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Abstract
New Results for Online and Offline Stochastic Optimization and Decision-Making
by
Heyuan Liu
Doctor of Philosophy in Engineering — Industrial Engineering and Operations Research
University of California, Berkeley

Assistant Professor Paul Grigas, Chair

This dissertation presents several contributions at the interface of methods for convex opti-
mization problems and decision-making problems in both online and offline settings.

The first part of the dissertation focuses on new optimization methods for computing an
approximate solution path for parameterized optimization problems. We develop and analyze
several different second-order algorithms for computing a near-optimal solution path of a
convex parametric optimization problem with smooth Hessian. Our algorithms are inspired
by a differential equation perspective on the parametric solution path and do not rely on
the specific structure of the objective function. We present computational guarantees that
bound the oracle complexity to achieve a near-optimal solution path under different sets
of smoothness assumptions. Under the assumptions, the results are an improvement over
the best-known results of the grid search methods. We also develop second-order conjugate
gradient variants which avoid exact computation of Hessian and solving linear equations.
We present computation results that demonstrate the effectiveness of our methods over
the grid search methods on both real and synthetic datasets. On large-scale problems, we
demonstrate significant speedups of the second-order conjugate variants as compared to the
standard versions of our methods.

The second part of the dissertation focuses on the statistical properties of the recently intro-
duced surrogate “SPO+4" loss function in the “Smart Predict-then-Optimize (SPO)” frame-
work. We greatly expand upon the consistency results for the surrogate loss in previous
literature. We develop risk bounds and uniform calibration results for the surrogate loss
relative to the original loss, which provide a quantitative way to transfer the excess surro-
gate risk to excess true risk. By combining our risk bounds with generalization bounds, we
show that the empirical minimizer of the surrogate loss achieves low excess true risk with
high probability. We first demonstrate these results in the case when the feasible region of
the underlying optimization problem is a polyhedron, and then we show that the results
can be strengthened substantially when the feasible region is a level set of a strongly convex



function. We perform experiments to empirically demonstrate the strength of the SPO+
surrogate, as compared to standard ¢; and squared ¢, prediction error losses, on portfolio
allocation and cost-sensitive multi-class classification problems.

The third part of the dissertation focuses on the online contextual decision-making problem
with resource constraints. We propose an algorithm that mixes a prediction step based
on the SPO method with a dual update step based on mirror descent. We prove regret
bounds and demonstrate that the overall convergence rate of our method depends on the
O(T~1/?) convergence of online mirror descent as well as risk bounds of the surrogate loss
function used to learn the prediction model. Our algorithm and regret bounds apply to
a general convex feasible region for the resource constraints, including both hard and soft
resource constraint cases, and they apply to a wide class of prediction models in contrast to
the traditional settings of linear contextual models or finite policy spaces. We also conduct
numerical experiments to empirically demonstrate the strength of our proposed SPO-type
methods, as compared to traditional prediction-error-only methods, on multi-dimensional
knapsack and longest path instances.
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Chapter 1

Introduction

The recent two decades witnessed the substantial developments of both optimization and
learning methods thanks to the advance in computing power and data storage. In the op-
erations research community, it is crucial to fully leverage modern techniques and massive
amount of data to develop predictive models, design efficient algorithms, and finally, make
good decisions, especially when the decision-making problems are associated with uncer-
tainty. This dissertation presents new algorithms and theoretical guarantees for different
stochastic optimization and decision-making problems, in both online and offline settings.
In Chapter 2, the main focus is the parametric optimization problem, where the objective
function depends on one parameter. In many applications of interest, it is necessary to solve
not just a single optimization problem but an entire collection of related problems as a
function of the parameter. There are several strong motivations to design algorithms for the
parametric problems, including but not limited to: (i) the need to solve problems arising in
application areas like regularized regression with cross-validation, and (7i) the need to address
multi-objective optimization, for instance, finding the Pareto frontier of a two-objective
optimization problem. An important set of problems in practice and a popular line of research
involves computing the solution path of regularized machine learning problems, including the
LASSO and the SVM problem. In these works, algorithms are designed to compute the exact
piecewise linear solution paths. In contrast, we consider general convex objective functions
and design efficient algorithms to compute the approximate solution paths. We provide a
novel perspective to analyze the solution path by deriving an ordinary differential equation
whose solution is the exact solution path. This understanding enables us to design more
efficient algorithms which are adaptive to the smoothness of objective functions, and present
computational guarantees respectively. We modify the standard update schemes in numerical
ordinary differential equations and develop non-asymptotic complexity bounds. We then
incorporate linear interpolation, which was often missing either in practical algorithms or
in the lower bounds complexity analysis, to generate nearly-optimal solutions for the entire
parameter interval of interest. Our complexity analysis measures the number of operations,
such as Hessian evaluations, rather than the number of sub-problems that are required to
be solved, such as individual optimization problems and numerical differential equations
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as has been studied in recent works. In large-scale problems, to avoid computing Hessian
and /or solving linear systems, which are required in the aforementioned exact algorithms,
we consider second-order conjugate gradient type methods. By leveraging the theoretical
analysis in the presence of inexact directions, we provide the computational guarantees of
the new variants, which have the same order of the desired accuracy as the results for the
exact algorithms.

In Chapter 3, the main focus is the offline contextual decision-making problems, where
one first predicts the unknown parameters in a decision-making problem and then plugs in
the prediction before solving the problem. This framework has a wide variety of applications,
including navigation problems, wherein the actual travelling time on each edge is unavailable
when the routes need to be recommended, and portfolio allocation problems, wherein the
expected return is unavailable. Most practical methods utilize the contextual information,
for example, time of day, weather information, and, financial and business news headlines, to
infer the actual parameter and reduce the uncertainty. Ultimately, the goal is to produce a
high-quality prediction model that leads to a good decision when implemented. A natural loss
function in this setting is defined by measuring the decision error induced by the predicted
parameters, which was named the Smart Predict-then-Optimize (SPO) loss by [29]. The
authors also introduced the surrogate SPO+ loss due to the non-convexity and non-continuity
of the original SPO loss and provide the Fisher consistency under mild conditions. We extend
the analysis by considering the excess risk bounds of the surrogate SPO+ loss function,
which answer the following question: to what tolerance § should the excess surrogate risk
be reduced to in order to ensure that the excess SPO risk is at most €? By making use of
uniform calibration, we developed risk bounds in the two cases depending on the structure
of the feasible region of the optimization problem: (i) the case of a bounded polyhedron,
and (1) the case of a level set of a smooth and strongly convex function. As a consequence
of our analysis, we can leverage generalization guarantees for the SPO+ loss to obtain the
first sample complexity bounds, with respect to the SPO risk, for the SPO+ surrogate under
the two cases we consider. We also provide a faster convergence rate when the distribution
satisfies some certain low near-degeneracy conditions.

