~ (W, —y,)* = ny - <z; ytmt> (; fﬂtilftT) (; yt%)

= S}HTST
where T denotes pseudo-inverse (any generalized inverse will do). It is minimized by

= H;ST.
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3.3 Minimax Analysis for Bounded Labels

In this section we perform a minimax analysis of fixed-design linear regression with bounded

labels ¥, and give an exact expression for the minimax regret. As discussed in the introduction, the

following problem-weighted inverse covariate matrices are central to the analysis and algorithm.
Recall the backwards recursion for the P, matrices:

T 1
Pr = T.T) P=P.,+P. x;1x] P.4.
T Ty |, t 1 b1 1T P
=1

In the proof, it becomes clear that the P, arise exactly from solving the minimax problem.

Theorem 32. Fix a constant B > 0 and a sequence T, ...,z € R Consider the following
T-round game. On round t € {1,...,T}, the player first chooses §; € R, then the adversary
chooses y; € [—B, B| and the player incurs loss (§j; — y;)?. The value of this game is
T T
min max - - - min max Z@t —y)? — min Y (wTx, —y)*
t=1

91 U gr YT weR? p—

Assume that the following covariate condition holds:

t—1
 laiPay| < 1 foralll <t<T. (3.9)

q=1

Then the value of the game is B> ,_, @] Px,, the optimal strategy is (mms): 41, = ], Pi1154,
where s; = 22:1 Yqq, and the maximin probability distribution assigns

Pr(y1 = +B) =1/2+ x[ Pry1s,/(2B).

The proof shows that the minimax strategy optimizes the value-to-go, and therefore optimally
exploits suboptimal play by the adversary.

Proof. The proof proceeds by explicitly performing the backwards induction and showing
V (s, 02,t) = 8] Pis; — 02 + i,
where the ; coefficients are recursively defined as
yr =0, Ve = Ver1 + BzerlPtHiUtH-

This implies that the value of the game is V (0, 0,0) = v, = B2 Y/, ] Pix;, as desired. Lemma
establishes the base case V (sr, a%, T) = shPrsp — a?p. Now, assuming the induction hypothesis

2 . 2
V(st41,000,t +1) = 8L 1 PryiSiyn — 0y + 9141,
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we have

Jt+1 Yt+1

V (s¢,07,t) = minmax (1 — Y1) +V (8t + yr1@e1, 07 + ypg, t+ 1)
(9

= minmax (Y41 — yt+1)2 + (s + yt+1wt+1)T P, (s + yrr12i11)

Jt41 Yt+1
2 2
- (Ut + yt+1) + Ver1

— i 2 ; T 2 T
= Inin max (Z/t+1 — 20 1Y + 201 Prase + yi i P
Yt+1 Yt+1

T 2
+ 8, P18y — 0} + Vg1
= min§2,, + 2 (x], , Pry18: — 4 + ], P, ;
= MY, max 2 (T, 1 4418t = Y1) Yer1 T Ty L1 41Y5 9
Yt+1 Yt+1
T 2
+ StPt+18t — 0, + Vi1

The inner maximization is a quadratic in y;.; € [—B, B] with a non-negative second derivative, so
it is maximized by an extreme y;,1 € {—B, B}, giving

2 _ : ~2 T ~
V (st, oy, t) = rypm (ytH +2B }athPHlst — yt+1|)
t+1
T 2 T 2
+ $t+1Pt+1513t+13 + s Pt+18t —0; + Vit1-
The minimization over ¢, is of a convex function, which is minimized when 0 is in the subgradient,

so that
-B if 33;+1137t+13t < —B,

U1 = B if xf,, Py18, > B, (3.10)
x! P15, otherwise.

Under the assumption (3.9) of the theorem, only the last case occurs:

t
< Z |wg+113t+133q| |yq| <B,

g=1

t
T
§ z, Pz,

q=1

T —
|l 1 Priise| =

so we have 91 = x/  P,;15;. Plugging this solution in, we find
2 4\ _ oT T 2,7 T 2
V(st.07.t) = s Pipxpx],  Poasy+ B’a]  Paxiy + 8] Psy — 0] 4 e
— o7 T 2 2.7
= 8 (R&+1wt+1wt+1pt+1 + Pt+1) 8¢ —0; + Y1 + B P,
verifying the recursion for P, and ;. From the perspective of the adversary, we need to solve

max min gy, + 2 (2] 1 P18 — Gi1) 2p — 1)B + 2] Py B
p€[0,1] 41

= max B(2p—1)*+2 (], Py1si — B(2p—1)) 2p— 1)B + ], | P11 B2
p )

because the minimizer of ¢, is the mean B(2p — 1). Setting the p-derivative to zero results in
worst-case probability 1/2 + ], , P,11s,/(2B) on £B. O
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As discussed in the introduction, the P; have an alternative form:

Lemma 33. For the P, matrices defined in (3.7)), we have

) P
quwT—i— Z — Lzl (3.11)

1 a:TPa:
q=t+1 T % a

Proof. The proof is by induction. We start with

T
r= Z ] .
t=1
Suppose the equation in the lemma is true for 1 < ¢ < T'. Then by the Sherman-Morrison formula,

P~ = (P, + Pzx]P,)"

T
_P—l_ wtwt
t 1+$IBCBt
t T
T T
:E:me+§: x] Pz, o7 _ Tt
i~a l+ziPx, "7 1+z]Pux,

O

Condition (3.9) can be easily tested; it does not involve the labels y;. It can be viewed as
forbidding outlier covariates: an x; that is large relative to the others will cause the condition to fail,
leading to clipping in (3.10). The condition appears to be restrictive: it is satisfied if the covariates
are approximately orthonormal, which essentially corresponds to playing d interleaved independent
one-dimensional regression problems, but we do not know of other problem instances that satisfy
the condition.

The condition arises because of the uniform constraint on the labels. There are, however, many
other constraint sets for which the same strategy is still minimax optimal, but the corresponding
conditions are milder. In particular, it is clear that the proof extends immediately to the case in
which the adversary is constrained to choose label sequences from

Ve ={(1,.- - yr) : |w| < By}, (3.12)

provided that the B = (By, ..., Br) are compatible with the data by satisfying

t—1
B, > |« Pax,| B, (3.13)

q=1
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In this case, the minimax regret is Zthl B?x] P,x; and the maximin probability distribution for
Ye41 puts weight 1/2 £ &],  Py18,/(2B;41) on =B, ;. Condition is a special case of these
compatibility constraints (3.13) corresponding to By = --- = Br.

We end this section by proving one useful (and maybe surprising) fact.

Lemma 34. Let ! be any covariate sequence and Py, . . ., Pr the associated precision matrices
1 y q ) ) p

given by the backwards recursion (3.7). For any invertible matrix W € R, let x, = Wx;. Then

the precision matrices of ', . . . , @'y are exactly Pl = W P,W' and x] Pz, = x' P/x,.

T T
Proof. First, we can easily check that P}, = (Zthl w;wf) = (WT)i (Zthl T x] > W, Now,
assume that the hypothesis holds for ¢. Then

P/, =P+ Pax|'P|
=WIPW!+ W' (PW W,z WWP,) Wi
=Wi'p_ Wi

3.4 Ellipsoidal Constraints

In addition to the box constraints, we are also able to provide the minimax strategy for another
family of constraints. In this section we investigate another way of budgeting that is suggested by
the problem. Namely, for some R > 0, we consider the set

T
yR = {(thyT)ERZythI'tht:R} (314)

t=1

of label sequences with a certain weighted 2-norm, where the weights are related to the hardness of
the covariates. We analyze the minimax fixed design linear regression problem (3.1)) on V5, and
show that the minimax strategy is again the simple linear strategy (mms)). Recall that this strategy
predicts

Utr1 = mIHPtHSt-
This is surprising for two reasons. First, this predictor does not incorporate knowledge of R.
Second, there is no easy relation between R and the maximum label magnitude B,y := max|yy|.

As the minimax regret bound of Section [3.9|deteriorates with B2, one might conjecture that the
performance also degenerates. However, to the contrary, we show that the regret of the predictor

(mms) now equals
T
Rr = Z thwt-F)twt-
t=1
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This means that this algorithm has two very special properties. First, it is a strong equalizer in the
sense that it suffers the same regret on all 27" sign-flips of the labels. And second, it is adaptive to
the complexity 2 of the labels.

The regret this algorithm incurs is better than the minimax regret with B = B, under
Condition (3.9). Still, it inherits the B2, dlogT bound. In addition, minimax optimality for the
family of constraints )y is stronger than the corresponding result for the family of box constraints
Vg defined in (3.12)), in the sense that, given some budget R and a sequence of B;s that satisfy
the compatibility inequalities (3.13]), we can rescale the B;s so that Vg is contained in Vg, but the
minimax regret is the same in both cases.

We proceed in two steps. We characterize the worst-case regret of the simple linear predictor
(mms) on the set Vz. Then we argue that the worst-case regret of any predictor is at least as large.

Lemma 35. Let P, be as defined in (3.7)). For all 1, ..., yr, strategy (mms)) has regret

T T T
Ry = Y (r—y)?— min > (wiz; —y)* = > yiz] P, (3.15)
1 t=1

R4
—1 we _

Proof. The worst-case (over labels) slack in (3.15)) can be recursively calculated by

T T
F (sr,0%,T) = — min (wTx, — ) — nywItht,
t=1

F (s,07,t) = max ((Grs1 — v41) + F (8¢ + ger1®esr, 0 + 5740, £+ 1))

Note that the max over vy, ..., yr of the difference between left and right hand side of (3.15) is
equal to F'(0,0,0). We now show by induction that

¢

F(s,02,t) = s]P,sy — 07 — eI Pz

t:0¢,0) = St L'48¢ — Oy YqX gL qTq-
g=1

Lemma@ verifies the base case. To check the inductive step, we calculate

F (s4,07,t) = max ((Ge1 — Yi1)' + F (8t + yes1@ir1, 07 + Yppp, t+ 1))

_ 2 T N T 2
= Y41 T max?2 (wt+113t+15t - yt+1) Y1 + 2 Proi®eayig
Yt+1

t+1

+ 8P, 8 — 02— 2T Px

tLt+19t t yq g q%q
q=1

t
_n2 T 2 2 T ~
=071+ S| P18y — 0} — E Yo, Py, + I;laXQ (2], Piv1St — Get1) Yot
t+1
g=1
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where the max term on the right is zero by the choice of ;.. Finally, we obtain
F (Stv U?at) = s} (Pt+133t+133t+1pt+1 + Pt+1 St — Ut ququ Lq

as desired. The theorem statement is immediate upon noting that #'(0,0,0) = 0. ]
Using this result, we can show that our predictor is minimax optimal.

Theorem 36. Let x1, ..., x7 be fixed and let P; be the corresponding prediction matrices. Then
for every R, strategy (mms)) is minimax optimal on the set of labelings Yr as defined in (3.14).

Proof. First, note that strategy (mms)) suffers regret R on every y; sequence in Vx. Now fix any

predictor X and consider the label sequence O, ..., 0, £ where the sign of the label in the

T
last round is chosen to oppose the sign of the predlctor S pI‘edICtIOIl. Our predictor (mms) predicts
the first 7' — 1 perfectly and is at least as good on the 7'th round. So on every round, predictor X
incurs at least the loss of (mms), and hence its worst-case regret is at least R. Thus, (mms]), which
incurs regret exactly R, is minimax optimal. [

For some fixed sequence of label budgets By, B, ... > 0, define
1. Label constraints on y: L(By) := {yi : |y| < By}
2. Box constraints on x;: B(B,;) = {xt . By > Z 1 lxf Pixg| Bs for 2 < t}

3. Implicit box constraints: B(x{,b) := B (BT (x],b)), where Bl (x{,b) is the component-
wise minimum of the set of compatible box constraints, C(x, b)), defined by

t—1
C(x! b) = {BlT :By=b, B;> Y |a]Pa,| B for2 <t < T} . (3.16)

s=1

4. Ellipsoidal constraints: £(z], R) := {le S el P, < R} :

To summarize the fixed-design results of the previous two sections, we have the following
corollary to Theorem

Corollary 37. For each x7, the corresponding strategy (mms)) is minimax optimal with respect to
B(BI), B(xT,b), and E(xT, R), for any B; > 0, b > 0, and R > 0, in the following sense.

(1) If BT satisfies B] € C(x!, By), then

sup  Rp(s*,xl yl)=min sup Ryp(s,zl,yl) ZB x] Pz,
vi €B(BY) * yieB(B])

(3) sup RT(S*, w?? y?) = min sup RT(Sa 151 » Y1 ) = R
yTe&(xT,R) 5 yTee(=T,R)
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3.5 The Forward Algorithm

The previous section described the fixed-design minimax strategy and established sufficient con-
ditions for its optimality. Unfortunately, P; is recursively defined as a function of the entire !
sequence, so, at first, it seems difficult to remove the fixed-design requirement.

The key insight is that if I € A(X), then the forward recursion is exactly equal to the
backwards recursion found in the value-to-go of the last section.

If we provide the player with an initial precision matrix F,, then the natural algorithm that
emerges is to play (mms), i.e., §; := x] P;s;_1, except with the P, matrices defined by the forwards
recursion. The prediction g, is a function of 2}~ and »!~"! only and can be used in online covariate
settings. The algorithm needs O(d?) memory and at each round the computational complexity is
O(d?).

Our first result is that this algorithm is actually minimax optimal if we constrain the adversary
to play in A(X). Another interpretation is that 3 encodes all the necessary scale information the
learner needs to optimally respond. In particular, the learner does not need to know 7'.

Theorem 38. For all positive semidefinite 3, B1,Bs,... > 0, b > 0, and R > 0, the minimax
strategy (mms)) using the forward recursion (3.3) is horizon-independent minimax optimal, i.e.

sup sup sup  Rp(s*,xl yl) —min sup Rp(s,x’,yl) | =0.
T z{eA \yiey(=]) * yley(!)
with respect to the following (A, Y(x!)):
(AZ),E(x{, R),  (AB)NA(X),B(BY)),  (AZ),B(xi.b)).
That is, s* performs as well as the best strategy that sees the covariate sequence in advance.

The proof is intuitively simple: if the adversary plays in A(X), then the forward recursion begins
at the matrix that make the P; generated by the forwards and backwards recurrences identical;
hence, the strategy exactly corresponds to the minimax strategy.

Lemma 39. For any fixed covariate sequence x1, . . ., x satisfying

I Pz
Y = <
Zl—l—wPazs Ts:

the forward matrices P, defined by (3.3)) are identical to the P, matrices defined by the backwards
recursion (3.7).

Proof. Let P, be defined in the forwards recursion and P, denote the backwards recursion in
Equation (3.7). The lemma assumes the base case Pr = Py.. Now, given the induction hypothesis
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P/ = P,, we show

P/, = P/ + Plzx[ P/

Q¢ a Qy
=P_, - ?Bflwtw;‘rﬂfl + (Poy — b_QRtflwtw;rRtfl)wtw;:r(Ptfl — b_gljtflwtw;frljtfl)
t t t
ay ay
=P_,— ﬁljtflxtmgljtfl + P_xxl Py — b_QBflwtmIBflxtszfl
t ¢
ae T T at T T Tt T
— ﬁ-Pt—lwtwt Pz, P+ ?B—lwtwt Pz, P xix, ﬁPt_lwtwt P,
t ¢ t
Qg
=P, - ?Pt—lmtmzpt—l + P, xx{ P,y — 20, P, _xyx{ P,y
t
+a; Poyzyx] Py
=P_,+ 2 +1—2a; +a; | Py, Py
t
= -Pt—ly
which is true since (—% +1—2a; + af) = (—(1—a)?+ (1 —a)?) =0. O
t

We can now complete the proof.

Proof. of Theorem [38 First, assume that 7 € A(X). Theorem [32|along with Lemma 39| gives
that

sup  Rp(s*,x{,y) —min sup Rr(s,z],y;)=0.
YT eB(BY) * wieB(Bl)

Since this holds for all T, we actually get the stronger result
sup  sup sup  Rp(s™,@{,y1) —min sup Rr(s,x{,y) | =0.
T 2TecABI)NAZ) \yfeB(BT) 5 yTeB(BT)
Identical reasoning extends Theorem [36] to the adversarial covariate context. [

Before ending this section, we prove the alternative interpretation of A(X) described in the
introduction. The Adversarial Covariate Conditions can alternatively be written using the backwards
recursion,

A(D) = {a:lT for Py, ..., Py defined by (377), P} < z},

AZ) = {mlT . for Py, ..., Py defined by (3.7), P = 2} : (3.17)

The equivalence of the two definitions of .4(X) is a simple consequence of Lemma The
equivalence of A () requires the following lemma.
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Lemma 40. Foranyt > 0, x4, ..., xs, and symmetric matrix P > 0, the following two conditions
are equivalent:

1. Pt >1I,

2. Forany T > t + k, where k = rank (PJr — Ht), there is a continuation of the covariate
sequence, i1, ..., %y, such that setting P, = P and defining P,.+, ..., Pr by the forward
recursion (3.3) gives P} = I17.