In Chapter 4, the problem of interest is the online contextual decision-making problems.
The final goal of the decision-maker is to maximize the summation of the reward and the util-
ity from resource consumption, while satisfying the resource constraints. We develop a new
framework for integrating decision-focused learning methods, using predict-then-optimize
losses, into the online decision-making task. The main difference from the previous chapter
is that there is a trade-off between immediate rewards and rewards received at a later time,
where the trade-off exists since each decision that is made consumes some of a limited amount
of resources. To address the resource consumption, we apply the technique of introducing
dual variables and using primal-dual methods. In the decision step, we need to predict the
reward and consumption to solve a linear optimization problem with a known feasible region
to make a decision. Due to the linear structure of the underlying optimization problem in
our meta-procedure, we can apply the aforementioned SPO loss function and its surrogate
losses. As such, at each time period, we update a set of dual variables using the method of
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online mirror descent and then we update the prediction model by minimizing a surrogate
of the SPO loss on a dataset constructed by combining past observations with the current
dual variables. A critical part of our contribution involves bridging convergence theory for
primal-dual online methods with learning theory in the predict-then-optimize setting. In
particular, we prove regret bounds for our overall algorithm that combine the O(7~'/2) con-
vergence of online mirror descent with the convergence of the learning process, the rate of
which depends on which surrogate loss function is used. Our algorithm and analysis are
no longer limited to the previously studied linear context or finite policy assumptions, and
more complex machine learning models, such as random forests and neural networks, may be
used. Our bounds hold in both hard and soft resource constraint cases, and we extend prior
results using standard upper bound consumption constraints on each resource to arbitrary
convex consumption constraints.



Chapter 2

New Methods for Solution Path
Optimization via Differential
Equations

2.1 Introduction

In many applications of interest, it is necessary to solve not just a single optimization problem
but an entire collection of related problems. In these settings, some or all of the objects
involved in defining the objective function or constraints of an optimization problem depend
on one or more parameters, and we would like to solve the problem as a function of these
parameters. Generally, a parametric optimization problem can be written as:

P\ : ngIl;g\)F(I, A), (2.1)
where A belongs to the set of interest A C R™, and the feasible sets satisfy S(\) C RP. There
are many problems of interest that are formulated as parametric optimization problems of the
form (2.1). Subsequently, as indicated by [38], there are several strong motivations to design
algorithms for (2.1), including but not limited to: (i) the need to solve problems arising in
application areas like regularized regression with cross-validation (see, e.g., [69]) and model
predictive control (see, e.g., [33]), (ii) as a building block for developing globally convergent
algorithms by the approach of path-following as is done in interior-point methods (see, e.g.,
[65]), and (i) the need to address multi-objective optimization, for instance, finding the
Pareto frontier of a two-objective optimization problem. Depending upon the assumptions
made, the goal may be to find global /local optimal solutions or Karush-Kuhn—Tucker (KKT)
points of problem P(\) for A € A.

In the rest of the paper, we will focus on a more specific problem, in which we assume:
(i) the dependence on A is linear, that is, F'(x, \) can be written as f(z)+ \-Q(z), (i) both
f(+) and Q(-) are convex functions with certain properties, and (7ii) the feasible set S(\) is
the entire vector space RP for all A € A. That is, we focus on the parametric optimization
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problem:

P(\): Fy:= i%l%np {Fa(z) = f(z)+ - Q2)}, (2.2)

where f(-) : R? — R and Q(-) : R? — R are twice-differentiable functions such that f(-) is a
p-strongly convex for some g > 0 and €)(+) is o-strongly convex for some o > 0, both with
respect to the ¢5-norm (denoted by |[|-|| herein). For any A > 0, let

z(\) == arg 916161%1]13 Fy\(z) (2.3)

denote the unique optimal solution of P(\) defined in (2.2). We are interested in the
problem of (approximately) computing the set of optimal solutions {z(\) : A € A} where
A = [Auin, Amax] 18 the set of interest for some 0 < Apnin < Amax, and we also refer to this
set of solutions as the (exact) solution path. An important set of problems in practice and a
popular line of research involves computing the solution path of regularized machine learn-
ing problems, including the LASSO as in [27, 69] and the SVM problem as in [39]. In
these works, algorithms are designed to compute the exact piecewise linear solution paths.
Also, in the context of interior-point method for constrained convex optimization (see, for
instance, [65] and [74]), f(-) represents the objective function and €2(-) represents the barrier
function induced by the constraints of origin problem. Note that this application requires a
slightly more general version of problem (2.2) where Q(-) : R> — R U {+o00}. The interior-
point method starts with the problem P(\) with a moderately large Ao and terminates when
A < 0 for some small enough positive threshold §. Recently, there has been growing interest
in developing algorithms for computing an approximate solution path of a generic problem
like (2.3). [75] consider applying exact Newton steps on pre-specified grids, and [63] consider
adaptive methods to discretize the interval [Apin, Amax), for example. These grid search type
methods, which discretize the interval [Apin, Amax] and subsequently solve a sequence of in-
dividual optimization problems take a very black-box approach. A natural question is: can
we “open the black-box” by developing a methodology that better exploits the structure of
the solution path? We answer this question positively by introducing a differential equation
perspective to analyze the solution path, which enables us to better reveal and exploit the
underlying structure of the solution path. This deeper understanding enable us to build
more efficient algorithms and present improved computational guarantees.

In particular, we derive an ordinary differential equation with an initial condition whose
solution is the exact solution path of (2.2). The dynamics of the ODE that we derive re-
semble, but are distinct from, the dynamics of a path-wise version of Newton’s method.
Based on the ODE, we propose efficient algorithms to generate approzimate solution paths
Z(A) © A € [Auin, Mmax] — R? and we provide the corresponding complexity analysis.
The metric we consider is the /5-norm of the gradient of the regularized problem, namely
IVEX(z(X))]],, and we use the largest norm along the approximate path sup,c, || VEA(Z(N))]],
to represent the accuracy of an approximate path #(\) (as formally defined in Defini-
tion 2.3.1). To analyze the computational cost of our proposed algorithms, we consider the
oracle complexity — either in terms of full Hessian or Hessian-vector product/gradient evalu-
ations — to obtain an e-accurate solution path. Note that considering the oracle complexity is
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is contrast to other works that consider the number of individual optimization problems that
need to be solved (see, for example, [35, 63]), as well as the number of ordinary differential
equations that need to be solved (see, for example, [90]).