Proof. To see that Condition [I] implies Condition [2 we will consider the forward algorithm
recursion, starting from P, = P, and show that we can find suitable covariate vectors &1, ..., T;x,

so that
t+1
rank <Pj+i = a;s:cg) = k—1i,
s=1

which implies the result for 7" = ¢ + k. It suffices to show that, at each step, we can reduce this rank
by one. Consider the spectral decomposition

pt —1II, = Z)\ﬂ)iv;,
i=1

for orthonormal vy, . . . , v, and non-negative \; > --- > X\, > 0. Choosing x;,1 = (v, there is a

[ > 0 such that
k—1

Pl —T0,_, =) M\vu],
i=1
which implies the result. Indeed, we have

at+152

(1- at+1)b§+1

— 2 @t+152
= )\iviviT + ()\k — B+ —) VL]
; (1- at+1)b?+1 g

Pl — I = P/ +

T 2 T
t+1 vy — I — Bvv)

Recall

2 T
bpy1 = @i P

k T
= 521); (Ht + Z )\{UfUJ) (A
i=1

= g2,
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where we have defined ¢ > 0. We need to choose 3 > 0 so that

Q41
W <1_ —>
‘ (1— @t+1)bt2+1
_ (1_ \/4b§+1—1>

22

g (1 AP - 1)

2(32¢2

g2 VAapit+1-1
5 :

Since ¢?)\;, > 0 and the function on the right hand side maps to [0, 00) for 5 > 0, there is a suitable
choice of 3. To see that this implies the result for any 7" > t + k, notice that by choosing a smaller
value of 3, the rank is not diminished.

To see the other direction, notice that Condition [2/and Lemma [39|together imply that there is a
T and a completion of the sequence, 1, ..., T, so that plugging the sequence into the backwards
recurrence gives P, = P. But then Equation (3.11)) shows that

g C2/\k =

t d I P,x, .
P =1I, + Z H—w—lPsiL‘smsms = II,,

which is Condition ]

3.6 Exhausting the Budget

The last section presented the minimax strategy when 7 € A(X). This section examines a different
method for relaxing the fixed-design assumption: fixing a covariate sequence x! but allowing the
adversary to control the length of the game. We perform a minimax analysis and establish conditions
that ensure that the adversary maximizes regret by using up the entire covariance budget 3.

We encapsulate the adversary’s decision by the variable e;, which is equal to one if the adversary
decides to play round ¢ and zero otherwise. For some fixed 7" and x4, . . . , 7, the game protocol is:
at round ¢, the player predicts g, the adversary chooses e; and if e; = 1, plays the response y; and
causes the learner (¢; — y;)? loss. We call this the fixed design game with early stopping.

We first define the additional loss suffered by the comparator from playing ¢ rounds instead of

t — 1 rounds as
t t—1
A* = min 0T, — ys)? — min 0T, — y,)> 3.18
;= min s:l( Ys)” — mmin 5:1( Ys) (3.18)

sothat Ay > 0and LY. = Zizl Ay. The regret of the game with early stopping can be written as

Ry = ZT: (ﬁ es> (= )" = A7) -

t=1 s=1
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If the adversary chooses y; = 0; ,Ta; where 0;_, is the ordinary least squares solution on data
through time ¢ — 1, then ; = 0. Since the loss of the player is always non-negative, the regret
increases. However, this y; might not be feasible, and so this section identifies necessary and
sufficient conditions where the adversary maximizing regret by playing all rounds. This intuition
will be used in the adversarial covariates section to argue when the adversary will use the entire
covariance budget.

We proceed by computing the minimax strategy for this augmented game and characterize when
(mms) is, once again, the minimax strategy. To this end, we define the instantaneous value-to-go
Wi(ss, 02, I1;) by Wr(sr) = 0 and

Wi_1(s-1, O't2_1, IT; ;) = max ¢ (min max (g — y,g)2 — A} + Wi(si—1 + ytmt)) )
e+€{0,1} Ut Yt

It is easy to check that W, is the minimax regret for this game and that it equals the regret of the
fixed design game when the adversary plays every round.

Calculating A;

To proceed, we need a closed for solution for A}. To this end, and using R(M) to denote the row
space of matrix M, we can prove:

Lemma 41. The marginal loss for the comparator of playing another round with covariate x =
x|+ T, where x| € R(IL;_1) and x, is its orthogonal complement, is

2 I x,

A =2 (1 — wIHth> — 28] I @, + (s{_lﬂiazt) ——.

The rest of this section proves this result but can be skipped without impacting the rest of the
presentation.

While the update of P, is given by the forward recursion, the rank one update of II, is more
complicated; Sherman-Morrison cannot be used directly. Instead, we show the following lemma.

Lemma 42. Using ©, = x — Ht_lﬂl_lac to denote the projection of x; onto the orthogonal
complement of 11, 1, we have

T T
B ‘BJ_CL'THI_1 + H;f_lwwl . x| (1 + mTHt71m> T

I ife ¢ R(11;_), and
HI _ t—1 wle_ (wle)g §é ( )
| PR 7% L3 ) P
o, + ¢ otherwise .
N i AT )
t t
Proof. We will write X as the matrix with columns @1, ..., x; ;. Thus, we have

Ht = Ht—l + xx’ = [X CU] |:XT:| s

xT
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and since X has linearly independent columns, (without loss of generality; we shall see why later),
[X w} has linearly independent columns since x is not in the column space of X . Therefore, we

RN

M = (1T, + 22")' = [X ] (Bﬂ B :4)2 Bﬂ .

Now, recall that the matrix that projects onto the column space of X is P := X X' and define
x| = Pz and x; = x — x. We can calculate the middle matrix by using the block matrix
inversion formula:

_ TpeT XTH — X'z
([ oe )= [0 B

and

xT —xTXTT 1
xTx—xTPx xTx—xTPx
1 (X7X)™" (wTa: - wﬁwu) + XteeT X1 —Xig
T T T )
zTT — )| _perxTi 1

and so

(5] ) [7]- stem

Using the Pythagorean theorem (i.e. that xTx = :cﬁ:I:H + x|« ) and that HI_l = XTT X1 we have

Xt (a:T:r; — a:ﬁm”) — X%wl]

;
T

1 FoT e Xt
= [X"2z, —z,27X™ x, Xzz, — Xlzz,
t T 2 1 T
(o) et
S I (xlz,)’ —alz, (x| + I za]
(wlmlf t—1 \ bl Ll bl t—1 t—10L |
@, oIzl N x x|
(mla&)z (mlwlf
T T
z oI+ ozt  TL (1 + wTHt71m> T
_ HI—1 ol t—1 =11 +

T T 2
AR (xlx))
Thus, we can evaluate

T T
e’z 2’1l x+ 2T zala TTT | (1 + mTHt—1m> T, T

eIz = wTHLlw =

zlx, () ®,)?
= a:Tl—II_laz — QazTHI_laz +1+ a’,‘THI_liL'
=1,
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and

| A N (1 + wTHI_laz) x) s

xlx, xlx,

a:THIs = a:THI_ls — :cTHI_ls —

oIl xx] s N (1 + mTHI_1m> x)s
xlx, xlx,
= 0.
Finally, notice that
sTIs = STH:LlS

since ' s = 0.

The second case is a consequence of the Sherman-Morrison formula. Since II,, II, ;, and
x, are all in the same eigenspace, we can without loss of generality assume full rank and apply
Sherman-Morrison. A precise formulation can also be found in e.g. [24]. 0

With this form of HI, we can easily check the following equalities.
Corollary 43. For a PSD symmetric matrix I1, s € R(II) and © ¢ R(II), we have
T (M4 22" o =1,
sT(IL + z2™) 2 = 0,
ST(IL+ 22™)' s = sTIT's.
Proof of Lemma We have

A =0} — 0ty — (sim1 + yix) I (8o + yumy) + 87 I0) (801

First, assume that ; = 0. Then x; is in the column space of II, and I, ;, and an application of
the generalized Sherman-Morrison formula (see e.g. [24]) yields

I,z 11

o, = (I, - za])’ = 10} + | — 2 T
B ad Ay Aad 1

(3.19)

and so

Af =07 =0y = (81 + o) 1L (801 + goy) + 8T, 111y

=y; - 2y 1 11a, — yfthHth +8{ 4 (HIA - HI) St—1-
Finally, notice that (3.19) implies

el
x, 11z,

e n il _
Tollia®e = 1— I,
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when x; = 0, yielding the claim in that case.
Now, assume that ; # 0. Then

(si-1 + ytmt)THI(St—l + yixy)
= StT—lnzstfl + 2yt82_1ﬂfwt + yfzclﬂizct

_ oT T 2
=8, 1L 181+ y;,

where we applied the three claims of Lemma[43]to obtain the second equality. Therefore, A; = 0,
verifying the formula. 0

Calculating the Value

We can now explicitly calculate the value-to-go for this game.

Theorem 44. Consider the fixed-design game with early stopping, with covariates T . Define the

P, by the backwards recursion (3.7) and define ; = ZST:t 41 B2x1 P,x,. Suppose that, for all t,

>8] (T = P) s, (3.20)

Then the instantaneous value-to-go is equal to
Wils)) = T (P =TI} ) sy + 7, (3.21)
the adversary causes more regret by continuing the game, and the optimal player strategy is (mms).

Proof. The proof is by induction: assume that W,(s;) = s/ (B — HI ) S + ;. The base case is
easily established with v = 0 and Pp = HTT yielding the base case of W = (0. Now, we assume
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W, is correct and want to verify the formula for W;_;. Hence, we need to calculate
W1 (Stfl)

= max € (min max(7; — yt)2 — A+ Wi(84-1 + ytwt))

e+€{0,1} Gt Yt
kil
2z, 1, o,

= (mjn max () —y)? — 9° (1 - :I:[HI:BJ +2ys] Iia, — <s{_1Hth> —
o3 I B

Y Y

+ (s1-1 +yx)T (Pt - HI) (81-1 +yxy) + ’Yt)
+

- (mjn max §° + 2y (sz_lniwt +s], (B + HI) T, — @) +y @] T,
Yy Yy

2 21111 o
— <8I71H1-wt) # + Sl—fl (Pt - HI) Si_1+ yQCI}I <_Pt — HI) T + ’Yt)
t +

= (mln max §* + 2y (5tT—1Pt517t - ?3) + y*x] P,
g v

2 2T x
tT;Tlt + s} (P, — HI)St—l + %)

- (SI—IHImt>
/11, x;

+

The objective is convex in y and therefore the optimum will be on the boundary at +B5;. Thus,

Wt_l(st_l) = <m}n QQ + 2Bt |SI71-tht — g} — Bfa:tTAtmt
Y

2 I,

- (31?—11_11331‘/) i +8{ (P — HI)Stfl + ’Vt)
t t et

Jr

This objective is convex in ¢ as well, and hence we can minimize it by setting the subgradient to
zero. Under the condition that ‘sLlBtwt| < By, the subgradient at § = s]_, P,x; contains zero.
Therefore,

Wt—1(8t—1)
2 2 2’11z
= ( (sLltht) + Blx] Pz, — <stTleIa:t> ﬁ*;t + s/, (B — HI) Si_1+ %)
¢y 4

If ¢, € R(II;_;), then we can use a generalized Sherman-Morrison lemma (see Lemma 42| for
Tt
x, I, z;

—t—t=— and therefore
1—x] I @;

details) to calculate =] IT!_ x, =

1

2 T @,
1 — /I,

THT

T T — oT T 17t
T, 11,

<3tT—1HI$t> + HI) St—1

_ T
= s, 111;_;84_1.
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If instead ; ¢ R(II;_;), then a standard fact for the ordinary least squares solution is sg_lﬂi xz, =0
and s{_lﬂf 81 = sg_lﬂz_lst,l (a proof of this fact is provided in Lemma . In either case, we
have

Wi 1(si1) = (stT_l (P, + Px,x] P,) 8,1 + Bix] Px, — s{_lﬂi_lst,l + ’yt)+

(3;{_1 <R§—1 - Hz_1> Si_1+ ’7t—1>+ )

verifying the P, and 7; recurrence. If vy, > s/ (Hi_l — B_1> s;_1 holds for all ¢, then the

instantaneous value-to-go is always positive, an optimal adversary will always continue, and the
data sequence seen by the player is 1 € A(P,). In this case, the minimax strategy is confirmed to

be (mms)) by Theorem [38] O

3.7 Minimax Game

From the previous section, we have the intuition that if the adversary plays actions that keep the
instantaneous value-to-go positive, then the game will not terminate early. This section builds on
this intuition to define a set of constraints where (mms)) is the minimax response. For convenience,
we restate constraints .4 and B and define a third constraint related to the continuation conditions
(3.20). For some fixed B, sequence, define the bounded label constraint on the y;s, £(B;) = {y; :
lys] < B}, and the following constraints on the x;:

t—1
A(Xy) = {:I;t : PtT - Ht}, B (%) = {a:t : By > Z|angt:nS|}, and
s=1

Vi=1,...,T,
00,2

where v; = v, — B?x] P,x; and P, are derived from the forward recursion (3.3)), X is the matrix
with columns x!, and B; = diag(By, . .., B;). The form of the C constraint is explained by writing

€ (Zo,70) = {wt et > H (B X7, (T~ Py) Xo1Bia)

S;r—]. (HI—I - ‘Pt*1> St—1 S E.Hrghax<1€Bt71XtT_l (HI_]_ — _Pt,1> thlBtflé-

‘(BHXJ1 (. - Py) X, 1B

1
2

00,2

The C constraint ensures that s]_, (Hifl — Pt_1> 8i—1 < 71 for all possible i} € L(B,).
We use the shorthand ABC (X, 7o) = A(X0)UB(X0)UC (30, Y0), and also define ABC (X0, v0)
to be any sequence ! € A(X)) and yr = 0, i.e., the 3 and 7, budgets are exactly met. Note that

ABC(Xg,v0) C ABC(Xg,70). As we shall show, the covariate sequence = cannot be optimal for
the adversary unless =] € ABC(Xo, 0)-
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Given: 3 > 0, vo > 0.
Fort=1,2,...,

e Adversary may choose to end the game

Adversary reveals x;, € ABC (X, o)

Learner predicts 9, € R

Adversary reveals y, such that |y,| < B;

: . 2
Learner incurs loss (9; — y;)

The game ends if no x;,; exists such that z!** € ABC(Zy, 7o)

Figure 3.2: Adversarial Covariates Protocol

The adversarial covariates protocol is presented in Figure [3.7|and allows the adversary to choose
covariates (subject to ABC) and to choose when to end the game. The first step in the analysis is to
check that the constraint set is non-trivial.

Lemma 45. Consider the game defined by Xy = 0, o > || B||,, and a B, sequence. If there exists

some T such that
T 2

Bt
g > 3.22
t+log(T + 1) =0, ( )

t=1

then there exists a covariate sequence 1 € ABC(Xy,7o). In particular, any By that are bounded
below satisfy this condition.

Proof. It actually suffices to take the simplest of sequences, x; = e;. For any fixed 7', Pr = %elel,
where all the P, for the remainder of the proof are with respect to the covariate sequence of T’
copies of e;. In this case, the P, matrices are all zero except for the first element which evolves
like P,_, = P, + Pf. This is the same recursion studied by [50], who proved a lower bound of
(t +log(T + 1) — log(t + 1))~'. Thus, we can bound

T T B2 T B2
B2 P > t > S
t_zl t el = ;t+log(T+1)—10g(t+1) - Zt+10g(T+1)’

t=1

and thus condition (3.22)) implies that there is an =7 sequence that produces an upper bound on ;.
Next, notice that if we choose any index ' with By < || B[, then the covariate sequence
x; = ey {t = t'}, where {-} is the indicator function, produces Zthl B?x] P,xy = B < . Now,
23:1 Bfwl P,x; < 7, 1is acontinuous function of wip, and hence, by the intermediate value theorem,
there is a & with Y1, B2z] Px; = .
Next, we check the B constraint. First, observe that it suffices to check that we can construct
some ! using the construction of the previous paragraph. On [0,1/2], /(1 + ) > x/2 and the P;
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. . T 2p T . .
sequence is decreasing, s0 Y., | T2 1rars > sx Y., P, and combined with (3:11)), we
S
have

¢ ¢ t

_q|T |
Slal P < fol S <
s=1 IT; + Zs:t—H Ls11a2p, IT, + Zs:t-{-l Ls—5

2
The arguments from the previous section show that ZST:t 4 wg% can be made to grow without

bound (in particular, by taking s = e;), and so we can always find a long enough covariate
sequence such that the B constraint is met.