2.1.1 Contributions

The first set of contributions of this paper concern the perspective of the solution path of
(2.2) from an ordinary differential equation point of view. We derive an ordinary differential
equation with an initial condition whose solution is the solution path of (2.2), based on the
first-order optimality conditions of (2.2). With this observation, we propose a novel and
efficient way to approximate the entire solution path. Our derivation does not rely on the
special structure of the optimization problem, like existing results in the solution path of
LASSO or SVM problems, and holds for general objective functions.

The second set of contributions of this paper concern the design of efficient algorithms and
the corresponding oracle complexity analysis. Classical error analysis of numerical ordinary
differential equation methods in [34, 78] provide only asymptotic results, and the global error
has an exponential dependency on the Lipschitz constant and the length of the time period.
In contrast, we design new update schemes to compute an approximate solution path and
develop non-asymptotic complexity bounds. In particular, we apply a semi-implicit Euler
method on the ordinary differential equation in order to compute the approximate optimal
solutions under a finite set of penalty coefficients. Then, we incorporate linear interpolation,
which was usually missing either in practice or in the lower bound complexity analysis, to
generate nearly-optimal solutions under other penalty coefficients within the range of pa-
rameter values of interest. The two-step algorithm guarantees an e-accurate solution path
within at most O(%) gradient and Hessian evaluations as well as linear equation system
solves. When the objective function has higher-order smoothness properties, we modify the
traditional trapezoid method in numerical differential equations and design a new update
scheme, which guarantees an e-path within at most O(\/lg) Hessian evaluations. It is impor-
tant to emphasize that the complexity results in this paper are in terms of the number of
operations (for example, Hessian evaluations), rather than the number of sub-problems that
need to be solved (for example, solving a single numerical ODE, or individual optimization
problems) as has been studied in prior work [35, 90]. We also provide a detailed computa-
tional evaluation of our algorithms and existing methods, including several experiments on
synthetic data, the breast cancer dataset [26], and the leukemia dataset [37].

The third set of contributions of the paper concern second-order conjugate gradient type
methods and computational guarantees in the presence of inexact gradient and Hessian
oracles as well as approximate linear equation solvers. When the dimension of the problem
is high, computing the Hessian and/or solving linear systems becomes a computational
bottleneck. To avoid this, one would like an algorithm that only requires approximate
directions at each iteration. We first consider the case when (absolute) numerical error
incurred in the calculation of a new direction d is bounded by some 9, > 0. We show
that our algorithms are robust to numerical error in the sense that the additional errors of
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inexact directions does not accumulate and does not depend on the condition number. We
extend the complexity analysis to the case when the numerical error J; has a uniform upper
bound «e for o € (0,1) and show that the Euler method maintains O(+) complexity, and the
trapezoid method maintains (’)(ﬁ) complexity when there is higher-order smoothness. We
then propose variations of the algorithms mentioned before that only require gradient and
Hessian-vector product oracles, rather than gradient and Hessian oracle as well as a linear
system solver. We also leverage the previous analysis in the case of inexact directions in
order to provide computational complexity results for the second-order conjugate gradient
type algorithms, which have the same order of € as the results for the aforementioned exact
methods. Our results demonstrate that our algorithms are more robust and the second-order
conjugate gradient variations require less computational cost compared to existing methods.

2.1.2 Related Literature

We now discuss previous works related to our algorithm and analysis from three distinct
aspects.

Other Path Methods and Comparison of Results As previous mentioned, for the
LASSO and SVM problems, the exact solution path is piecewise linear and can be com-
puted by the path following methods such as the least angle regression (LARS) algorithm
proposed by [27, 39, 69]. Additional problems whose solution paths are piecewise linear are
considered by [76], and [55] showed that the number of breakpoints in the solution path can
be exponential in the number of data points. Generalized linear regression problems with
¢y regularization are considered in [86, 91] via LARS based methods. Another line of works
focuses on computing approximate solution paths for specific problems, including the elastic
net in [32], the SVM problem in [12, 35], matrix completion with nuclear norm regulariza-
tion in [61], and other structural convex problems in [36, 53]. For problems with non-convex
but coordinate decomposable regularization functions, a coordinate descent based algorithm
was proposed by [60, 84]. Closest to our problem set up, [75] considered a general problem
when f(-) and €(:) have third-order derivatives and provided an algorithm which applied
exact Newton steps on equally spaced grids starting from the optimal solution of the non-
regularized problem. The lower bound complexity analysis when the approximate solution
path is limited to piecewise constant function is considered by [35, 63].

Related global complexity analysis of second-order methods Newton-like methods
are an important class of algorithms in optimization. Some notable lines of work include
interior-point methods [65, 74] and applications in regression problems [46] as well as the
Levenberg-Marquardt Method [62]. In practice, one often incorporates techniques to ensure
global convergence, such as line searches [73] and trust-region techniques [23]. The global
complexity analysis of Newton and higher-order methods with regularization has also re-
ceived much recent interest, such as the work of [64, 66, 72] and the references therein. In
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our paper, we make similar types of assumptions as in the global complexity analysis of
regularized second and higher-order methods and we also prove global complexity results for
the class of second-order algorithms considered herein.

Related work on differential equations and optimization methods Early works, in-
cluding the work of [7, 8], analyzed inertial dynamical systems driven by gradient and Newton
flow with application to optimization problems. Newton-like dynamic systems of monotone
inclusions with connections to Levenberg-Marquardt and regularized Newton methosd were
also analyzed by [1, 10, 21]. Due to the recent popularity of the accelerated gradient de-
scent method in the machine learning and optimization communities, the limiting dynamics
of different optimization methods and their discretization have thus received much-renewed
interest in recent years; see [11, 77, 81, 85, 87] and the references therein.

2.1.3 Organization

This chapter is organized as follows. In Section 2.2, we derive the ordinary differential equa-
tion with an initial condition whose solution is the exact solution path (2.3) and provide
the existence and the uniqueness of the solution of the differential equation. In Section 2.3,
we leverage the ODE to develop a numerical algorithm to compute the approximate solu-
tion path of (2.2), and we derive the corresponding complexity analysis in Theorem 2.3.1.
In Section 2.4, we propose a multi-stage method which is beneficial when the functions
f(-) and () have higher-order smoothness, and we also provide its complexity analysis in
Theorem 2.4.1. In Section 2.5, we discuss the cases with the presence of inexact oracles,
and as a direct application we propose the second-order conjugate gradient variants of the
aforementioned algorithms, which avoid exact Hessian evaluations and exact solutions of
linear systems. Section 2.6 contains a detailed computational experiments of the proposed
algorithms and grid search methods on both real and synthetic datasets.

2.1.4 Notation

For a positive integer n, let [n] := {1,...,n}. For a vector-valued function y(t) : R — RP
which can be written as y(t) = (y1(t), ..., yp(t)), we say y(-) is differentiable if y;(-) is differ-
entiable for all i = 1,...,p and let % be the derivative of y(t), namely % = (%, e dditp).
Let 1, and 1,, denote the p-dimensional all-ones vector and the p x p all-ones matrix re-
spectively. Throughout the paper, we fix the norm || - || on R? to be the fs-norm, which
is defined by ||z|| := ||z|2 = VaTz. Also, in a slight abuse of notation, we use || - || to
represent the operator norm, i.e., the induced ¢y-norm || - |2 on R™*? which is defined by

Al := [[All2,2 = max)z,<1 || Az
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2.2 Ordinary Differential Equation Characterization
of Solution Path

Let us describe a differential equations perspective on the solution path that will prove fruitful
in developing efficient computational methods. First we introduce a re-parameterization in
terms of an auxiliary variable ¢ > 0 (thought of as “time”), whereby for a given 7" > 0 we
introduce functions A(+) : [0, 7] = [Amin, Amax) and &(+) : [Amin, Amax] — R such that &(-) is
Lipschitz, A() is differentiable on (0,7), and it holds that % = £(A(¢)) for all t € (0,T).
In a slight abuse of notation, we define the path with respect to t as z(t) := x(A(t)). Now
notice that, for any ¢ € [0, T, the first-order optimality condition for problem P(A(t)) states
that Vf(x(t)) + At)VQ(z(t)) = 0. By differentiating both sides of the previous equation
with respect to ¢, it holds that

V2 f(x(t)) - i—f + VQ(z(t)) - % + M) V2Q(2(1)) - i—f =0.
Rearranging the above and again using % = £(A\(t)) yields
(V) + MOVL(1))) €D V(1)
Then, apply the fact that V f(z(t)) + A(t)VQ(x(t)) = 0 yields
dz o 9 2 -1 5()\(15))
= () + 307 060) " a0,
Thus, we arrive at the following autonomous system
dr dz _ (2 2 1§
i £(N), i v(x,\) = (V flz)+ AV Q(x)) TVf(:L‘), (2.4)

for t € [0,T7.

By considering specific choices of £(-) and (), the system (2.4) generalizes some previ-
ously studied methodologies in parameteric optimization. First, consider the scenario with
an equally-spaced discretization of the interval [0, 7], namely ¢, = k - h for some fixed step-
size h > 0. Thus, the sequence A, := A(ty) is approximately given by A1 = A\p + h - E(Ag).
Intuitively, the choice of £(-) controls the dynamic of A(-) and generalizes some previously
considered sequences { ..} for problem (2.2). For example, by letting £(A\) = 1 we recover the
arithmetic sequence in [75] and by letting £(A\) = —\ we recover the geometric sequence in
[63]. In addition, consider the special case when Q(z) = 3 |z||>. Then the dynamic for z(t)
in (2.4) is similar to the limiting dynamic for proximal Newton method (also known as the
Levenberg-Marquardt regularization procedure [57] for convex optimization problems). The
property of a similar dynamic of monotone inclusion is analyzed in [9, 10], which includes

finding zero of the gradient of a convex function.
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Before developing and presenting algorithms designed for computing the approximate
solution path based on (2.4), we first verify that the system (2.4) has a unique trajectory.
The proposition below states conditions on f(-) and Q(-) such that v(-,-) defined in (2.4) is
continuous in A € [Apin, Amax] and is uniformly L,-Lipschitz continuous with respect to x,
namely,

Hv('xla >\) - U(.l’g,)\)“ S Lv“-rl - il'zH, Ve P\minv )\max]7x17x2 € RP.

This uniform Lipschitz property ensures that the above system has a unique trajectory,
which therefore coincides with the solution path defined in (2.3).

Proposition 2.2.1 (Theorem 5.3.1 of [34]). If £(\) is Lipschitz continuous on [Amin, Amax) s
v(x, \) is both continuous in A € [Amin, Amax] and with respect to x satisfies a uniform Lips-
chitz condition

||U(Jf1,)\) - /U<x27 )\)”2 S L’UHII - ZUQ”Q, V)\ S [)\mina AmaXLxla‘rQ S Rp)

then (2.4) has a unique solution (\(t),z(t)) for t € [0,T]. Moreover, when V2f(-), V*Q(-),
V), f(-) are L-Lipschitz continuous, f(-) is p-strongly convex, Q(-) is o-strongly conver,
and |LA’\)| < C for all X € [Amin, Amax), it holds that v(-,-) defined in (2.4) is L,-Lipschitz

continuous with
LC L20(1 + Amax)

- H + )\mina (,U, + )\minU)Q .

v

2.3 Discretization and Complexity Analysis

In this section, we present algorithms for computing an approximate solution path based on
discretizations of (2.4), along with the corresponding complexity analysis. The primary error
metric that we consider is the 2-norm of the gradient across the entire interval [Amin, Amax)
as formally presented in Definition 2.3.1.

Definition 2.3.1. An approzimate solution path () : [Amin, Amax] — R to the parametric
optimization problem (2.2) has accuracy € > 0 if ||[VF\(2(N))]| < € for all X € [Amin, Amax) -

Notice that the strong convexity of the objective function F(-) for all A > 0 immediately
implies that an e-accurate solution path z(-) also has the optimality gap guarantee, which is

€ €
Ex(z(N) — Fy <
)\(x( )) A= 2(N+)\U) - 2<M+)\min0),

for all A € [Amin, Amax)- Algorithm 2.1 below presents a two-step “meta-algorithm” for com-
puting an approximate solution path #(-). Inspired by numerical methods to solve ordinary
differential equations, we first design several schemes to iteratively update (z, Ax) by exploit-
ing the dynamics in (2.4). We use the function ¥(-,-) : R? X [Auin, Amax] = R? X [Amin, Amax]
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Algorithm 2.1: Meta-algorithm for computing an approximate solution path z(-)

input : initial point xy € RP, total number of iterations K > 1, update rule ¥ (-, -),
and interpolation method Z(-)
1 Initialize regularization parameter \g <— Apax;
2 for k=0,..., K —1do
3 L Update (2x41, Akt1) < (T, Ak);

output: z(-) « Z <{($k, Ak’)}f:l)

to denote a generic update rule in the meta-algorithm below, and we consider several dif-
ferent specific examples herein. Then we apply an interpolation method Z(+) to resolve the
previously computed sequence of points into an approximate path z(-) over [Amin, Amax)-