Now, fix any ! sequence that achieves the B and C constraints. By Lemma 34, we can,
for any invertible matrix A, rescale the covariate sequence to form x; = Az, to obtain the
corresponding P/ = W~ P,W~!. Since we have T P,x;, = T P/x| for any s and t, the 3 and C
constraints hold automatically. Therefore, we are free to choose A such that P; = X, and therefore
w{l S ABC(E(),’)/())

[

We now present the main result of this work:

Theorem 46. Consider the two player game defined in Figure The player strategy (mms)) is
minimax optimal against an adversary in the sense that

sup sup Ry (s™, wip,le) — min sup Rr(s, a:lT, le) =0.
T\ (2] yT)eABC(Z0,70) * (@] yT)eABC(Zo70)

and it attains the minimax regret, .

Proof. We will actually show something stronger: the optimal adversary strategy for the game in
Figure plays an 7 sequence in ABC and causes exactly 7, regret against the optimal player
strategy (mms).

Now, assume that the game stops before round 7" + 1 and «;, . . . , &7 have been played. There
are four possible scenarios depending on whether the 33, or v, budgets exhausted.

If neither budget is exhausted, we apply Lemma (40| to conclude that there exists a covariate
sequence wgi’f that uses up the 3 budget. The C(Xy, 7o) contraint guarantees that the adversary
can cause more regret by playing these rounds. Hence, an adversary that exhausts neither budget is
suboptimal.

Since P, — HI >~ 0, we cannot exhaust the v, before the 3, budget and still satisfy the C
constraint.

If the 3 budget is exhausted, then & € A and hence the minimax regret is ZtT:1 Bix] Px,
by Theorem Since vy = o — Zle B?x] Pz, the adversary strategy is suboptimal if y7 > 0
since it is possible to cause v, regret.

These arguments cover all four cases, we can conclude that the adversary can cause at most v,
regret and that any strategy that causes v, regret must exhaust the 32y and v, budgets. [
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The Necessity of a v, Bound

Requiring a vy bound may seem artificial at first, especially since it translates directly into a bound
on the regret. However, it is a reasonable constraint to impose, for several reasons. First, the regret
can be infinite if only condition A is imposed; Section [3.9] argues that the regret may grow like
log(T') (while the results are upper bounds, lower bounds of the kind used in Lemma (45| supply
lower bounds of the same order for the covariate sequence of constant magnitude). Additionally,
the restriction of the adversary can be mild, as the 7, budget can be increased and the game history
will remain consistent with it. Finally, we emphasize that the player does not need to know 7y, to

play (mms).

3.8 Follow the Regularized Leader

The minimax strategy (mms) can be interpreted as playing follow-the-regularized-leader with a
certain data-dependent regularizer. In particular, if we define

Ry=P;,and R, = R,_, + ] — x4, (3.23)

1+ CI:IPtzct
then we can prove the following correspondence.

Lemma 47. The minimax strategy (mms) is exactly follow-the-regularized-leader, predicting
U = 0Tx, at round t, where 0 is the solution to

t—1
i T — g )2 T
min 5_1 (0Txs —ys)” + 0" R,0,

and the regularization matrices Ry are given by (3.23)).

Proof. Since # minimizes a convex unconstrained objective, we set the derivative to zero and obtain
. - -1 ) - _
the solution #* = (Z’;:ll z.x] + R;)  s,1. Thus, we need to verify that Szl +R = P
for all ¢. This also guarantees that R; > 0.
This is true for ¢ = 0 by definition of Ry. Now, proceeding by induction, assume that the
statement holds for ¢ — 1. Then,

t—1 ) t—1 i 2] i
E LT + Rt = E Ty + Rt—l + m — LT
s=1 s=1 to et
t—2
: ]
=Y @@l + Ry
]. + CUt _Ptmt
s=1
-1 x| -1
= 'Pt—l + T = -Pt )
1+ z/Px,

where the last equality is Sherman-Morrison. [
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We can also write the R; recursion without referring to P;.
Lemma 48. The definition of R, in Equation (3.23)) is equivalent to defining Ry = P, ' and
2z @]

R, =R, + =
\/1+4azt R +Y Szal) =z +1

— Xy T . (3.24)

Proof. First, we can calculate

2 2 1+a\? 4ay
402 = —1) —1= = 2
' <1—at ) (1—at> (1—a)* (32

Using the forward recursion (3.7)) of P;, we have

which implies that b} = -%.

Gy
x] Px; = b} — ab; =

1—6Lt’

and
1 —

2
- o l-g=——
1+ z] Pz, ' 1+4b2 +1

which, when combined with b? =x] ( 1+ ZS L TsT )_1 x;, yields the desired statement. [

Last step minimax The last step minimax algorithm [4]] plays 3; = Hist_l, so we can also view
the minimax algorithm as last step minimax with a regularization of

I P,x,
Rt = E S—T:I:szcl
1+ xlPx,

s=t+1

3.9 Regret Bound

The main result of this chapter is to show that if the adversary plays in ABC (X, 7o), then (mms) is
the minimax optimal strategy and the adversary can cause at most 7, regret by fixing any ! with
ABC (X0, ) and playing the maximin strategy for the fixed-design game.

The regret of the games analyzed in Sections and [3.6|need a different bound. Specifically,

Theorem 49. For any fixed T and BT, we can bound the minimax regret of the box-constrained
game by

d|| BT || s
sup sup  Rp(s*, ] ,y]) < 1B Jloe (1 +2In (1 + ! TH22 HBﬂB)) .
2T €A (o) T €L(BY) [P 2||B 113
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-----

Noting that Pt_lPt_1 = I + Pix;x] = I + 72, we can derive an induction for ;:

t—1 t—1
0 (3, B = max B a:tPta:t—i—{ZB2 TPax,:Y — Paxxl - PtZa:Sml}

..... s=1 s=1

t—1 t—1
= max B x] Px, + { ZBQmTP T (X — Pt:ctmtT)B_lpfl - P,_, stml}

..... s=1 s=1

TtyesTt
s=1

t—1
= max B tr(r?) { ZB2 tr(r2) : (Z—r)) (L +72) = P, stw;}
= max B? tr(r?) + o1 ((E —r)) (I +72),B).

As a first step, we will bound ¢; in one dimension where o, (3, BY) = max,, B2 + ¢ 1((X —
r2)(1+ 72), Bi™'). We have omitted the bolding to emphasize that we are in the scalar case.

Lemma 50. For every T and every BY with || B ||. < %,

Ty e f 181115
or(3,By) <min<{ —In(1 —X),1+2log 1+ 5 .
Proof. In fact, we will prove the slightly stronger statement: for any positive function f(7") with
f(0) > 0and BZ, e /M2 + f(T) < f(T + 1), we have
or(S, BY) < min{~In(1 - ), f(T)}.

We prove this by induction on 7". The base case is trivial. Assume that the induction hypothesis
holds for 7'. Then,

ory1(Z, B1 ) = max BT+1TT+1 +or ((E )(1 + 7}) BT)

TT+1

1+%2)2—4dz—(1-%)
T ogass Bri 2

15 —do—(1-%)
<
&Eﬁgélzr+l 2

+ @T(xa B?_l)

+ min{—In(1 —z), f(T)}.
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Define & = 1 — exp(—f(T")), which is where the minimum switches from the first to the second
argument. To find the maximizing x, we will calculate when the derivative is positive:

_B%Jrl 1
(1+%)2—4r 1-w
&(1+%)? -4z —Br(1—-2)*>0
S(1+%)° = Bi (14 2)* +4(Bt,, — Da >0, (3.26)

>0

which is true for all z < ¥ and B* < X. In fact, B}, may be bigger than ¥ without violating the
constraint, but in particular B; < 3 is enough.
The sign of the derivative changes at 2. If X < z, then the maximum is at > and we have

VI+E)2 -4 - (1-3)
2

e (X, BY) SB%H + or(2)

=pr(X).
Otherwise, if £ < Y, the maximum is at £ and we have

(I1+3)2 -4z —(1-%)
‘PT+1(E7BlT) SBZQ“—H 9

<BpV1-—i+f(T)
=Bty exp(—f(T)/2) + f(T)

where the second line was from using ¥ < 1. This allows any f(7) that satisfies

+/(T)

B2, e TM2 L {(T) < ((T+1).

To check that f(T") =1 + 2log(1 +1/23", B?) indeed works, we calculate:

2+, B?

BQ
= —2log (1—;;&1)
2+ >, B

By
L+ 530 B
By
L+535 B

= B2 e,

v

—-1/2

v

e
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The general multidimensional case can be bounded by first relaying the assumption that 72 =
P,x,x] to allow general matrices R; (relaxing the rank one assumption), which only increases the
value of the maximization. We can then apply the one-dimensional bound in every direction:

Lemma 51. Forany © > 0, ¥ (S1, BY) = S°0  0y(3, BY), where (%) is the one-dimensional
regret bound.

Proof. The base case is trivial since both sides are zero. For the inductive hypothesis, assume that
Y1 (SI, B =00 ¢, 1 (%, BY). Denoting the eigenvalues of Rby Ay, ..., Ag, we have

(31, B)) = max B} tr(R) + 1 (S — R)(I + R), B ™)

= mgx{ZAiJngotl ((1+Ai)(2—xi),3§-l)} = ;%(2,35).

i=1 i=1
[

Proof. (of Theorem 49) Recall from Theorem [32]that for given 7" and 1, . . ., 7, the regret of
the box constrained game is precisely Z?zl Bix] Pix;. Lemmabounds Zle B?x] Pz, by a
quantity that does not depend on x;. To invoke Lemma 50, we need that B; < max; \; for all ¢,
which is exactly || B ||oo < ||X]|2- Rescaling the B, sequence (and hence the regret bound) gives
the result. ]

3.10 Conclusion

We have presented the minimax optimal strategy for linear regression in a number of scenarios
where it is efficient, including fixed-design and adversarial design with certain covariate scale and
budget constraints. We found that, as long as the adversary respects these constraints, the minimax
algorithm remains optimal for any length of game without having knowledge of it. Furthermore,
this strategy competes even against strategies that are allowed to know the length of the game. We
have also provided an intuitive view of the algorithm as follow-the-regularized-leader with a specific
data-dependent regularizer, which automatically adjusts to the scale of the data and to how much
data budget remains.
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4.1 Introduction

The Markov Decision Process planning problem is to find a good policy given complete knowledge
of the transition dynamics and loss function. Much work has been done by the reinforcement
learning community; the earliest approaches with convergence guarantees date back to value
iteration [7|], policy iteration [27]], and other dynamic programming ideas. Another thread has been
the linear programming formulation [36]. In general, the planning problem is well understood for
state-spaces small enough to permit computation of the value function [8]. However, in large state
space problems, both the dynamic programming and linear program approaches are computationally
infeasible as complexity scales quadratically with the number of states.

A popular approach to large-scale problems is to search for the optimal value function within
the linear span of a small number of features with the hope that the optimal value function will be
well approximated and will lead to a near optimal policy. Two popular methods are Approximate
Dynamic Programming (ADP) and Approximate Linear Programming (ALP). For a survey on
theoretical results for ADP, see [9, 47], [8, Vol. 2, Chapter 6], and more recent papers [49, 48, 33,
34].

Our goal is to find an almost-optimal policy in some low dimensional space such that the
complexity scales with the low dimensional space but is sublinear in the size of the state space. In
contrast, all prior work on ALP either scales badly or requires access to samples from a distribution
that depends on the optimal policy. To accomplish this, we will use randomized algorithms to
optimize policies that are parameterized by linear functions in the dual LP. We provide performance
bounds in the average loss and discounted loss cases. In particular, we introduce new proof
techniques and tools for average cost and discounted cost MDP problems and use these techniques
to derive a reduction to stochastic convex optimization with accompanying error bounds.

Markov Decision Process

Markov decision processes have become a popular approach to modeling an agent interacting with
an environment, and, most notably, are the model assumed by reinforcement learning. The MDP is
parameterized by:

1. adiscrete state space X = {1,2,..., X},
2. adiscrete action space A = {1,2,..., A},

3. transition dynamics P : X x A — Ay that describes the distribution of the next states given
a current state and action, and

4. loss function ¢ : X x A — [0, 1] that provides the cost of taking an action in a given state.

The (fully observed) state encapsulates all the persistent information of the environment, and the
influence of the agent is captured through the transition distribution, which is a function of the
current state and the current action. We will use x; to denote the state at time ¢ and a, the action
chosen at time ¢. The state evolves in a Markov fashion: z; is conditionally independent of the past
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given x;_; and a;_;. A policy 7 provides a distribution of actions for every state, and the agent’s
goal is to find a policy with small loss. The inclusion of the state dynamics forces the agent to
consider policies that seek long term over myopic rewards.

The goal of the planning problem is to find a policy with small long-term loss; this requires
the learner to plan for the entire trajectory, as myopic actions may guide the state to areas of high
loss. We study the two most common costs: average cost and discounted. The first measures the
the average loss under the stationary distribution under the policy, and the second measures the
loss starting from a starting state with an exponential decay. In this way, average cost captures
the long-term dynamics of a policy, and discounted cost captures the transient loss of a particular
starting condition.

For example, the average cost of 7 is the expected loss of the stationary distribution of P™ and
hence represents the average loss of a Markov chain after all the transient dynamics have vanished.
On the other hand, discounted cost weights the future loss by an exponentially decreasing amount
and is designed to capture the transient behavior. We will provide technical definitions in the next
section, as we obtain results for both costs.

Notation

We will use the standard matrix notation for Markov chains. Throughout, we will use z; for the ith
component of vector x and M;; for the element of M in row ¢, column 7, and M, . and M. ; for ¢th
row and jth column of matrix M, respectively. Thus, we will write a distribution over states as a
row vector x € R¥, where p(X = 1) = x;, and we will write the transition dynamics from state X
to state X’ as a matrix P € R**X with p(X’ = j|X = i) = P so that the product =P will be the
marginal distribution of X’.

Given a fixed policy 7, the induced state transition matrix is P™ where

(P™)ij =Y P(X'=j|X =i, A=k)m(A= kX =4).

We will also study distributions over state-action pairs, usually denoted ¢ € RX*4, that can be
thought of as a marginal on & multiplied by a policy, i.e. p,, = P(X = z)1(4A = z|X = x).
This implies that ;P provides the distribution of X’ with the X marginal and policy = above. We
also define the marginalization matrix B € {0, 1}*4*¥ to be the binary matrix such that the ith
column has A ones in rows 1 + (i — 1) A to ¢A; thus, uB is the marginal distribution of the states of
1. A distribution over state-action pairs is a stationary distribution of P, in the sense that the state
marginal pB is the stationary distribution under the corresponding P™, if uP = Bj.

We will use the norms [[v]|, , = >, ¢;[vi| and [Jv]|, . = max; ¢;|v;| (for a positive vector c).
The constant one and zero vector are 1 and 0, and A and V refer to the element-wise minimum and
maximum. We can then compactly define [v]_ = v A0 and [v] = vV 0 as the negative and positive
parts of a vector v, respectively. Finally, v < w for two vectors means element-wise inequality, i.e.
v; < w; for all 2.
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Evaluating a Policy

The goal in MDP planning is to find an optimal policy, but there are many different ways to assign
a numeric value to the performance of a policy. The two most common are average cost and
discounted cost. Average cost is roughly the expected loss of the policy once the Markov chain has
reached stationarity and therefore disregards all the transient dynamics. Discounted cost minimizes
the cost where future losses ¢ rounds into the future are discounted by ~*, where v € (0, 1) is some
discounting factor. Therefore, discounted cost emphasized the short-term reward and roughly only
considers 1/(1 — «y) rounds into the future. Precisely,

1 n
Ae(z) = lim E | — Z@(Xt, (X)) ‘ Xo = :p] (average cost), and 4.1)
Jo(x) =E ZytE(Xt,ﬁ(Xt)) ‘ Xy = x] (discounted cost) 4.2)
t=0

where X is distributed according to zo(P™)". The initial state is very relevant for .J but irrelevant
for A. We study the average cost in Section [4.2]and the discounted cost in Section

Linear Programming for Average Cost

For the average cost, let b € R¥ be a vector and AR a scalar. The Bellman operator for average
cost 1s

Lh(x) == min |{(z,a) + Z Poaywh(z')]

acA
r’ex

and h and X correspond to an optimal policy if they satisfy the Bellman optimality equation,
A+ h(x) = Lh(x) V.

We will call such an h and A the differential value function and the average cost, respectively. When
the Bellman optimtality equation is satisfied, the greedy policy (taking the action that achieves the
minimum in the operator with probability 1) achieves the optimal loss, and finding a solution to
the Bellman optimality condition implies that the greedy policy of h* is optimal [41]]. Additionally,
every policy induces a stationary distribution over state-action pairs; the average cost is precisely
the expected loss under this stationary distribution.

We can formulate the Bellman optimality equation as a linear program [36]] by first noticing that
if we have Lh > h + A1 for some A and h, we must have A < \*. Therefore, the optimal \ and h
are the solution to

max A\,
Ah

st. h—+ A1 <Lh.
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Now, notice that A+ A1 < min, [ﬁ(x, a) + >, P(y|z, a)h(y) | is equivalent to requiring h(z)+A

(
l(z,a) + 3, P(y|z,a)h(y) for all z and a. In our matrix notation, this is precisely B(A1 + h)
¢ + Ph. Hence, the Bellman optimality equation is equivalent to the linear program

IA A

ni’z%x A, 4.3)

st. B(A1+h) <{+ Ph.
A standard computation shows that the dual of LP (4.3)) has the form of
in ™l 4.4
Jm s 4.4)

st. p"1=1,pu>0u"(P-—B)=0,

The dual variable, i, has an important interpretation: it is a stationary distribution over state-action
pairs. The first two constraints ensure that p is a probability distribution over state-action space and
the third constraint forces j to be a stationary distribution. To be precise, define the policy 7,

pi(z, a)
Dwea (@, d)
Then, 4 has a distribution where the state marginal is the stationary distribution of P™* and the

action is drawn according to m,(a|x). The objective, T/, is the average loss under p (i.e. the
average loss of 7).

mu(alr) =

Linear Programming for Discounted Cost

There are analogous notions for the discounted cost setting. We define a value function J : X — as
a mapping from states to discounted costs. The hope is to find J*, where J*(x) is the discounted
cost starting in state x if the optimal policy is used.

We define the Bellman operator for discounted cost

o7 . : , /
LJ(x) = min Uz, a) + 7 Z Pl a) e J (2)
z’'eX
and the optimal value function will be the fixed point of the Bellman operator,
Ly =J.

It is easy to check that J < L”J implies J < J*, and therefore, for any strictly positive vector «,
the optimal value function is the solution to the linear program

m?x alJ 4.5)
st. L'J>J.
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We also have an interpretable dual LP. Let o € R be an arbitrary positive vector such that
aT1l = 1. The linear program for discounted MDPs in the dual space has the form of

min v/, (4.6)

vERXA

st. (B—9P)lv=a, v>0, v1=1.

Unlike the average cost case, the dual variable v cannot be interpreted as a stationary distribution.
However, it can be thought of as the discounted number of visits, as made explicit in the following
theorem from [41]]:

Theorem 52. 1. For each randomized Markovian policy m and state x and action a, define
ve(2,a) by

Ve(x,a) = Za(:c’) nyt’lP’r(a:t =x,ay=alx =2).
x’ t=1
Then v, is a feasible solution to the dual problem.

2. Suppose v is a feasible solution to the dual problem, then, for each z € X, Y v(z,a) > 0.
Define the randomized stationary policy m, by

v(z,a)
2w v, al)

Then, v, is a feasible solution to the dual LP and v,, = v.

™ (alr) =

Thus, we can approximately solve the planning problem if we find a vector z such that the
discounted cost of the policy defined by z, namely v,_, is small. To handle possibly negative entries
of z, we more generally define

[2(z, a)],

Y [2(,a)],

In this case, the precise relationship between v, and the value function can be found in [41]: for
any vector z,

m.(a|lz) =

1
Z U, (v,0) = —— and vil=a'J,., 4.7)
— z 1 _ ,_y Tz z

where J is the value function corresponding to policy ..

Approximate Linear Programming

If we ignore computational constraints, we can solve the planning problem by solving the linear
programs (4.4) and (#.6). Unfortunately, state spaces are frequently very large and often grow
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exponentially with the complexity of the system (e.g. number of queues in the queuing network), and
therefore any method polynomial in X becomes intractable. As any general optimality guarantee is
impossible with computation sublinear in X without special knowledge of the problem, we instead
aim for optimality with respect to some smaller policy class.

In contrast to previous work, we reduce the dimensionality by limiting the dual variables to
lie in some d-dimensional affine subspace. Let ® € R**4 by a feature matrix and /o some know
stationary distribution (that can be taken to be zero but allows a user to start with a good policy).
For the average cost case, we will limit our search to p = piy + ®0 for § € © C R that is, we will
study the approximate average cost dual LP,

mein(uo + PO)TY, (4.8)
For every 6, we associate a policy

[Mo(l‘; a) + (I)(x,a),:e}—i-
Y wlbo(z,d') + P an O]+

and a stationary distribution iy the actual stationary distribution of running policy my. Thus, the
average cost corresponding to the policy 7y is £7 1.

For the discounted cost case with feature matrix ®, we restrict the dual variable to v = ®6 and
define the approximate discounted cost dual LP

mo(alx) = 4.9)

min (790, (4.10)

OeR?
st. (B—7P)T®0 =a, PO >0.

For every 6, we define a policy

[(I)(x,a),:g]-i-
> Pan O+

and let vy be corresponding dual variables (i.e. the discounted number of visits); hence, ¢Tv is the
discounted cost as in (4.7)).

mo(alzr) = 4.11)

Problem Definition
This chapter solves the following problem.

Definition 53 (Efficient Large-Scale Dual ALP). For an MDP specified by { and P with the dual
variables &y corresponding to 0 € ©, the efficient large-scale dual ALP problem is to find a 0 such
that

0765 < min {{7&y : &y feasible for @.4) or @.0) } + O(e) (4.12)
in time polynomial in d and 1/e. The model of computation allows access to arbitrary entries of P,
{, P, o, PT®, and (T® in unit time.
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The computational complexity cannot scale with X and we do not assume any knowledge of
the optimal policy. In fact, as we shall see, we solve a harder problem, which we define as follows.

Definition 54 (Expanded Efficient Large-Scale Dual ALP). Let V : R? — R, be some “violation
function” that represents how far &y is from satisfying the constraints of or and has
V(0) = 0 if 0 is feasible.

The expanded efficient large-scale dual ALP problem is to produce parameters 0 such that

g, < reneig)l 0T+ V(0) + O(e), (4.13)

in time polynomial in d and 1 /¢, under the same model of computation as in Definition

Note that the expanded problem is strictly more general as guarantee (4.13)) implies guarantee
(4.12). Also, many feature vectors ® may not admit any feasible points. In this case, the dual ALP
problem is trivial, but the expanded problem is still meaningful.

Having access to arbitrary entries of the quantities in Definition [53] arises naturally in many
situations. In many cases, entries of PT® are easy to compute. For example, suppose that for any
state 2’ there are a small number of state-action pairs (x, a) such that P(2'|z,a) > 0. Consider
Tetris; although the number of board configurations is large, each state has a small number of
possible neighbors. Dynamics specified by graphical models with small connectivity also satisfy
this constraint. Computing entries of PT® is also feasible given reasonable features. If a feature
; 1s a stationary distribution, then PTp; = BTp;. Otherwise, it is our prerogative to design sparse
feature vectors, hence making the multiplication easy. We shall see an example of this setting later.

Related Work

One of the first dimensionality reduction methods, proposed in Schweitzer and Seidmann [43]], was
to project the primal LP into a subspace. The first theoretical analysis of ALP methods, Farias and
Van Roy [|19]], analyzed the discounted primal LP performance when the value function was
constrained; i.e. J = ®f. Given some vector u € {u € R¥ : u > 1,u € span(¥), 3, < 1} and a
“goodness-of-fit” parameter 5, = Ymax, , » . Plz.q0)»u(2")/u(x), the authors showed that 6*, the
solution to the ALP, satisfies

2cTu

Jo — Y, |, . <
|| w ||1,c— 1_611

(4.14)

min J. — Vull.,,

Unfortunately, this result has a number of limitations. First, solving ALP can be computationally
expensive as the number of constraints is large. Second, it assumes that the feasible set of ALP is
non-empty. Finally, Inequality (4.14) implies that ¢ = fi,,,, , is an appropriate choice to obtain
performance bounds. However, w, itself is function of ¢ and is not known before solving ALP.

One approach is to solve ALP iteratively, using ¢ = fir,,, ., from last iteration. They showed that
for an arbitrary probability distribution v € Ay and accompanying ., = (1 — ~v)v7(I —yP™)™ !,
we must have .

||<]7rJ B J*HLV < :HJ - J*||1,MJ,,, :
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Farias and Van Roy [[18]] propose a computationally efficient algorithm that is based on a
constraint sampling technique. The idea is to sample a relatively small number of constraints
and solve the resulting LP. Let N C R be a known set that contains w, (solution of ALP). Let
u,‘éc(x) = fime(x)V(x) /(1L V) and define the distribution p,‘f,c(x, a) = /L}r/’c((b)/A. Letd € (0,1)
and € € (0,1). Let 8, = ymax, >, P, (2))u(2')/u(z) and

(1+ Byl V 16AD

= sup||J, — Yw , m> ——— | dlog ———
QCTJ* we_/I\)fH ||oo,1/V (1 . ")/)E ( g (1 — '}/)

Let S be a set of m random state-action pairs sampled under P;/*,c- Let w be a solution of the
following sampled LP:

+ log —
€

48AD 2
)

max c'Ww,
weRd

st. weN,V(zr,a) €S, l(x,a) +VPuq,Yw > (Yw)(x) .
Farias and Van Roy [|18]] prove that with probability at least 1 — §, we have
[T = wl]y . < [T = Py + €l el -

This result has a number of limitations. First, vector /., . (that is used in the definition of D)
depends on the optimal policy, but an optimal policy is what we want to compute in the first
place. Second, we can no longer use Inequality (??) to obtain a performance bound (a bound on
| Jrge — Jill; ), as W@ does not necessarily satisfy all constraints of ALP.

Known as 7appr0ximate linear programming (ALP), these methods were later improved by Farias
and Van Roy [[19} |[17]], Hauskrecht and Kveton [25]], Guestrin, Hauskrecht, and Kveton [23]], Petrik
and Zilberstein [40]], and Desai, Farias, and Moallemi [15]. As noted by Desai, Farias, and Moallemi
[15], the prior work on ALP either requires access to samples from a distribution that depends
on optimal policy or assumes the ability to solve an LP with as many constraints as states. Our
objective is to design algorithms for very large MDPs that do not require knowledge of the optimal
policy.

Let ¢ € R be a vector with positive components and v € (0, 1) be a discount factor. Let L :
R* — RY be the Bellman operator defined by (LJ)(z) = mingea({(z, a)+7 > 1 v Py (2))
forz € X. Let ¥ € R**? be a feature matrix. The exact and approximate LP problems are as
follows:

max c'.J | max c"Vw
JeRX weR?
st. LJ>J, s.t. LVw > Yw.

which can also be written as

max c'J max c"Vw, (4.15)
JERX weR?

st. V(z,a), l(x,a) + YPga,J > J(x), st. Y(r,a), l(z,a)+ VPgae,.Yw > (Yw)(x) .
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The optimization problem on the RHS is an approximate LP with the choice of J = Yw. Let
Jo(z) = E Y2 7w, () |xo = x] be the value of policy , .J, be the solution of LHS, and
my(x) = argminge 4(¢(x, a) + 7Pa.q),:.J) be the greedy policy with respect to J.

Desai, Farias, and Moallemi [15] study a smoothed version of ALP, in which slack variables
are introduced that allow for some violation of the constraints. Let D’ be a violation budget. The
smoothed ALP (SALP) has the form of

2y, oS
max cTUw max cTVw — ——
w,s w,s 1 — ol
s.t. Ww < LYw + s, pl s < D' s>0, st. Yw< LYw+s,s>0.

The ALP on RHS is equivalent to LHS with a specific choice of D’. Let U = {u € RY : u > 1}
be a set of weight vectors. Desai, Farias, and Moallemi [[15]] prove that if w, is a solution to above
problem, then

I — W, < inf [l — Gull_,, (cTu +

w,uelU

2(pf, w1+ @))
1—7 ’

The above bound improves (#.14) as U is larger than U and RHS in the above bound is smaller
than RHS of (4.14)). Further, they prove that if ) is a distribution and we choose ¢ = (1 — v)nT(I —
yPTrws ) then

1 .
[ | P — ( inf || J. = Qwl (CTU +

w,uel

2(u. u)(1+ m))
1—7 '

Similar methods are also proposed by Petrik and Zilberstein [40]]. One problem with this result is
that c is defined in terms of w,, which itself depends on c. Also, the smoothed ALP formulation
uses 7, which is not known. Desai, Farias, and Moallemi [15]] also propose a computationally
efficient algorithm. Let S be a set of S random states drawn under distribution g, .. Let N/ C R?
be a known set that contains the solution of SALP. The algorithm solves the following LP:

st. Vz eS8, (Yw)(x) < (LYw)(z) + s(x), s >0, we N .

Let w be the solution of this problem. Desai, Farias, and Moallemi [15] prove high probability
bounds on the approximation error ||J, — V@ |1,c' However, it 1s no longer clear if a performance
bound on || J, — Jr, ||, . can be obtained from this approximation bound.

Next, we turn our attention to average cost ALP. Let v be a distribution over states, v : X —
[1,00), 7 > 0,v € [0,1], P = vP™ + (1 — ¥)1v7, and L,h = min,({, + PJh). Farias and
Van Roy [16] propose the following optimization problem:

min s; + 7Sz, 4.16)

w,81,52

sit. LyWw —Vw + 511+ s0u >0, 50> 0.
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Let (wx, $1.4, S2.«) be the solution of this problem. Define the mixing time of policy 7 by

t—1
1 /
7, = inf {T : ]; g VT(Pﬂ)tf,r—Aﬁ’ S%,Vt} )

t'=0

Let 7. = liminfs {7, : A\x < A, + d}. Let 7} be the optimal policy when discount factor is
7. Let 7, ,, be the greedy policy with respect to Ww when discount factor is v, uf = = (1 —
) Do Y VT (PT) and fiy = fiyr - Farias and Van Roy [[16] prove thatif > (2 — v)u;,ﬁu,

L G Bmax(D 1)
Wi x> 1— ~

where 8 = max;||I =P, D" = pl,, V/@TV)and V = L, Vw, — Yw, + s1,,1 + sz ,u.
Similar results are obtained more recently by Veatch [51].

An appropriate choice for vector v is v = [, ,,, . Unfortunately, w, depends on v. We should
also note that solving can be computationally expensive. Farias and Van Roy [|16]] propose
constraint sampling techniques similar to [18]], but no performance bounds are provided.

Wang et al. [54] study ALP (4.8) and show that there is a dual form for standard value function
based algorithms, including on-policy and off-policy updating and policy improvement. They also
study the convergence of these methods, but no performance bounds are shown.

In the primal form (4.3)), an extra constraint h = Ww is added to obtain

minf|h7 = Wwll, yp, + (1 =) (7 + Tr, )

II)\laX A, “4.17)

st. B(Ae+VYw) >+ PYuw .

Let )\, be the average loss of the optimal policy and (X, w) be the solution of this LP. It turns
out that the greedy policy with respect to w can be arbitrarily bad even if |\, — X| was small [17].
Farias and Van Roy [17] propose a two stage procedure, where the above LP is the first stage and
the second stage is

max c'Vw,
w

st. B(he+ Uw) < (4 Pw, (4.18)

where c is a user specified weight vector. Let w be the solution of the second stage. Let A, and i,
be the average loss and the stationary distribution of the greedy policy with respect to Ww. Farias
and Van Roy [17]] prove that

Aw — A < By — \I/w||lyuw .

Further, it is shown that @ minimizes ||h; — Yw||, . and that

lhe = W, < by = Y@, + (A = N)eT(I = P™) e,
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which implies that ||, — W@||, . is small. To get that Az — A, is small, we need to use ¢ = pg.
Value of p5 1s obtained only after solving the optimization problem (@.18]). To fix this problem,
Farias and Van Roy [[17]] propose to solve (4.18)) iteratively, using ¢ = g from the solution of the
last round.

The above approach has two problems. First, it is still not clear if the average loss of the resultant
policy is close to A, (or the best policy in the policy class). Second, iteratively solving is
computationally expensive. Similar results are also obtained by Desai, Farias, and Moallemi [15]]

who also show that if we were able to sample from the stationary distribution of the optimal policy,
then LP can be solved efficiently.