We develop oracle complexity results for different update schemes and interpolation meth-
ods in terms of the number of gradient computations, Hessian computations, and linear sys-
tems solved required to compute an e-accurate approximate path. In this section, we will
stick to a simple version of Algorithm 2.1 based on applying se mi-implicit Euler’s method
and linear interpolation to specify the update rule ¢ (-, -) and interpolation method Z(-). In
particular, the implicit Euler’s discretization of (2.4) is

Mer1 =M+ h-EA), Tpr1 =Tk +h-v(Th, Apr1), (2.5)

and the linear interpolation Zynear(+) : {(x, M) iy — #(-) is defined by #(\) := axy + (1 —
)Ty With o = 22250 for all A € Mgy, Ap] and k € {0,..., K — 1}.

Ak —Ak+1

The algorithm with the exponential decaying parameter sequence Recall the up-
date rule (2.5), we can see that the function £(-) (or equivalently, A(-)) is still to be deter-
mined. In practical cases, the value of A usually exponentially decreases from Apax t0 Amin-
This choice of penalty scale parameters {\;} arises in the solution path for linear models, see
[32], and the interior-point method, see [74]. Although our analysis holds for a broad class of
A(+), we first present the version with an exponential decaying parameter sequence, namely
A(t) = e *A(0). This specific version of Algorithm 2.1 is formally described in Algorithm 2.2.

Before going further into detailed analysis, we first state the computational guarantee of
Algorithm 2.2. In our complexity analysis, we make the following smoothness assumptions

on f(-) and Q(-).

Assumption 2.3.1. In addition to p-strong convexity of f(-) and o-strong convezity of Q(-),
these functions have L-Lipschitz gradients and Hessians, where L > 0 is an upper bound on
the four relevant Lipschitz constants. In addition, we assume that f* := min, f(x) > —o0,
and that G > 0 is an upper bound on the norm of the gradients of f(-) and Q(-) on the level

set {x € RP: f(z) < f(x0)}.
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Algorithm 2.2: Euler method for computing an approximate solution path z(-)

input : initial point zy € RP, total number of iterations K > 1
1 Initialize regularization parameter \g <— Apax, set step-size h < 1 — (/’\\:ll—ai)%,
2 for k=0,..., K —1do
3 Update Agyq < (1 — h)Ag;

L Update @1 < zx — h (VEf(21) + Mes1 VEQU22)) ™ VF (20);

4

output: Z(-) < Zjinear ({(:ck, Ak)}f:1> according to linear interpolation

Theorem 2.3.1 is our main result concerning the complexity of Algorithm 2.2 and demon-
strates that in terms of the accuracy parameter e, Algorithm 2.2 requires O(1/¢) iterations
to compute an e-accurate solution path.

Theorem 2.3.1. Suppose that Assumption 2.53.1 holds, let € > 0 be the desired accuracy,
and suppose that the initial point x satisfies ||V Fy,, (20)]| < §. Let T := log(Amax/Amin),

— 1+>\min 1+>\max
let 7 = max{;omin Aromec}and et

Ko e {max {QT, VIGTT A(f(zy) — f*)rLT 2\/Z(TG+1)T}“'

, , 2.6
7 - e (2.6)
If the total number of iterations K satisfies K > Ky, then Algorithm 2.2 returns an e-
accurate solution path.

Remark 2.3.1. Grid search type methods for computing approrimate solution paths are
proposed in [35, 63], and we will follow the analysis in the latter one, which considers more
general cases. In order to guarantee the function value gap h(x) — h* < €, it will require

the number of grid points K = % For L-smooth function h(-), h(x) — h* < % implies

2
< and hence we

2L
when the desired accuracy of the inner problem

|h(x)|| < €, which is the goal in our paper. Therefore, we need to set € =

have the number of grid points is K = _@GT

15 set to €, = %/ Using the exact Newton’s method and the last grid point as a warm-start to
solve the inner problem, [45] implies that the inner complexity is (TL)?log2, and therefore,
the total complexity is M.

From the results in Theorem 2.3.1 and Remark 2.3.1, we can see that both our results
and the grid search method have the complexity of order (9(%) In most practical cases,
f(zo) — f* is smaller than (7L)%2G log2, which implies the constant in (2.6) is better. In
the later part of this paper, we will propose algorithms utilizing the smoothness of f(-) and
() and achieve better complexity results.
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2.3.1 Semi-Implicit Euler Update Scheme

Herein we provide the computational guarantee of the semi-implicit Euler update scheme
defined in (2.5), wherein the main object we concern is the accuracy at each grid point. Let
T = ||V Fy, (xx)|| denote the accuracy at (zg, \). We consider a broad family of £(-) in the
following analysis, although in Algorithm 2.2 and the corresponding complexity analysis in
Theorem 2.3.1, we only consider the special scenario that A(¢t) = e *A(0). We first present the
computation guarantees of Taylor expansion approximations given the Lipschitz continuity
of Hessian in Lemma 2.3.1.

Lemma 2.3.1 (Lemma 1 in [66]). Suppose ¢(-) : S — R has L-Lipschitz Hessian for some
convex set S C R?, then the following inequalities hold for all x,y € S:

(i) IV(y) = Vo(x) = V2o(x)(y — 2)l| < 3L Iy — =]
(i) ||é(y) — o) = Vo (@) (y — ) = 5(y — )" V2o(x)(y — 2)|| < L Ily — =[*

Based on the results in Lemma 2.3.1, we provide the local analysis of r, that is, how the
norm of the gradient at each grid point accumulates. Lemma 2.3.2 provides an upper bound
on ||rg.1|| based on ||7k||, which represents the accuracy at the previous iteration.