Our Contributions

We prove that if we parameterize the policy space by using the approximate dual LPs, then we can
solve the expanded efficient large-scale dual ALP problem for discounted cost and average cost
under a (standard) assumption that the distribution of states under any policy converges quickly
to its stationary distribution. We also show that it suffices to solve the approximate dual LPs by
approximately minimizing a surrogate loss function equal to the sum of the objective and a scaled
violation function

We begin with the average cost in Section 2] and prove that, for some parameter H > 0, we
have the regret bound

pgl < mein,ugﬁ + HV(0)+ O (% log(1/5)> + O(e)

where V' (0) = ||[o + ®0]_||, + |[(P — B) (10 + ®6)]|,. The V() term is zero for feasible points
(points in the intersection of the feasible set of LP (4.8)) and the span of the features). For points
outside the feasible set, these terms measure the extent of constraint violations for the vector yo+ $6,
which indicate how well stationary distributions can be represented by the chosen features.

In particular, setting H = ¢! gives an O (%V(@) + e) regret bound between the (T returned
by the algorithm and the best /T 1y. We emphasize that this bound is on the loss of actually running
the 7y policy, which could differ from the surrogate used in the optimization, ¢T(uy + $6).

This regret bound is rather unwieldy as H needs to be set correctly to obtain a O(¢) regret bound.
Section 4.3 addresses this shortcoming with a meta algorithm that solves the surrogate optimization
for a carefully chosen set of H values. We show a regret bound of

01455 i+ O ( v<e)) +0(e).

We then turn to the discounted cost problem in Section[4.4] We obtain a bound on the discounted

cost of the form
s < g+ 0 (——+2)vie)) +0 (-
o= 11—~ € 1—7
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where V/(0) is an analogous violation function for the constraints in the discounted dual ALP. We
also show that, even with the ﬁ term, we can use a grid meta-algorithm to obtain a regret bound
of the form

(VI 0< T+ O ( V(e)) +O(e).

This analysis is presented in Section

Section 4.6/ then demonstrates the effectiveness of our method on a well studied example from
queuing theory, the Rybko-Stolyar queue. We show that using two simple heuristic policies with a
small number of simple features provides good performance.

4.2 The Dual ALP for Average Cost

Is this section, we propose and analyze our solution to the Expanded large-scale MDP problem
for average cost. As discussed in the introduction, there are two main challenges for solving the
planning problem in its LP formulation: the optimization is in dimension X, and there are O(X A)
constraints, which is intractable in the large state-space setting.

We solve the two challenges by projecting the dual LP onto a subspace and by approximately
solving the optimization using stochastic gradient descent, respectively. Unlike previous approaches
for the primal LP, we show that an approximate solution in the dual allows for a regret, i.e. one that
controls the error between our approximate solution and the best solution in some approximate policy
class, and thereby solve Equation (4.13). We also provide some interpretation of the approximations
we make.

Recall that, for a matrix ® and a known stationary distribution 1 (which may be set to zero if
no distribution is known), we defined the dual ALP

mein AR LN
st. 07171 =1, 90>0,0d(P—-B)=0
and associated every 6 with the policy

[MO(xu CL) + (I)(x,a),:e]—l-
>wlto(z, @) + e 0]+

We denote the stationary distribution of this policy iy which is only equal to po + P86 if 6 is in the
feasible set.

mo(alz) =

A Reduction to Stochastic Convex Optimization

Unfortunately, the ALP still has O(X A) constraints and cannot be solved exactly. Instead, we
will form an unconstrained convex optimization that will act as a surrogate for the original problem
and show that it is a finite sum, e.g. equal to Zf\il fi(0). Therefore, we can apply the extensive
literature of solving finite sum problems with stochastic gradient descent methods.
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To this end, for a constant // > 1, define the following convex cost function by adding a multiple
of the total constraint violations to the objective of the LP (4.8):

c(0) = €7 (puo + DO) + H||[po + ®6]_||, + H||(P — B) (1o + ®O) |
= T(po + ®0) + H||[pto + PO)_||, + H|(P — B)T®4||,
= T(pto+ D0) + H Y _[[po(w,a) + Py, 0]-| + HY |(P = B)!, 0.

(z,0)

(4.19)

We justify using this surrogate function as follows. Suppose we find a near optimal vector 0 such
that ¢(#) < mingee c(#) + O(€). We will prove

1. that || [MO—HI)@\},Hl and || (P—B)T(u0+<1>«/9\)H1 are small and io+®0 is close to LG (Lemma,
and

-~

2. that 7(pg + ®6) < mingeg c(f) + O(e).

As we will show, these two facts imply that with high probability, for any § € O,
1 1
ugt < ppt+ o + @O, + ~[I(P — B)T (ko + )|, + O(e).

Unfortunately, calculating the gradients of ¢(6) is O(X A). Instead, we construct unbiased
estimators and use stochastic gradient descent. Let 7" be the number of iterations of our algorithm,
¢1 and ¢, be distributions over the state-action and state space, respectively (we will later discuss
how to choose them), and ((x, a;))i=1..7 and (x});—1_7 be i.i.d. samples from these distsributions.
At round ¢, the algorithm estimates subgradient V¢(6) by

(P—B)T,,®
t

(I)(zt,at),:

0)=0"d—-H
gt( ) %(fﬁt;at)

H{MO(Itvat)+<D(xt,at),:6<0} +H
This estimate is fed to the projected subgradient method, which in turn generates a vector 6. After
T rounds, we average vectors (6;);—1_7 and obtain the final solution 0 = ZtT:l 0,/T. Vector

Mo + CID@\T defines a policy, which in turn defines a stationary distribution 15 . The algorithm is
shown in Figure d.1]

Regret bound

We now turn towards proving the main result of this section, Theorem [55] We begin with our
assumptions.

We make a mixing assumption on the MDP so that any policy quickly converges to its stationary
distribution.

Assumption A1 (Fast Mixing) For any policy , there exists a constant 7(7) > 0 such that for all
distributions d and d’ over the state space, |dP™ — d'P™||, < e~ Y/™™||d — d'||,.
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Input: Constant S > 0, number of rounds 7', constant H.
Let IIg be the Euclidean projection onto O.
Initialize 6, = 0.
fort:=1,2,...,T do
Sample (x4, a;) ~ ¢ and &} ~ ¢o.
Compute subgradient estimate g, (4.20).
Update 01 = e (0; — m191)-
end for
Or = % Z;f:l 0

Return policy 75 .

Figure 4.1: The Stochastic Subgradient Method for Markov Decision Processes

Define

Ol . ||(I)(x,a),:” ’ 02 — max ”(P - B)T,a;q)H .

(@a)eXxA qi(z,a) zeX ga()
These constants appear in our performance bounds. So we would like to choose distributions ¢;
and ¢ such that C; and C5 are small. For example, if there is C’ > 0 such that for any (z, a) and
i, P(z.0); < C'/(XA) and each column of P has only N non-zero elements, then we can simply

choose q1 and ¢» to be uniform distributions. Then it is easy to see that
1Penl _ o IP=B)LO
q(z,a) = 2(x)
As another example, if ®. ; are exponential distributions and feature values at neighboring states
are close to each other, then we can choose ¢; and ¢ to be appropriate exponential distributions
so that ||, q).[|/q1(7,a) and ||(P — B)T,®[|/q:(x) are always bounded. Another example is
when there exists a constant C” > 0 such that for any =, ||PT,®|/||BT,®|| < C" (this condition
requires that columns of @ are close to their one step look-ahead) and we have access to an
efficient algorithm that computes Z; = >_, [P/l and Zo = _ |[BI,®|| and can sample
from ¢ (z,a) = (| P(sa).:ll/Z1 and gx(x) = || BT, ®||/Z>. In what follows, we assume that such
distributions ¢; and ¢, are known.

Obviously, minimizing the convex surrogate function does not guarantee a feasible solution to
the original dual LP. Therefore, we define the following non-feasibility penalties which roughly
correspond to how far ®0 is from the simplex and how far ®6 is from a stationary distribution,
respectively:

< C'(N+A).

Vi(0) = I[o(x, a) + ®(s,0).0]-| and (4.21)
(z,0)

Va() = ||(P — B)T(®0)||, = Z|P B)T, o). (4.22)
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The main theorem of the section is:

Theorem 55. Consider an expanded efficient large-scale dual ALP problem and some error tol-
erance € > 0 and desired maximum probability of error 6 > 0. Then running the stochastic
subgradient method (shown in Figure with

1 H? o, 1 S
H:? TZmaX{E—Q,ZLOS logg}, and n= (\/C_Z+H(Cl+02)> ﬁ’

yields a §T where

ul ¢ < mln (u 0+ - (V1(9) + V4(0)) + O(e)) : (4.23)

holds with probability at least 1 — §. Constants hidden in the big-O notation are polynomials in S,
d, C1, Cy, log(1/6), log(Vi(0) + Va(0)), T(ue), and T(ug, ).

Functions V/; and V5 are bounded by small constants for any set of normalized features: for any
0eco,

Vi(0) < llpoll, +190]l, <1+ |®af] < 1+ 5d,
(z,a)

0) < S IPT (o + ©0)| + > |BT, (uo + 06)|

CC/

< (Z P:,m’) [MO + (I)H]+ + (Z B:,x’) [NO + (I)e]+

= 2[po + @011
< 2|po + 0|1
=2+425.

Thus V7 and V5 can be very small given a carefully designed set of features. The output é\T s a
random vector as the algorithm is based on a stochastic convex optimization method. The above
theorem shows that with high probability the policy implied by this output is near optimal.

The optimal choice for € is € = \/V1(6.) + Va(0.), where 0, is the minimizer of RHS of (#.23)
and not known in advance. One could thlnk of parameterizing the optimization problem by H, but
the problem is not jointly convex in H and 6. Nevertheless, we present methods that recover a

O(\/V1(6.) + Va(6.)) error bound using a grid based method in Section

Analysis

This section provides the necessary technical tools and a proof of the main result. We break the
proof into two main ingredients. First, we demonstrate that a good approximation to the surrogate
loss gives a feature vector that is almost a stationary distribution; this is Lemma[56 Second, we
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justify the use of unbiased gradients in Theorem [S7]and Lemma[59] The section concludes with the
proof of Theorem [55]

The first ingredient shows that we can relate the magnitude of the constraint violation of 6 to the
difference between ®6 and 19, which quantifies how far @6 is from a stationary distribution.

Lemma 56. Let u € R4 be a vector, N be the set of points (z,a) where u(z,a) < 0, and S be
the complement of N'. Assume

ZUJ(x?a) =1, Z |u(x,a)| < EI’ ||UT(P_ B)Hl <€

z,a (z,a)eN

The vector [u]/||[u]+||, defines a policy, which in turn defines a stationary distribution ji,. We
have that

[l = ully < 7(p) log(1/€)(2€ + €") + 3€” .
Proof. Let f = uT(P — B). From ||uT(P — B)||, < €”, we get that for any 2’ € X,
> u@,a)(P = B)aaw =— Y, ul@a)(P = B)@a.w + ()
(z,0)€S (z,a)eEN

such that 3>, |£(a")] < ¢”. Let hh = [u]4./|[[u]+]|,. Let H' = |AT(B — P)||,. We write

=> 1> hx,a0)(B - P)ua.l

z' (z,a)€S

1+€Z| > u(z,a)(B = P)ga]

z' (z,a)ES

:1+€Z\— Z (z,0)(B — P)za) + f(2')]

x! (z,a)eN

IN

e DD DIRTERAI R TR T ey

x’ (z,0)eN

IN

o (€ 2 2@ all(B = Pl

(z,@)eN !

1 2/ "

< e + g 2u(z,a)| | < €te

1+ ¢ 1+ €
(z,a)eN

<2 + €.
Vector h is almost a stationary distribution in the sense that

|RT(B — P)||; < 2€ +¢" . (4.24)
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Let |wll, s = > (s yes|w(z, a)|. First, we have that

U
1+ €

/

u
I+ [lu — m”m <2

1= ully <[k -

Next we bound |11, — h||,. Using vy = h as the initial state distribution, we will show that as we
run policy h (equivalently, policy 1), the state distribution converges to 1, and this vector is close
to h. From (&.24)), we have uJP = hTB + vy, where vy is such that |vg||, < 2€¢' + €¢”. Let M" be a
X X (X A) matrix that encodes policy h, M(};,(i—l)A—&—l)-(z’,iA) = h(:|z;). Other entries of this matrix
are zero. We have

RTPM" = (W B + vo)M" = KT BM" + voM" = hT + voM"

where we used the fact that ATBM" = hT. Let 4] = hTPM" which is the state-action distribution
after running policy h for one step. Let v; = voM" P = vy P" and notice that as ||v||, < 2¢' + €”,
we also have that ||v||, = [|P"Tu{ ||, < ||lvoll, < 2€' + €”. Thus,

plP=hTP+v;=h"B+uvg+uv; .
By repeating this argument for k£ rounds, we obtain
ph=h"+ (vo + vy + - + v ) M"

and it is easy to see that

k—1
(vo +v1 + -+ + vem) M|y <Y JJolly < k(26 +€).
=0

Thus, ||x — k||, < k(2€' + €”). Now, notice that j, is the state-action distribution after & rounds of
policy juj,. By the mixing assumption, ||p, — |, < e™*/7™) 5o the choice of k = 7(h)log(1/¢)
yields ||pp, — ||y < 7(h)log(1/€)(2¢ +€") + €.

O

The second ingredient is the validity of using estimates of the subgradients. We assume access
to estimates of the subgradient of a convex cost function. Error bounds can be obtained from results
in the stochastic convex optimization literature; the following theorem, a high-probability version of
Lemma 3.1 of Flaxman, Kalai, and McMahan [20] for stochastic convex optimization, is sufficient.
We note that the variance reduced stochastic gradient descent literature (e.g. SAGA or SVGR)
cannot be directly applied since a full gradient calculation is impossible, and most complexity upper
bounds are at least O(+/X A/€) [55], which is inappropriate for out setting.

Theorem 57. Consider a bounded set Z C R¢ of radius Z (i.e. ||z|| < Z forall z € Z) and a
sequence of real-valued convex cost functions (fi)i=12. 1. Let z1, 22, ..., 2p € Z be the stochastic

gradient decent path defined by defined by z, = 0 and z,,1 = Hz(z — nf]), where 11z is the
Euclidean projection onto Z, n > 0 is a learning rate, and fi,..., f. are bounded unbiased
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subgradient estimates; that is, E[f{|z:] = Vf(z) and || f]|| < F for some F > 0. Then, for
n=Z/(FVT)andany 6 € (0,1),

- 2 1 72T
;ft(Zt) — gélg;ft(z) < ZFVT + \/(1 +42°T) (2 logg + dlog (1 + y )) (4.25)

with probability at least 1 — 0.

Proof. Let z, = argmin, Zthl fi(z) and n, = f/ — V fi(2;). Define function h; : Z — R by
hi(z) = fi(z) + zm;. Notice that Vhy(z) = V fi(z) + n, = f,. By Theorem 1 of Zinkevich [56],

we get that
T

th(zt) — th(z*) < Z Izrggth ) < ZEVT .

Thus,

Let S, = Zi;ll(z* — 2,)1s, wWhich is a self-normalized sum [[14]. By Corollary 3.8 and Lemma E.3
of Abbasi-Yadkori [1]], we get that for any 6 € (0, 1), with probability at least 1 — 9,

— 1 72t
1 — 2,)? 2log = 1 14+ —
(—l—SE:l(zt z))( 0g5+dog(+d>)

1 Z2t
< \/(1 +42°%t) (ZIOgg + dlog (1 + 7)) :
Thus,

d o 1 77
;ft(zt) — Izréig;ft(z) < ZFVT + \/(1 +42°T) (210g5 + dlog (1 + = )) .

|5t

IA

]

Remark 58. Let By denote the RHS of (4.23). If all cost functions are equal to f, then by convexity
of f and an application of Jensen’s inequality, we obtain that f (Zthl 2)T) — min,ecz f(2) <
Br/T.

The last step before giving the proof of Theorem [53]is to apply Theorem [57]to our convex
surrogate function, ¢(6).
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Lemma 59. Under the same conditions as in Theorem[55|and any ¢ € (0,1)

~ H 1+4527 1 2T
() — mine(o) < SYIHH G+ C) +\/ it (2o +atog (1420 ))

0cO \/T T2
(4.26)

with probability at least 1 — 6,

Proof. We prove the lemma by showing that conditions of Theorem [S7] are satisfied. The assump-
tions allow an easy bound on the subgradient estimate:

”q)(ﬂft at)l” ||(P—B)T’I/CI)H
—=+ H i
Q1 (e, ar) 2 (2))

gl < (|07 + H <Vd+ H(Cy+ Cy) .

Also, we show that the subgradient estimate is unbiased:

(I)(z a),:
E[g:(0] = 7P — H%Ql T, a Wl{uo(x )+ (4.0),0<0}

+ HZ ¢z P B>> - sgn((P — B)!,,®0)

e — Hz D (2,0),: Lo (@.0) 0 (s 0y 0<0} T HZ (P—DB)!,®sgn((P - B)!,, ®0)
(20)
= V@C(Q) .

The result then follows from Theorem 571 and Remark [58]
It is also convenient to bound the norm of the gradlent If po(z,a) + @pa).0 > 0, then
Vollpo(z, a) + Pz 0).0]—| = 0. Otherwise, Vy|[po(x, a) + Pg0),.0]-| = —P(za),.- Calculatlng,

Voc(0) = 07 + H Y V| [uo(x,a) + o) 0]-| + H Y Vo|(P — B)I 00|
(2.0) 2!
=01 — HY O L@arrona.o<0 + H Y (P =B, ®sgn((P - B)T,®0),

(z,a) x’

(4.27)

where sgn(z) = I.~0y — [{2<0y is the sign function. Let £ denote the plus or minus sign (the exact
sign does not matter here). We have that

2
d

IVoc@I < H D (D (£D (P BowwPuea. +|®| + H Z Z@W

=1 x’ (a:,a) =1 (;1; a

2
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Thus,
2
d d
Vo) < | S 2+ HVA+ 1 |3 (i S(p- B)w,aw) Do
i=1 i=1 \ (z,a) z’
. 2
<Vd+HVA+H > |2 @l | =Vl +3H),
1=1 (z,a)
where we used [(T®. ;| < ||4]| || P.ill; < 1. O

With both ingredients in place, we can prove our main result.

Proof of Theorem[53] Let by be the RHS of (#.26)). Using the trivial fact that v/a + b < 2v/a+2v/0,
we can easily derive

br < iT ((x/ﬁ+ H(Cy+ Cy)) + 2\/1010g§ + 2\/5dlog (1 + SiTT)) + 0 (%) . (4.28)

Lemma [59|implies that with high probability for any 6 € ©,
("(pio + DO7) + H Vi(0r) + H Va(0r) < (7(no + O) + H Vi (0) + H Va(0) +br . (4.29)
From (4.29)), we get that

Vi(0r) < %(2(1+S)+HV1(9)+HV2(9)+6T) =, (4.30)
Vallr) < - (2014 8) + HVI(0) + HVa(6) +br) = " (431)
Inequalities (4.30) and (4.31) and Lemma[56] give the following bound:
[T i, — €7 (1o + ®lr)| < T(1g,) log(1/€)(2€ + €") + 3¢, (4.32)
and we can similarly bound
[Tpg — £7(po + )| < (o) log(1/V1(6))(2V1(0) + V2(6)) + 3V1(0). (4.33)

Combining these two equation with (@.29) gives the final result:
(Mg, < (o + o07) + 7(pg,) log(1/€)(2€' + €") + 3¢’
< T (po + Or) + 7(pg, ) log(1/€)(2€" + €”) + 3¢ + HV(0) + HV5(0) + br
< (Tpg + 7 (o) log(1/V1(0))(2V2(6) + Va(6)) + 3V1(6)
+ 7 (g, ) log(1/€)(2€' + €") + 3¢’ + HV1(0) + HVa(0) + br

< g +2 (VA(6) + V(0)) (3 + 7(s10) log(1/VA(6)) + 7 (115, log(1/€) + H )

+ (27’(,u§T) log(1/€') + 3> 21+5)

) 4 (2r(g, ) low(1/€) +3) 2 + by

H
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Using the form of by above, we find the regret bound

(hg, < Opig +2(Vi(0) + V5(0)) (3+ 7(1) 1og(1/Vi(6)) + 715, ) log(1/€) + H)

+ (2rtus tos(1/¢) +3) 224 rcn 4 o

27(uz Vlog(1l/€") + 3 1
+( (g, ) log(1/¢) +2>iT,/101og5

H
log(T)) 1 )
+0 +0|(—— 4.34
( VT TH (339
1 H
<7 Vi(0) +V5(0)O(H) + O | — O|—=
< -+ 040) +1a0) 01 + 0 37 ) + 0 ()
1 1 log(T)>
+0 | —= log -+ O 4.35
() Vs +0 (05 )
Now, recall that we set
2
H= 1 and T = Inaw:{iQ,éLOS2 logl} ,
€ € )
which finally yields that with high probability, for any 6§ € O,
1
Og, < Cpo + —(Vi(0) + V2(0)) + O(e),
as claimed. [

Comparison with Previous results

With a precise statement of our main result, we return to compare Theorem @] from Farias and
Van Roy [16]]. Their approach is to relate the original MDP to a perturbed version E] and then analyze
the corresponding ALP. (See Section 4.1| for more details.) Let W be a feature matrix that is used
to estimate value functions. Recall that ), is the average loss of the optimal policy and \,, is the
average loss of the greedy policy with respect to value function Ww. Let A7 be the differential value
function when the restart probability in the perturbed MDP is 1 — ~y. For vector v and positive vector
u, define the weighted maximum norm ||v|| , , = max, u(z)|v(z)|. Farias and Van Roy [16] prove
that for appropriate constants C', C’ > 0 and weight vector u,

C

'In a perturbed MDP, the state process restarts with a certain probability to a restart distribution. Such perturbed
MDPs are closely related to discounted MDPs.
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This bound has similarities to bound {#.23): tightness of both bounds depends on the quality of
feature vectors in representing the relevant quantities (stationary distributions in and value
functions in (4.36))). Once again, we emphasize that the algorithm proposed by Farias and Van Roy
[16] is computationally expensive and requires access to a distribution that depends on optimal
policy.

4.3 Average Cost Grid Algorithm

The main regret bound of the previous section, Theorem [55] may be sufficient for many applications,
especially if one has reason to believe that V;(6) and V5(#) are small. For example, the features
could include many stationary distributions (hence the error terms are zero). However, the result
may be unsatisfying since the complexity is a function of H, but running the stochastic gradient
procedure for more iterations will not guarantee a better result.

In this section, we will present an algorithm that obtains the more natural regret bound

(Mg, < Ieneiélﬁue +0 < Vi(8) + V2(9)> + O(e).

Intuitively, we accomplish this by also optimizing over the violation scaling parameter H, thus
approximately computing

ocBlg (Wﬂ@ + H(Vi(0) + Va(0)) + %) : (4.37)

where (3 is some constant, but in particular can be chosen to match the coefficient on the O(¢) of the
regret bound in Theorem [55}

B=S(Cy+Cy+ 37‘(,&&) + 37 (o) + 2). (4.38)

However, if one does not require the dependence on S or C + C5 to be correct, 5 = 1 is acceptable.
Throughout the section, we use the following notation to simplify the presentation. We define

c(H,0) = 190+ H (V1(0)+V>(0)) and 0%, := argmin, ¢(H, #). To obtain the O <\/V1 (6%) + V2((9*)>
regret, it suffices to solve the optimization problem

. B

H}}%lc(H, 0) + IR

The objective is convex in H and 6 individually but not jointly and hence we cannot use gradient

descent. One might try alternating minimizing over ¢ and H, but this approach is difficult to analyze.

Instead, we will exploit what we already know how to do: approximate 67,. If we define

F(H) =c(H,03) + %, then we will show that approximating the minimum H is sufficient. Hence,

we will analyze grid search, where we (precisely) select a grid Hy, . .., Hg then use Algorithm [4.1]
to approximate ¢ for every grid point.
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The Grid Algorithm The grid algorithm takes as inputs a bound on the violation function V.,
a desired error tolerance ¢, and desired probability tolerance 0. The algorithm then carefully chooses
agrid Hy,...,Hg,and foreachi =1, ..., K, computes 9“ the output of Algorlthm | and VZ, an
approximation to V1 (6;) + Va(6;). 1t then returns

ko= argrmn 700, + HyVi + Hﬁ (4.39)
k

Estimating the Error Functions

To run the Grid Algorithm, we need to be able to estimate the constraint violations V3 () + V(0).
Similar to the gradient estimate, we estimate V; + V5 by importance-weighted sampling. For some

n and samples yy,...,y, ~ ¢ and (z1,a4), ..., (T, a,) ~ ¢, define
i 1 . [MO(Imai) +q)(x-a-):0]— |(P_B)T CD9|
V,(0) =~ waih 77 v (4.40)
( ) n ; Q1(377a) Q2(Z/i)

Since Vi(0) = 32, ollto(z,a) + @(0).0]-| and Vo(0) = 3°,|(P — B)T,, 0], this estimate is
H(I)(z,a),:H

clearly unbiased. Also, we earlier assumed the existence of constants C'} = max(; 4)cxx.4 7 (@a)

and Cy, = max,cx W, and so we can bound
ir @) + Pl ay-0]— P — B)T ®6
[,LL()(.I' CL) ( Qs z)r ] |( ).,yl | S S(Cl ‘l‘ 1) +SO2
¢, a) q2(Ys)

which gives us concentration of V around V. In particular, applying Hoeffding’s inequality yields:

Lemma 60. Given ¢ > 0 and 6 € [0, 1], for any 6, the violation function estimate V,,(0) has
[Va(8) = (Vi(6) + Va(9)] < e

M log ( )

with probability at least 1 — 6 as long as we choose n >

Figure [d.2] provides a precise definition of the algorithm and specifies the grid, parameters for
the SGD algorithm, and sample sizes for Vi needed. The rest of Section 4.3|is devoted to analyzing
this algorithm and proving that is does achieve a O(+/V;(6*) + Va(6%) regret.

Theorem 61. For some € > 0 and § € [0, 1], the Grid Algorithm specified in Figurehas regret
L (< i+ 0 (VA0 +V4(0)) + 0(0) (4.44)
with probability at least 1 — 0.

The proof is delayed until Section[4.3] but a rough outline is as follows. We construct the grid
Hy, ..., Hg such that maxpy, <p<m,,, F'(H)— F(H})is always § by reasoning about the Lipschitz
constant of F'(H). This lets us conclude that [}, §; produces an objective value close to that of

H*,0*, which has the desired O <\/V1(9*) + Vg(&*)) regret.
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Input: Upper bound Vi (0) + V5(6) < Viax, error tolerance € > 0,
probability 6 > 0
Compute grid

ﬂ( ! —ﬂe)l k<%

H, = VVnax 4 (4.41)
Hi + Z(‘]Zi) otherwise
where
% = min {z Vi (His1 — Hy) > i} , and (4.42)
K = min{k : Hy > 4?} (4.43)
fork:=1,2,..., K do

Obtain 9. from Algorithm 4. | with 7 = max { %, 405% log % }

Setn = —S(S(Cﬁ:g)JrSCQ)Q log (%5) A
Set ‘//\;c _1 zn: [:LLO(xi? ai) + q)(xi,ai),:‘gk]— ’(P - B)T,yZ(I)H:’ﬁ’
"= q(z,a) q2(yi)
end for

Set k* = argmin,, (T®0), + H,V;, + H%
Return policy s

Analysis

Figure 4.2: The Grid algorithm

90

The main idea of the proof is to show that F'(H) (the optimization in H only after the optimal @ is
used) is well behaved and Lipshitz; we construct the sequence Hj such that maxy, <p<m, ., F (H)
is always $. Finally, we show that the error from finding the minimum H), and the error for the
approximate optimization of  given a fixed H add up to an order € error.

Lemma 62. Let € > 0 be some desired error tolerance. Let V. be some upper bound on
Vi(0) + Va(0); we can always take Vipax = 3 + S(d + 2). The sequence defined by

~1
1 k—1 . A
H, = B (= —t5)  irk<k

Hy + =8 k<k<K

(4.45)
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(4.46)

for
} and K:min{k Hk>%}

NN e

E ‘= min {’l . VmaX(HiJrl — H,L> >

guarantees that, forall 1 < k < K,
max |F(Hy) — F(H)| <e. (4.47)

Hy<H<Hp4,
Proof. Since ¢(H, 0) is linear in H, ¢(H, 63;) is concave in H. Also, using ¢ to denote some positive
number, we can show that ¢(H, 0};) is increasing
c(H,03) = m(}nETCI)G + H(V1(0) + Va(6))
< m@inETCI)G + (H +6)(V1(0) + V5(6))

= ¢(H +5,01,5)

and sub-linear
C(H +0,0p,5) = min (700 + (H + 0)(V1(0) + V2(0))

< AT003 + (H 4 0)(Vi(03) + Va(05))
= c(H, 05) + 6(Vi(05) + Va(03)))
< C(H, 0;{) + 6Vmax-

Using the monotonicity property of ¢(H, 07;), we have
[F(H,) — F(H)| < (Hisr, Gigoa) = e(Ho ) + 5 (57 = o
HiSIEE%}ISiH ! o Hiﬁgg}éfiﬂc b P HiA1 v H H Hz+1
1 1
< Hz — H; Vmax
< (Hipa i) + (H Hz+1)

First, consider the case where k < k. Then Hj, = (\/VmaX — %e)_l so that (Hik — H}jﬂ) =
H;) < 5. In the case where k > k, we have

5. By definition of k, we also have that Vinax (Hix1
I5; ( i Hk+1) (Hit1 — Hi)Vinax and (Hyq1 — Hi)Vinax = 5. In either case

1 1
F(H — F(Hy)| < (Hgy1 — Hi)Vinax —
FUrr) = FUR < (Ho = HVaws + 5 (0 = 37— ) < 5

+2§6

— F(Hg)| < e. Note that

~—

as desired.
Finally, we check that if H* > Hp, then |F(H*

= min (190 + 2/ B(V1(6) + V5(0))

mltb

F(H*) = nl}igléTCDQ + H(V1(0) + V2(0)) +
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and

F(Hy) = min €106 + VB (w + e> :

where we solved for the optimum H for a given 6 as H; = /8/(Vi(0) + Va(6)). Therefore,
H* > Hy implies that Vy(6*) + V3(6*) < £5. Then

F(H) = F(H") = min (me’ 2w + o) + g) min 790 + 24/B(Vi(0) + vg(e)))
< meaxmw?(vl(e) + Va(6 % (mwwﬁ (Vi (0 +V2(9))>
< mgx¥ (Vi (6) + Va(0)) + g
<e,

completing the last case. 0

We can now formally state and prove Theorem [61]

~

Proof. Running Algorithm for Hy,...,Hg with T = 161:[—2’3, produces a sequence 51, N e
such that 5

c(Hy,0x) < e(Hy, 0%) + HV(0") + — + &
H, 4

holds for all £ simultaneously with probability at least 1 — Wthh 1s easily argued by noting that the
probability of error for any single & is 9 / K and applying the union bound. Let ¢; be the true optimal
6 of C'(Hy, ). Additionally, Lemma along with our choice of n = w log (1),
guarantees that, with probability at least 1 — 5% K, A\ (Ok) + V5 (Ok) Vk| < ¢ and hence the statement
holds for all Vj, with probability at most 1 — £

The first step is boundlng the suboptlmahty of the objective. Recalling that k is the minimizer
of €T<I>0k + Hy Vi + +4-, and using k* as the minimizer of ¢(Hy, 05) + I—i’ we have
€T<I>0 + H; V + ﬂ = mlnﬂTCI)Qk + Hka + ﬁ

H; k H,

g

k.*

< Dby + Hyp Ve +

< ¢(Hy-, 0p) + Hi + i (Lemma [60)
o+

16 €

c(Hyx,0;.) + . + 3 (Lemma [59))

< nl}igl c(H,0)+ = +e¢ (Lemma [62)).
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The statement holds with probability at least g + g, where the first term is from estimating \A/k
(Lemma @]) and the second term is from bounding the SGD error (Lemma @I) Hence, the Gird
Algorithm minimizes the objective to within e.

A bound of the suboptimality of the objective is not enough. We wish to prove a statement

about the regret of /7 to, » and hence we must relate this quantity to €TCI>é,;. Since all quantities are

B
H*

non-negative, this implies that |H£ — < e. Finally, we can put together the regret bound. To
k

apply Lemma 3 and bound the distance between £7 <I>,u§k and (7®0;, we first need to bound V;(6;)

and ‘/Q(é\k,) Using the bounded suboptimality of gk as an optimizer of c(H}, ), we have

08, + Hy (Vil0y) + Va(0)) < 07003 + Hy (Vi(6) + Va(6}) + 5

<00 + H* (V4(0) + Vo(07)) + €

and can conclude that

Vi@ < - (28 + 1)+ VAE)  T0)

< <HL + e) (2(5 + 1) 4+ /Vi(6%) + %(6*))
= (2(S + 1) + )/ Vi(8*) + Va(0%) + (VA(6") + Va(67)) + 2(S + 1)e.