Lemma 2.3.2. Suppose Assumption 2.3.1 holds, discretization (2.5) has the following guar-
antee for all k > 0:

A L(1+ A
k+1.rk+h2.w

" 5 [o(2k, Aern) ||

Th1 <
Proof. 1t holds that

i1 = [V (@rt1) + Mep1 VQ(@p41) |
< va(l'kﬂ) = V() - VQf(l’k)(ka - xk)H
+ ||>\k+1 (VQ(%H) — VQ(a1) = V() (Th41 — «%’k)) H
+ | Ak (VQUzk) + V2QU2p) (1 — i) + V(@) + V2 (@) (@re — @) ||

L Aer1L A
< i =l + 2 e — il + 2V () + AT
k
A L1+ A
=R B e,

where the first inequality is true because of the triangle inequality, and in the second in-
equality, for the first two terms, we apply Item i in Lemma 2.3.1, and for the third terms,
they are equal to each other. O

Lemma 2.3.2 provides the first technical result of semi-implicit Euler’s update scheme.
When Assumption 2.3.1 holds (2.5) has the computation guarantee f\J—i < Z+0(h?). After
J J
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telescoping the inequalities for j = 0,1,...,k — 1 for k < K = T/h we have r;, ~ O(h).
Hence, one would expect a uniform O(h) bound on all accuracy 7 at points x for all
kE=0,..., K. We formalize the idea in the following lemma.

Lemma 2.3.3. Suppose Assumption 2.5.1 holds, Ngt1 > Amin, (A;) <0 for all j < k, and
step-size h satisfies the following condition for all 0 < j < k:

~ Aj 3Aj(p + Aj10)?
< min { 2 () \/ —E)LG } ' 27)

Then the sequence {(xx, \¢) <, generated by update scheme (2.5) satisfies f(xry1) < f(zr),
and the corresponding accuracy {rk}JKZO has the following guarantee:

—(L+X11)EN)
AN (p+ Ajao) } ' (28)

A_k < 70 + 2hL(f(x0) — f(x1)) 'jé?f—xn{

Proof. We will use induction to show that f(z;4+1) < f (xj), which implies that z;, € S, for all
ke€{0,...,K}. First, suppose xj € Sy, for somej € {0,...,K—1}. Let d; denote v(x;, A\j11)

35 (At o)? 3N (p+Xjy10)
and it holds that ||d;|| < u+/\ . Since h + < 0and k% < _’g(/\j)FG < _g(l;k)LHerlkH :
it holds that

2&/\)

1 1
f(j1) < fx;) +h-Vf(x;)"d;+ b —djTVZf(l’j)dj +h? el Al
h A\
4 ¢
Since £(A;) < 0, it holds that f(z;41) < f(z;) and therefore implies that z;;; € S;,. Then by

induction we conclude that z; € S, for all j < k. Also, combining the result in Lemma 2.3.2,
for all j <k, it holds that

< flay) + (A A1) [ld; )1

Tj+1 2 L(1+ Aji1)
pp2 2 )

J 2)‘j+1

h L1+ A1) 4(f(z;) — flzje))

2 = )
)‘J' 2)‘j+1 TJ)\]) : (,u + )\j+10')

Id;1”

>~
VAN
>~ |3

J+1
Tj

IN

By taking the summation over j from 0 to k, we obtain (2.8). ]

Lemma 2.3.3 provides the computation guarantees of Algorithm 2.2 with any decreasing
sequence of {\;}. While in the upper bound on the accuracy at point zy, it still involves a
constant related to sequence {A;}. We then consider a family of the sequence {\;} and then
derive a simpler upper bound.
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Proposition 2.3.1. Suppose Assumption 2.3.1 holds, Apy1 > Amin, —A < E(X) < 0 for all
A € [Amin, Amax), and step-size h satisfies

)1 /3

Then under Assumption 2.3.1, discretization (2.5), it holds that

Tkt1 <r7rg+ 2h7’L<f(l’ ) — f(karl)) (210)

Proof. Since £();) € [—A;,0), we have 5( 5= 1 Therefore it holds that

. . 2 . 2
Aj > % and \/3/\J (1 + /\J+1U) > \/3(:u + Amin0)

—2¢0%) ~€)LG G

and hence condition (2.9) implies condition (2.7). Also, since

RE2N
min )\max] #4_)\

(Flrdagn ) ek

1+A
u+Ao

is monotone in [Apin, Amax)

it holds that 7 = max)¢ . Therefore, we have

-
max —.
jEk—1] A /\]+1(/L+>\]+10') k /J—i—)\kO') - /\k

Apply the above inequality to (2.8) we obtain (2.10). O

Proposition 2.3.1 provides a uniform upper bound on accuracy of all near-optimal solu-
tions x;. When @ € [—1,0) for all A € [Amin, Amax], Algorithm 2.2 generates a solution
sequence {xy} such that ||VF\ (zg)]] ~ O(h) + 0.

2.3.2 Linear Interpolation

In the last section, we provide a general accuracy analysis at all near-optimal solutions xy.
In this section, we analyze the second procedure in Algorithm 2.2, i.e., linear interpolation.
Then the next step is to construct the entire path #(A\) : [Amin, Amax] — R based on these
near-optimal solutions. First we recall the definition of linear interpolation for x(-), A(+):

At) = ad,+ (1 — ) Apyr, (1) == azy + (1 — @) zpar, (2.11)

where o := % and t € [tg,tpyq] for all £ =0,..., K — 1. That is, given an arbitrary A €

Amin, Amax], We first select ¢ such that A(¢) = A, then we output & := Z(¢) as a near-optimal
solution to problem P(\). The following lemma provides an upper bound of ||V Ey(z(\))]|
for all A\ € [Amin, Amax)-

Theorem 2.3.2. Suppose Assumption 2.3.1 holds. Let rpa.x = maxXo<k<i k. 1hen, lin-
ear interpolation (-),\(-) of sequence {(xk,)\k)}k o generated by (2.11) has the following
computational guarantee for all t € [to, tk]:

L
|97 G| < ronws+ 5 - max {1+ M)l = il + 2HIEO) ricen — 2]}



CHAPTER 2. NEW METHODS FOR SOLUTION PATH OPTIMIZATION VIA
DIFFERENTIAL EQUATIONS 16

Proof. First suppose t € [ty,txr1]. For simplicity, we define x := Z(t), A := X(t), 01 =
Vf(zg) + M VQ(xy), 62 : = Vf(xpi1) + Mey1 VQ(2k11). By triangle inequality and Item i in
Lemma 2.3.1, it holds that

a(l —a)L

2
9 ||$k - l’k+1||

[V f(xr) + (1 = )V f(zp41) = V()] <
L

< Zaw — 2.
=g ||$k $k+1”

Also, by applying similar trick on VQ(-), it holds that Then,

INVQ(z) — aXe VQ(zr) — (1 — a) M1 VOQUzp11) ||
<[[AMaVQ(zg) + (1 — ) VQ(x441) — VQ(2))||
+ le(A = M) VQ(2x) + (1 — @) (A = A1) Vg |
S%La(l — ) w1 — 2l + ol = @) (Akser — M) (VQU(@ra1) — V()|

AL h|€(A)| L

Sg ka+1 - xk”? + 1 ||Ik+1 — Ik” .