Completely analogous reasoning gives the same bound on VQ@)
Then, applying Lemma [56] we have

Opug, < O, + 47(10, ) 10g(1/€) (205 +1) + )V/Vi(0) + Va0%) + (VA(8") + Va(6")) + 2(S + 1)e)

§w®@+®ﬂ%ﬂ%ukﬁ«ﬂs+n+d¢%wﬂ+%Wﬂ+@ﬂWH4ﬂW»+ﬂS+DQ

+ H*(V1(0%) + Va(0%)) + Hﬁ +e

gemm+@@%n%ukqQms+D+q¢mww+%ww+@ummﬁam»+ms+DQ

FHVA0) + Va(0) + et (V) + V(07))
-1
Now, using that H* = ( Vi(0) + V2(6)> , the previous statement implies

(pa, < min s + 0 (V/VA(0) + Va(8)) + O (Vi(0) + Va(0)) + O(e),

which produces the theorem statement, because V;(0) + V5(6) < 1. O
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4.4 The Dual ALP for Discounted Cost

We now change settings to discounted cost but the problem remains: find a policy with discounted
loss almost as low as the best in the class. Fortunately, most of the tools from the average cost carry
over with small modifications. Hence, this section studies how to approximately solve € given an
H, and the next section studies how to use a grid algorithm to optimize H as well.

Recall that the LP we intend to approximately solve is

min (T®0 (4.10)

feR?
st. (B—7P)T®0 =a, PO >0.

This LP has another interpretation. The dual of the approximate dual is

maXJeRX OéTJ
s.t. OT({+ (yP—B)J —z) =0,
z >0,

which is the original primal with a form of constraint aggregation.

Approximately solving the LP Analogous to V/; and V5, we define, relative to a feature matrix
®, the constraint violation functions
Va(0) = [ [®0]_[l; and (4.48)
Vi(6) = (B = 7P) @0 — (4.49)

so that we can approximate the solution of the LP by minimizing the convex surrogate

A (0) = 0790 + H (V3(60) + Vi(0)) (4.50)
=100 + H|[[20]_ || + H[[(B —vP)T®0 — af|,

=00+ HY [Puanl] +HY |(B—yP),00-a

(z,a)

with some constant / and the constraint set © = {6 : ||0|]» < S} .

We will minimize through stochastic gradient descent. We will sample constraints for
V3 and V; with distributions ¢3 € Ay 4 and ¢4 € /Ay, respectively, and calculate the unbiased
subgradient

D1y.00),:
(zt,a1), i’ sgn((P—"yB)T’x;(I)e) (4.51)

1(0) =0 — H I H—F—t
Gt ( ) Q3<$t, at) {®(2y,a4),:0<0} + Q4(:l?2)

Then, the algorithm is exactly the same as Figure with g; instead of g;. Recall that we are using
the shorthand

Jo=Jry, and vy =uy,,. (4.52)
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Thus, our objective is to show that o™ J; is small.

A key difference between the average and discounted cases is the interpretation for the dual
variables, i and v. In the average case, the feasible ;. exactly corresponded to stationary distributions
and therefore the average loss was precisely ¢Tu. However, in the discounted case, the dual variables
v correspond to the expected discounted number of visits to each state and {Tv = oT.J, where J is
the value function corresponding to policy 7.

A Regret Bound for the Discounted Case

Unlike the average cost case, the discounted cost case does not need a fast mixing assumption.
However, we do need to assume that the operator 1-norm of ® is upper bounded by some constant

OF

B, — D), = Bp,| < C. 4.53
91 = g, 1971 = o 3 00| < 453
As before, we will need to choose constraint sampling distributions such that we can bound
Dy P —~B)T ®
O 2 NN (€t |
(z,0)EXXA Q3 (l’, CL) TEX Q4($)

While special structure may suggest natural choices of sampling distributions to ensure small C'3
and C'y, there are general conditions that allow these constants to be bounded. For example, if there
is C' > 0 such that for any (z,a) and i, ®(,4); < C'/(XA) and each column of P has only N
non-zero elements, we can choose g3 and ¢, to be uniform distributions and we can bound

||(I)(x,a),:H H(P—’yB)Tyx(I)H
q3(z, a) q1(x)
Finally, note that we can always upper bound the constraint violation functions. For any 6 € O,

<, < C'(N+A).

d
Va(0) < 0], <> > [ @aa;llos] < CllON < CVd|0]l, < Vd CS

J=1 (z,a)

Vi(0) < |BL(®0)] +~ Y |PT(0)] + [y

<> (Z B(x7a>,x'> (@0) )] +7 (Z P(z,a),x/> [(P0) (0| + 1

(z,a) (z,a)
= (1+7)[20]1 +1
<(1+)VdCS +1
and hence
V3(6) + Vi(0) <1+ VdCS(2+~) < 4V/dCS (4.54)

aslongas C,S > 1.
We now present the regret bound for discounted cost and a fixed H.
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Theorem 63. Consider an expanded efficient large-scale dual ALP problem and some error toler-
ance € > 0 and desired maximum probability of error § > 0. Running the stochastic subgradient

210 1
method (shown in Figure with H > 1, T = O (316—5(5)) and constant learning rate
n = S/(G'NT), where G' = \/d + H(Cs + C,), yields a 07 with

6vdC'S

=) + O(e).

6
g < {Tvp + (—1 — + H) (V3(0) + V4(0)) +
Constants hidden in the big-O notation are polynomials in S, d, Cs, Cy, and C.

Analysis

Here, we present the proof of the main result of this section, beginning with showing that if some
vector v is close to a feasible point of the LP, then it almost equals the expected frequencies of visits
of the policy 7, (when the system runs under the policy 7, with the initial distribution «), i.e.,

U, (2,0) = Za(x') nyt_lP”h (v = 2,00 = a|zy = ). (4.55)
x’ t=1

Lemma 64. For any vector v € RX4, let N be the set of points (x,a) where v(x,a) < 0 and
S = N and define the constants >wayen V(@ a)| =€ and [[(B —yP)v — oy = €". Further
assume that for each x, there exists an a such that (x,a) € S. Then, for the policy m, define by

m(alz) =

the expected frequencies of visits under the policy is close to v:

36/ +€l/
||V7TV - I/”l S 1 .
-
Proof. First, we notice that,
1M, =vih < D> v(za)l=¢. (4.57)
(z,0)eN

Let & = (B —vP)Tv — a € R¥ with ||£||; = €” according to the assumption. For any 2’ € X,
we have,

S (@, a) (B~ AP — ala) = = 3 v(@,)(B — 1P) e + E().

(z,0)€S (z,a)EN
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Let vy = (B — vP)Th — a, we have

[[vol[1 = Z Z Wz, a)(B = YP)@a) . — (')

' |(z,a)

=Y 1Y v, a)(B = P) ey — ()

(z,a)€S

= Z - Z V(fL‘,(l)(B - ’YP)(I,a),a:’ + S(xl) (458)

(z,0)eEN

with the upper bound

loolls <Y |= > (@ a)(B=vP)waww|+ €

(z,0)eN

< Z < xa\Z‘B YP) (z,0),27 )—i—e”
(z,a)eEN
<2 Z v(z,a)|+ €
(z,0)EN
< 2¢ + €. (4.59)

Let M" be a X x (X A) matrix that encodes the policy 7, where M(z (oD ArD)—(ia) = T (|23) -
As a concrete example, when the state space X = {x, 25} and A = {ay, as}, then

Mh:(m(a1|x1) m(asz) 0 0 )

0 0 mo(ar|xs) m,(as|xs)
By the definition of 7, in (#.36)), it is easy to check that hTBM" = hT.
With M", the v,, defined in (#.33)) can be written as,

vl = th LaT MM (PMMY T (4.60)

t=1

Now, we are ready to bound ||, — v||;. By the definition of v (i.e., v = (B — vP)Th — «),
we have,

aTM" = hTBM" — yhTPM" — o] M" = b7 — yhTPM" — o] M,
where the last equality is due to hT BM" = hT. Therefore,

QT M"(PM)'™ = hT(PM")'™t — yhT(PM™)t — o] M"(PM)™
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By (.60), we have,

VI, =hT =Y A M(PM") (4.61)

t=1

Let z; = v] My (PM")!. By @.39), we have

l20ll = llofMally = Y Jvo (@) (alz) < ) (Ivo(x)l > Im(a|w)|> = llvolly < 2€¢"+¢".

Further,

ze41ll = l2ePM" )y = ZZ |2¢(2’, d') P(z]2’, a)m, (a]2))|

z,a z',a
<> <|Zt<w’,a’>| > |Pm<:c,a|x',a'>|) = [l
x,a z’,a’

By the induction, we know that ||z;||; < 2¢ + €’ for all ¢. By (4.6])),

- 2¢’ + ¢’
t—1
lvm, = Rl < ;v el < 5= (4.62)
Combining this with (4.57)) and the triangle inequality,

2 / 7 3 / "
[Vm, — vl < Lot (4.63)

L=y
]

Next, we need the analog of Lemma [59| for the discounted case, which is again a direct
application of Theorem

Lemma 65. Given some error tolerance € > 0 and desired maximum probability of error § > 0,
running the stochastic subgradient method (shown in Figure on A (0)with T > 1/e', H =1/,

and constant learning rate n = \% <\/E + H(C5 + C’4)> produces a §T such that, with probability
at least 1 — ¢,

~ Vd+ H(Cs + Cy) 144527 1 S2T
2 _ 1 2 < - _ I .
< (0r) min ¢ 0)<S T + e (2log 5 + dlog (1 + 7 )>

(4.64)
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Proof. We (once again) prove the lemma by showing that conditions of Theorem [57] are satisfied.
First, the subgradient norms have the easy bound

191,00, (P —~B)! |
2 S gT(I) +H t,0t ), +H e
o7 < vl + 17 e A

Finally, we show that the subgradient estimate is unbiased:

<Vd+H(Cs+Cy) .

P z,a),:
Elg](0)] =@~ H  g3(x,0) — 22T )40, 0y 0<0}
(za) Q3(x> a)

(P—+B)T,®
S as —) sen((P —B)L,,6)

— " — Hz D (2,0),: Lo (@.0)+® (s 0y 0<0} T HZ (P —B)!,®sgn((P —vB)!,®0)
(z,a)
= Vyc'(0) .

O

With this lemma in hand, the proof of Theorem [63]] proceeds in much the same way as the proof
of Theorem 53]

Proof of Theorem Recall that the convex surrogate for the discounted cost is
7(0) =000+ H| [®O)_ ||, + H||[(B —~vP)"®0 — a1, (4.65)

with the constraint set © = {6 : ||0|]» < S}.

Now, obtain 67 from the stochastic gradient descent algorithm. By Lemma the error bound
must be less than

\/_<(\/_+H03+C4 ) 4+ 24/101og = +2\/5dlog 1+—T)>+o<%),

Then with high probability, we have for any 6 € O,

07 + H V3(0r) + H Vy(07) < (700 + H V5(0) + H Vy(6) + by . (4.66)
Since we can bound
0700 < ||0]] || PO, < Vd CS,
rearranging Equation (4.66)) yields
Vi(Or) < % (2Vd €S + HVy(60) + HVA(6) + br) = ¢ and (4.67)

Vi(Or) < (w’ CS + HVy(8) + HVi(6) +bT> =" (4.68)

H
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Using these bounds on ‘/E;(é\T) and V},(@\T) with Lemma |64 gives

(T — 08| < vz, — ®Fr]y < 3€/j;”. (4.69)
Lemma|[64] applied to vy, implies that
T — (70] < [|vp — B0, < 3‘4"(91)_:‘/4(6), 4.70)
and so
15, < 0l + 0
< 0T00 + HV3(0) + HVy(0) + by + Sijs
< Ty + 3%’(91)_:‘/4(9) + HVa(0) + HVi(0) + br + 3; <
First, we simplify
3;_*; - = (13_ - (2vVdCS + HVy(6) + HVA(6) + b )
=G f 3 (V3(0) + Va(0)) + ﬁx/&cs + 45(\;?;(103_2)04)

+ﬁ;g— )2W+\/_;5— )2\/5d10g<1+SiTT>+O<m>

3 6 log(T)
0= (V3(0) + Va(0)) + i) VdACS + 0 (—(1 — 7)Hﬁ) .

Plugging in this expression and by, we have

(g < Twg + (% + H> (V3(0) + Va(0)) + bvdCs +0 <<b&) + by

5 H(1 —7) 1—y)HVT
< v+ (12 1) (00) + Vi) + 6”’5 = H(C+ )
ﬁ <03+C4+f+ 24/101log = +2\/5dlog 1+—>) 4.71)
log(T) 1
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Thus, setting 7" such that

2
2 / 1 T
T>S—<03+C'4+\/g+2 1010g5+2\/5d10g(1+37)> (4.73)

:>T:O<S210—g(%)>

2
yields

6vdCS

ﬁTl/gT < éTVG + (% + H) (VES(Q) + ‘/21(0)) + m

4240 (%) LO(E), @474
where, as usual, the O hides log factors. This statement holds with probability at least 1 — ¢ and for
any 0 € O.

]

Error Bound

Previous ADP literature concentrated on showing that the optimal value function is well approxi-
mated if the feature space contains elements close to the optimum; i.e. |aT 5. —aTJ *| was bounded
in terms of miny ||®# — v*||;. Theorem[63]is certainly more general, as it remains non-trivial even
if ming ||®6 — v*||; is large. For completeness, we provide a corollary of this form.

Corollary 66. Under the same conditions as Theorem

alJg —alJ < Cs (ﬁjté) mein||<I>9—u*||1+021 ‘ (4.75)
Proof. Let 6* be one of the vectors minimizing ||®6 — v*||;. Theorem [63| gives
aJp, — aTJy < Oy (ﬁ + %) (V3(0") + Vu(07)) + 021 i
Since v* > 0 and by the simple fact that [z]_ < |y — x| for any y > 0, we have
V3(07) < ||®0 — v*||1. (4.76)

For the term V(6*), since v* is feasible (i.e., (B — vP)Tv* = «)

Va(07) < [[(B = P)T (20" — )|y + [[(B = 4P)v" —ally = [[(B = 4P)T (20" — v7) |y
< (B = P)T[1960 — v*[ls < ([[ BTl +7[[PTl1) |96 — "1

|
|
= (1 + )90 — v, 4.77)
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where || - || is the matrix operator 1-norm. Therefore, we have,
TJ o <O [+ 1) @00 — )+ G 4.78
a ”[@§T]+_a Tepor), — 1 ﬁ"i_z 2+ — v+ 21—7 (4.78)
Next, we bound QTJW[¢9*]+ — aTJ*. Since OJJW[(I)@*]+ = ETVW[M*]+ and oTJ* = (Tv* and by Lemma
64,
OZTJﬂ.[q)e*]_‘_ —a'lJ* S ||€||OO||l/7r[<1>9*]+ — ]/*Hl S ||]/7T[q)0*]+ — @0*”1 + ||CI)6* _ ]/*Hl
3V3(60%) + Vy(0* . . 5 » .
< ROVFVAO) | o el < e -l @79)
1— 1—7
where the last inequality is due to (4.76) and (4.77).
The result follows by combining (4.78) and (4.79). O

4.5 Discounted Cost Grid Algorithm

For the average cost case, we saw that setting A correctly (or optimizing for it) could allow us to
recover a regret bound that scaled with the square root of the optimal violation function. Theorem
showed that, with high probability,

6v/dCS

H(l—7) +0©

6
ETV"g\T S ng/g + (: + H) (Vg(@) + ‘/;1(9)) +
as long as 7" was sufficiently large.

This suggests that we want H and 6 to optimize

o0+ (% + H> (VA(0) + Vi(0) +

-7
where we have defined [ := 6(1\@—%9.
As before, we will approximately minimize the regret bound over /{ by using a grid algorithm.
It is important to note that the optimum H* can never be larger than 1/+/Viay, Where V. is
some bound on V3(6*) + V;(6*). Even though we cannot compute this quantity, we may still restrict
the domain of H to

H > m(}nl/\/‘/g,(Q) + V() > (1 +VdCS (2 +7))_

where the bound on V5(0) + V4(0) is taken from (4.54).
For convenience, we will reuse some notation from the average cost section. Define

[NIES
N

> (NECS)_ . (4.80)

A(H,0) = (TD0 + (H + %) (V3(0) + Vi(0)),
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03, = argmin, c(H,0), and F(H) = ¢(H,0}) + % The grid algorithm for the discounted case
takes as inputs a bound on the violation function V.., discount factor 7, an error tolerance e,
and desired probability tolerance 0. The algorithm then carefully chooses a grid Hy, ..., Hy, and
for each: = 1,..., K, computes 0;, the output of Algorithm and V;, an approximation to
V3(6:) + Va(6;). It then returns

s

N ~ 1
k = argmin /T®0;, + (Hk + —) Vi + — (4.81)
k I—x Hy

Estimating the Violation Functions

Given some 6, we can estimate the violation function V3(#) + V() in much the same way as the
average cost case.