Combine the above two inequality and apply triangle inequality, we have

IV f(z) + AVQ(z) — ady — (1 — a)ds|
L [€(\)| LR

o AL 2
Sg k1 — 2kl + — [|Tps1r — " + 1

: ke = ill.

]

Theorem 2.3.2 provides the computational guarantee of linear interpolation of the se-
quence {(zx, A\, }1_, generated by update scheme (2.5). Observed that ||z31 — 2| is of the
order O(h), we have that additional error incurred by linear interpolation is of the order
O(h?). Together with the O(h) accuracy from the update scheme (2.5), we are able to
provide a computational guarantee on the accuracy of the approximate path generated by
Algorithm 2.2. In the following part we will provide a uniform bound on ||V F, (2(t))] for
a family of \(¢) and discretization.

2.3.3 Computational Guarantee for the Exponential Decaying
Parameter Sequence
Under the A(f) = Apax-exp(—t) scenario, we have £(A) = —\ and &(+) satisfies the assumption

in Proposition 2.3.1. Therefore, we extend the result in Theorem 2.3.2 and provide an explicit
uniform bound of the path accuracy.

Proposition 2.3.2. Suppose Assumption 2.5.1 holds, and the step-size h satisfies the con-
dition in (2.9). Let 2(-) : [0,T] = R? and A(-) : [0,T] = [Amin, Amax] denote the approzimate
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solution path generated by Algorithm 2.2. Let f* denote the minimum value of f(-). Then,
we have the following computational guarantee for all X € [Amin, Amax) -

2

IVEX@EADI] < IV Exp (o) | + 27 L(f (w0) — ) + % (TG + 1) (2.12)

Proof. First we extend the result in Proposition 2.3.1, and it holds that
Tmax < max g < ro+ 2hL(f(xo) — f7) - 7.
ke[K]
Also, for the result in Theorem 2.3.2, we further have

L
3 ax {(+ M) lzr = zell” + 286N [lzrn — ]|}

h2L { 1+ X)G? 206G } h2L
<—— - max <
kelK—1] | (0 + M0)?  p+ Mo 8

3 (TG + 1)

Combine the above two inequalities and Proposition 2.3.1 and theorem 2.3.2, we obtain
(2.12). [

In Algorithm 2.2, the sequence {\ }1—, is given by A\py1 = (1 — h)Ag, and it implies that
Amin = (1 —h)% X\pax. Hence, we have h = 1 — (ﬁ)UK. Apply the fact to Proposition 2.3.2,
we arrive at the complexity analysis with respect to the number of iteration. We formalize the
complexity analysis in the following proof of Theorem 2.3.1, which appears at the beginning

of this section.

1/K
Proof of Theorem 2.3.1. The conditions that K > max {ZT, ‘/ETT} and h =1— <m> <

\/g >\max -
% guarantee that step-size h satisfies (2.9). Also K > w and K > % guar-
antees that 2h7L(f(x¢) — f*) < § and hQTL -(1G+1)* < . Hence Algorithm 2.2 guarantees
a e-accurate solution path. O

Recall that in the assumption of Theorem 2.3.1, it requires a good initialization x, sat-
isfying ||V F),..(7o)|| < 5. In practical cases, we can either implement a specific convex
optimization algorithm to get an xq satisfying the initial condition or use the initialization
suggested in the following lemma. Here we suggest one choice of initialization with compu-
tational guarantee when the function €(+) is structured, i.e., the minimizer of (-) is easy to

calculate.

Lemma 2.3.4. Suppose Assumption 2.3.1 holds. Let initialization xq be
T = zq — (V> f(zq) + )\maXVQQ(xQ))fl Vf(zq),

where xq 1= arg mingcre 2(z), then it holds that

L(1 4 Amax) |V f () |2
200 + Amax0)?

IV £(0) + Amax VQ(z0) || <
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Proof. Define d = — (V2f(20) 4+ AmaxV2Q(zq)) " Vf(zq), it holds that

IV f(20) 4+ Amax V(o) | < ||V f(z0) + V[ (@0)d + Amax (VQU(z0) + VQzq)d)||
L(1 + M) |V f () ||*

(I 4+ Amax) L 19
—|d||* <
+ 5 Id]l” < 2t o)
where the first inequality follows Lemma 2.3.1, and the second inequality holds since VQ(xq) =
0, (V2f(20) + Amax V2Qx0)) d + V f(20) = 0, and ||d|] < Al O

Notice that the value of L and ||V f(zq)|| are independent of Apa.x. Hence, when Ay is
sufficiently large, we have ro < 7. Also, since xq is the optimal solution when A = +o0, the
initialization can be regarded as an updating step of (2.5) from xg.

2.4 Multi-Stage Discretization

In the analysis of the previous section, Algorithm 2.2 guarantees an e-accurate solution
path within O(e™!) calls to the gradient, Hessian oracle, and linear equations solver. One
advantage of the main result proposed in Theorem 2.3.1 is that only the smooth Hessian
of f(-) and Q(+) is required and no assumption of € is required. When f(-) and €Q(-) have
better properties and e is relatively small, one would like an algorithm which utilizes these
properties and requires fewer calls to oracle with respect to the order of e. Motivated by the
multi-stage numerical methods for solving differential equations, we design several update
schemes to achieve higher-order accuracy. Specially, in this section we still consider the
exponentially decaying parameter, that is, A(t) = e *A(0).

2.4.1 Trapezoid Method

In this section, we propose and analyze the trapezoid method, whose formal description is
given in Algorithm 2.3. The trapezoid method is beneficial when the function f(-) and (-)
have Lipschitz continuous third-order derivatives and it achieves a higher-order accuracy
than the implicit Euler method. The accuracy of the output path by Algorithm 2.3 has the
order O(h?) where h is the step-size, or equivalently, O(K ~2?) where K is the number of
iterations. Moreover, we want to mention that the algorithm does not require the oracle to
higher-order derivatives, but still only requires gradient and Hessian oracle as in the Euler
method.
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Algorithm 2.3: Trapezoid method for solution path
input : Initial point xy € R?, total number of iterations K > 1

1 Initialize parameter \g <= Apayx, Set step-size h < 1 — 2(?\"%:{)% —1;
2 for k=0,..., K—1do

3 Update dj 1 < v(xg, Ap);

4 Update dg o < v(xr + h - di1, (1 —h+ h?*)A);

5 | Update xpyq < x + h - W;
6 Update A\gyq < (1 —h+ %2))%

output: Z(-) < Zjinear ({ (T, )\k)}f:0> according to linear interpolation

We first state the main technical assumption and computational guarantees of Algo-
rithm 2.3.