For some n and samples vy, ..., Yy, ~ g3 and (z1,a1), ..., (zn, a,) ~ q4, define
~ 1= [P0y 6] |(B—~P)T, @0 —a
Vn(‘g) — _Z [ (z4,a4),: } ’( Y ).7y1 | (482)
n i=1 Q3(ZL’,CL) Q4(yz)

Since V1(0) = >_(, | [P(z,a),0]-| and V2(0) = >_ ,[(B — vP)!,, @0 — «f, this estimate is clearly
unbiased. Also, we earlier assumed the existence of constants
[P @a.: | (P —~B)I, @

C3 = max ——F——— C4y = max ,
(z,a)eXxA Q3(l’, CL) TeEX Q4( )

and so we can bound
[(I)(mi,ai)ﬁe]_ + |<B - PYP):T,yi(I)Q B Oz’
q3(z, a) q4(yi)

< S(Cs 4 2Cy).

Therefore, we have concentration of V around V. In particular, applying Hoeffding’s inequality

yields the following lemma.

Lemma 67. Given ¢ > 0 and § € [0,1], for any 0, the violation function estimate \A/n(H) has
V() = (Va(0) + Va(0)] <

with probability at least 1 — 6 as long as we choose n > ((Cl+—204 log ( )

Figure [d.3| provides a precise definition of the algorithm and specifies the grid, parameters for
the SGD algorithm, and sample sizes for Vk needed. This algorithm has the following regret bound.

Theorem 68. For some ¢ > 0 and § € [0, 1], the Grid Algorithm for discounted cost specified in
Figure .3 has regret

(g, < min (v + O ( Vi(0) + V2(9)> +O(e),

with probability at least 1 — .
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Input: Upper bound V5(0) + V4 (0) < Viax, error tolerance € > 0,
probability 6 > 0
Compute grid

ﬂ( ! —ﬂe)l k<%

H, = VViax 4 (4.83)
Hi + Z(‘]Zi) otherwise
where
% = min {z Vi (His1 — Hy) > i} . and (4.84)
: s
K = k:Hp >4——}. 4.85
min{ k> Gm} (4.85)

fork:=1,2,..., K do
i .
Obtain ), from Algorithm 4.1/ with T = O (Lg(s))
2
Setn > LU Jog (1)

. 2 [@,ansbkl-  [(B—7P)T, @0, — a
Set Vi, = L L .
ST ; q3(,a) i q4(ys)

end for A R
Set k* = argmin, (T®0, + H, V), + %
Return policy 3.

Figure 4.3: The Grid algorithm for discounted cost

Analysis

As before, let € > 0 be some desired error tolerance and V., be some upper bound on V3(0)+ V,(6);
e.g. we can always take V., = 44/dC'S. Define the grid

B( ! —ﬂe)_l itk <%

Hy =" \Viam — 2 ! (4.86)
R E<k<K
where B .
k = min {z Vi (His1 — Hy) > 5} (4.87)

and K = min{k : Hy > %}
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Lemma 69. Let ¢ > 0 be some desired error tolerance. Let Vi, be some upper bound on
Vi(0) + Vi(0); we can always take Vipax = 3 + S(d + 2). The sequence defined by

-1
k— : A
P (Wlmax - Tl€> fh<k (4.88)
Hy + =Y E<k<K

for

% := min {z Vi (Hisr — Hy) > } and K = min {k L Hy, > —5} (4.89)

guarantees that, forall 1 < k < K,

max |F(H) — F(H)| <e. (4.90)

Hy<H<Hp1

Proof. Since ¢(H, 0) is linear in H, ¢(H, 073;) is concave in H. Also, using ¢ to denote some positive
number, we can show that ¢(H, 03,) is increasing

C(H. 0}7) = min (100 + (H + ﬁ) (Vi(8) + Va(0)

< IrgnﬁTq)G + (H + % + 5> (V5(0) + Va(0))
-
= C<H+57 9;—1+5)

and sublinear
1
c(H + 0, 9}}4_5) = mginETCIDH + (H + : + 5) (V3(0) + V4(0))

1
< 000y, + (B 1+ 5) () + 63
c(H,0%) + 0(V5(6%,) + Va(63))

< ¢(H,03) + Viax-

Using the monotonicity property of c(H, 07;), we have

1 1
H¢§III}?JEIH1|F(H’) F(H)| < Higrgzguéiﬂ c(Hip1,0p, 1) — c(Hy, 03.) + (Hi Hz'+1)

1 1
< (Hip1 — Hi)Vinax + (E 7 1) :
i i+

First, consider the case where k < k. Then H,, = 16 (\/Vmax — Ee)_l so that (L ! ) =

2 Hy  Hpt1
5. By definition of k, we also have that Vinax(Hiv1 — H;) < 5. In the case where k > k, we have
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as desired. Finally, we check that if H* > Hy, then |F(H*) — F(H)| < €. Since

F(H") = meinquDH + (H + ﬁ) (V5(0) 4 Va(0)) + %7

we can solve tor the optima as a function o as = 3 =+ Vy —+, yieldin
Ive for the optimal H as a function of § as H} B(Vs(0) + V4(9)) 1, yielding

F(H*) = in (700 + ﬁwe) T Vi(8)) + 2/BIVA0) + Vil0)).

Therefore, H* > H implies that V3(6*) + V,(6%) < ©U-1) Then

43
rn) - Fr) = min (00 + (75 + ) 0400) + i) + )

1—7 2

_ (m@inﬁTCI)H + ﬁ(vg,(e) +Vi(0)) +24/B(Vs(0) + V4(0>)>

2p

< max 19 + (Va(0) + Va(8)) + 5 — (£700 + 2/BV4(0) + Va(9)))

e(1=7)
2 €
< V3(0) + Vy(0 =
< mac s (V(0) + Val6)) + 5
<€
completing the last case. 0

Proof of Theorem[63] Running Algorithm [d.T[for H,, ..., Hx with 4T set as in Theorem [63] pro-
duces a sequence 64, . . ., O such that

c(Hy, 0x) < o(Hy, 05) + HV(07) + — +

holds for all £ simultaneously with probability at least 1 — g, which is easily argued by noting that
the probability of error for any single k is 6 /K and applying the union bound.
Lemma [67] along with our choice of

L BG+20))? (4[()

- 2¢€2 5

n

J

guarantees that [V;(6) + Va(0,) — Vie| < ¢ holds with probability at least 1 — 52, and hence the

statement holds for all \A/k with probability at most 1 — %.
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We now turn to boundlng the suboptimality of the objective. Recalling that k is the minimizer
of €T<I>9k + Hka —I— , and using k* as the minimizer of ¢(Hy, 05 ) + Bk we have

0700, + H,V, + — s A A

Hk k Hk
790y + Hy-Vy, HB
k*
€
(Hpx, O+ ) Hi + 1 (Lemma67))
(Hps, 05 ) % + g (Theorem [63)
= min c¢(Hy, ;) + Hﬁ + %
k
. B
< — .
= I c(H,0)+ g te (Lemma [69))

The statement holds with probability at least g + g, where the first term is from estimating ‘A/k
(Lemma [67)) and the second term is from bounding the SGD error (Theorem[63). Hence, the Gird
Algorithm minimizes the objective to within e.

Next, we use Lemma.to bound the discrepency between $6 and v. Therefore we need to

bound vg(e ) and \/4(9 ). Since all quantities are non-negative, this implies that |- — 2| < e.
k

Using the bounded suboptimality of gk as an optimizer of c(Hj, ¢), we have

. 1 . . .
o0, + (1— + H,;) (Vi) +v2(B))) < ro; + ( .

= +H) (VA(62) + Va(62)) + &

|
1
< TPp" + (E + H) (Va(07) + Va(07)) + €

1
= (190" + = (VA(67) + Va(07))

+V/Vi(07) + Va(0%) + €.

Next, we crudely bound (T®# < v/dC'S and use < + H; ) < HL to obtain
k

1
(1—7)

< (Hi + ﬁe) (NECS +/Vi(07) + Va(67) +

Vi(0,) + Va(0) < T <2f05+ VVA(0%) + Vo (67) +

(V1(07) + V2(67)) )
k

o 00 + (67 + o)

3
2

1

(1-

(VA(6%) + V5(07))
(1—7)

< 2VdACS\/Vi(0%) + Va(07) + (VA(07) + Va(67)) + +0(e),
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Then, applying Lemma [64] we have

e (wacsmw*) TV + (G(0) + Va(o)) + )T V2<9*>>2>

(1—=7)
+O(1i7>

<ot (MOWW*) TR + (Va(0") + va(o)) + L E we*)w)

(1=

+(L+H*) (‘/1(0*)+V2(9*))+O( ‘ >

1—7 1—7

(1-=7)

(T ) RO+ Va0 e o (R0 Vi) + 0 ()

=t % (Mcwvl(e*) TV + (G0 + Va(o)) + T V2<9*>>2)

I3

3 (Vi(0%) + Va(6%))
1—v (1—7)

< Ty + (1 s &zms) VA0 + Va0 +
n % (VA(6°) + Va(6) + O (1—) -

All in all, this simplifies to

(1w, < min (T +0( V1(0) +v2(9)) 40 ((1/1(9) + vg(e))%) 40 (1;) |

Using our assumption that (V3 (6) + V5(0)) < 1, we obtain the theorem statement. O

4.6 Experiments

In this section, we apply both algorithms to the four-dimensional discrete-time queuing network
illustrated in Figure This network has a relatively long history; see, e.g. [42] and more recently
[19] (c.f. Section 6.2). There are four queues, p, ..., i14, €ach with state 0, ..., B. Since the
cardinality of the state space is X = (1 + B)%, even a modest B results in huge state-spaces. For
time ¢, let X; € X bethestateand s;; € {0, 1}, ¢ = 1, 2, 3, 4 denote whether queue i is being served.
Server 1 only serves queue 1 or 4, server 2 only serves queue 2 or 3, and neither server can idle.
Thus, 51 + 544 = 1 and sy + s3; = 1. The dynamics are as follows. At each time ¢, the following
random variables are sampled independently: A;; ~ Bernoulli(a,), A3; ~ Bernoulli(as), and
D, ~ Bernoulli(d; * s;,;) fori = 1,2,3,4. Using ey, . .., e4 to denote the standard basis vectors,
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________________

server 1 server 2

Figure 4.4: The 4D queuing network. Customers arrive at queue ji; or /3 then are referred to queue
42 OT [i4, Tespectively. Server 1 can either process queue 1 or 4, and server 2 can only process queue
2 or 3.

the dynamics are:
X£+1 =X; + Ajen + Asyes + Dy y(ea — e1) — Dages + Dsy(eq — e3) — Dyey,

and X, = max(0, min(B, X}, ,)) (i.e. all four states are thresholded from below by 0 and above
by B). The loss function is the total queue size: ¢(X;) = || X;||1. We compared our method against
two common heuristics. In the first, denoted LONGER, each server operates on the queue that is
longer with ties broken uniformly at random (e.g. if queue 1 and 4 had the same size, they are
equally likely to be served). In the second, denoted LBFS (last buffer first served), the downstream
queues always have priority (server 1 will serve queue 4 unless it has length 0, and server 2 will serve
queue 2 unless it has length 0). These heuristics are common and have been used as benchmarks for
queuing networks (e.g. [19]).

We used a; = a3 = .08, dy = dy = .12, and ds = ds, = .28, and buffer sizes B; = B, = 38,
By = Bs = 25 as the parameters of the network.. The asymmetric size was chosen because
server 1 is the bottleneck and tend to have longer queues. The first two features are features
of the stationary distributions corresponding to two heuristics. We also included two types of
non-stationary-distribution features. For every interval (0, 5], (6, 10], ..., (45, 50] and action A, we
added a feature 1) with p(z,a) = 1if ¢(x, a) is in the interval and a = A. To define the second
type, consider the three intervals [; = [0, 10], I, = [11,20], and I3 = [21, 25]. For every 4-tuple
of intervals (Jy, Jo, Js, Jy) € {I1, I3, I3}* and action A, we created a feature v with ¢)(z,a) = 1
only if z; € J; and a = A. Every feature was normalized to sum to 1. In total, we had 372 features
which is about a 10* reduction in dimension from the original problem.

Stochastic Gradient Descent

We ran our stochastic gradient descent algorithm with / = 1000 sampled constraints and constraint
gain H = 2. Our learning rate began at 10~* ‘and halved every 2000 iterations. The results of
our algorithm are plotted in Figurg where 6, denotes the running average of ¢;. The left plot
is of the LP objective, ¢T(py + ®6;). The middle plot is of the sum of the constraint violations,

[0 + @6;)_]||, + |(P — B)T®6,||,. Thus, c(f;) is a scaled sum of the first two plots. Finally, the
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Figure 4.5: The left plot is of the linear objective of the running average, i.e. ET(P@. The center
plot is the sum of the two constraint violations of 6;, and the right plot is £Tfi5 (the average loss of
the derived policy). The two horizontal lines correspond to the loss of the two heuristics, LONGER
and LBFS.

right plot is of the average losses, {7y and the two horizontal lines correspond to the loss of the
two heuristics, LONGER and LBFS. The right plot demonstrates that, as predicted by our theory,
minimizing the surrogate loss ¢(6) does lead to lower average losses.

All previous algorithms (including [19]) work with value functions, while our algorithm works
with stationary distributions. Due to this difference, we cannot use the same feature vectors to make
a direct comparison. The solution that we find in this different approximating set is slightly worse
than the solution of Farias and Van Roy [19].

4.7 Conclusion

This chapter demonstrated the feasibility of solving the MDP planning problem with a parametric
policy class based on an approximate dual LP. Unlike previous approaches, we were able to prove
regret bounds, that is, bounds relative to the best policy in our parametric class. We obtained results
for both the average cost and discounted cost settings as well as empirical justification.

There are several promising directions. First, are such regret bounds possible in the primal
formulation? The primal has the advantage that feature vectors are more intuitive to design.

Another drawback to our methods is that we need a backwards simulator, that is, access to every
state with positive probability of transitioning into a state x. Are their alternative formulations that
remove this requirement?
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Chapter 5

Conclusion

5.1 Summary

This thesis examined two parallel approaches toward efficient sequential decision making. In the
first, we examined minimax strategies in online learning for two different games. In the prediction
game, for each round ¢ = 1,..., 7T, the learner played a; in an attempt to predict the true label
x, € X. We saw that the minimum enclosing ball for X" is the central object in determining the
minimax strategy and regret. If the minimum enclosing ball has center ¢ and radius p, then the

minimax strategy is
n—1

a, = c+ anZ(azt —c).

t=1

T
R < p2 Z ;.
t=1

and the minimax regret is

This algorithm is efficient and scalable.

We also studied the online linear regression game, in both the fixed-design and adversarial-
design settings. Under a variety of constraints on the learner, the minimax strategy for online linear
regression is

Jir1 = $I+1Pt+13t
and the strategy does not need to know 7' in advance. In fact, the strategy is minimax against all
other strategies, even those that know the game length in advance. We have also provided an intuitive
view of the algorithm as follow-the-regularized-leader with a specific data-dependent regularizer
which automatically adjusts to the scale of the data and to how much data budget remains.

Finally, we studied the MDP planning problem with a large state-space. We demonstrated that
solving this problem with a parametric policy class based on an approximate dual LP allowed us
to prove regret bounds between the loss of our policy and the best policy in the class; that is, we

showed
(T¢5 < reniél 0T+ V(0) + O(e),
€
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where {5 was the appropriate dual variable for either the average cost or the discounted cost case.
We also saw empirical results for the average cost case on a 4-dimensional queuing example.

5.2 Future Directions

The minimax technique is powerful but often computationally unwieldy. The prediction and linear
regression games relied on the quadratic structure of the losses and value-to-go to arrive at closed
form expressions for the strategy and regret. One obvious direction is exploring other loss functions
and constraint sets that allow for a precise minimax analysis. An orthogonal direction would be to
extend the minimax tools to other scenarios with squared loss. Examples include estimation under
changing dynamics (e.g. hidden Markov models) or control problems with linear dynamics and
square loss (e.g. linear quadratic regulators).

Additionally, one could instead use the minimax analysis as a tool to obtain precise regret
guarantees of more common regret-minimization algorithms. For example, can we analyze follow
the regularized leader by comparing it to the follow the regularized leader algorithm with the data
dependent regularization studied in Chapter |3]?

There are also a few pressing questions for the large-scale MDP planning. Is a regret bound
possible in the primal formulation? Such a result would allow one to import the literature on
designing features in the primal, as it is less intuitive to design features in the dual. What is the
impact of the feature matrix to the performance? Finally, the algorithm required knowledge of all
states that transition into an arbitrary state . In practice, having knowledge of the forward dynamics
(through e.g. a forwards simulator) is more common that having knowledge of the backward
dynamics, which is required by our method. Is it possible to remove this requirement?
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