Assumption 2.4.1. In addition to Assumption 2.3.1, we assume the third-order directional
derivative of f(-) and Q(-) are L-Lipschitz continuous and o > 1.

Theorem 2.4.1. Suppose Assumption 2.4.1 holds, let ¢ > 0 be desired accuracy, let ji :=
1+ Amin0, suppose thatl the initial point xo satisfies ||V Fy, (zo)l]] < § < fi, let T =
1.11og(Amax/Amin), and let

LT(1 LY/2(1 3/2p 2/37,(1 4/3
K = [max{lOT,ég (~+G) 6L/°(1+G) 5P L(1 + G) H

/J, ! 61/2 ’ 6]_/3

If the total number of iterations K satisfies K > Ky, then Algorithm 2.3 returns an e-
accurate solution path.

The result in Theorem 2.4.1 shows that we improve the total complexity to O(\/%), which
is better the O(2) complexity of the Euler method and the best known results in grid search
method (see Theorem 2.3.1 and remark 2.3.1). Similar as previous complexity analysis of
the semi-implicit Euler method, the analysis of the trapezoid method consists of two part:
We first present the computation guarantee of trapezoid update scheme, which is defined as

(.’Bk+1, )\k+l) — T(.Q?k, )\k) = (l’k + h - W, (1 —h + %Z)Ak> y (213)

where dy 1 = v(zg, \i), and dyo = v(zg + h - di1, (1 — h + h*)A\g).

Lemma 2.4.1. Suppose Assumption 2.4.1 holds, ry, = ||V Fy, (xr)|| < [, and the next iterate
(Tps1, Aer1) @5 given by (Tge1, Mer1) = T(xk, Ag) defined in (2.13). Then, it holds that (1 +
AIs — 2| < 3h(1 4+ G), and

A
st o= ||V E (2] < ;:1 re+ 3301+ G + bt 20372 (14 G). (2.14)
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We leave the proof of Lemma 2.4.1 in the appendix due to its length and complicacy.
In the proof, we mainly work with the directional derivatives and the accuracy of Taylor
expansion in Lemma 2.3.1. The result in Lemma 2.4.1 shows that trapezoid update scheme
in (2.13) guarantees an O(h?) local accumulation. Moreover, we can derive an O(h?) uniform
upper bound on accuracy of all near-optimal solutions {xy}. For all other A € [Anin, Amax),
we implement linear interpolation to approximate the corresponding near-optimal solution.
We then provide the formal proof of Theorem 2.4.1.

Proof of Theorem 2.4.1. Since h — %2 < % log(ﬁ), it holds that
~ 1/2

h 0.1, —* € o
< mi . .
i { "SL(1+ G) 3L'2(1+ G2 3r2BL(1 + G)*/3 }

Then we show that 7y := [[VF),(2;)|| < § for all k£ by induction. Suppose 7, < §, then by
Lemma 2.4.1, it holds that

Akl

Thit = ||V, () || < e+ R 3L+ G+ AT 203721+ G) <

€
f— 2 .

Therefore, r, < § for all k& € {0,...,K}. Suppose A € [A\i11, ], and hence Z(\) =
A—Api1
>\k_>\kk-:-1

azg + (1 — a)zgy where a = . By applying results in Theorem 2.3.2, we have

A . e L
£ (@A) + AN < 5+ = max {(1+ Me)[[ersr — zall® + 206 1z a — 2|}
2 8 kelk-1]
L
§§+§-@MG+GY+6WO+GDS6

2.4.2 Runge-Kutta Method

We describe the Runge-Kutta method for solution path in Algorithm 2.4, where at each
iteration it requires 4 calls to Hessian oracle and linear equation solver. The interpolation
function CubicSpline in the last step in Algorithm 2.4 is the cubic spline interpolation, which
we will discuss later. The update rules of (y..,¥x.) and (zg11, Akt1) at each iteration come
from the classical Runge-Kutta method. By calculating the Taylor series coefficients of the
Runge-Kutta solution we can obtain the order of any arbitrary Runge-Kutta method. The
classical Runge-Kutta method, as a special case, guarantees an O(h°) local residual and
hence an O(h*) global residual. We omit the proof here and for detailed analysis of the
Runge-Kutta method we refer readers to [22].



CHAPTER 2. NEW METHODS FOR SOLUTION PATH OPTIMIZATION VIA
DIFFERENTIAL EQUATIONS 21

Algorithm 2.4: Runge-Kutta method for solution path
input : Initial point xy € R?, total number of iterations K > 1

Update xp 1 < x5 + % (ke + 2Yk2 + 2Uk3 + Yra);
Update Apiq < Ap + % (Vg 202 + 203 4+ Vpa);

1 Initialize regularization parameter \g <— Apax;

2 for k=0,..., K —1do

3 Update (Y1, ¥r1) < (u(xg, )\k) Ak);

4 Update (yr,2, ¥r2) < (w(@y + 2 - yea, Mo+ 2 ), =M — % dp);
5 Update (yi,3,¥r,3) < (u(zy + “Yk,2, Ak + 3 Wr2), — )\k % Vr2);
6 Update (yra, Vi) < (u(zr + h Yk,3, Ak + h Vrs), =M — b= Yp3);
7

8

output: Z(-) + Zeupic ({(xk, )\k)}kK:()) according to cubic interpolation

In Algorithm 2.2 and Algorithm 2.3, we implement linear interpolation to recover the
entire solution path. Theorem 2.3.2 guarantees an O(h?) residual of linear interpolation.
To increase the accuracy, we implement the cubic spline interpolation, which is a piece-wise
third-order polynomial approximation. Suppose the problem is to find z(¢;) = x; where
x; = z(t;) for t; = i-h,i = 0,...,K. The cubic spline Z(t) satisfies z(t) = p;(t) for

x € [ti_y, ti], where {pi(-)}._, are K cubic functions satisfying
pi(t:) = i, pi(tiv1) = Tiy1, 1=1,..., K,
pi(ti) = pipa (i), p; (L) = pia (L), i=1,... K—-1
pi(to) =0, Pi(tx) = 0.

One finds there are 4K (= 2K + 2(K — 1) + 2) equations and 4K coefficients to be deter-
mined, which are 4 coefficients in each polynomial. The cubic spline interpolation guarantees
|2(t) — x(t)]] < O(h*) for all t € [ty,tx]. For other properties and detailed discussion of cubic
spline interpolation we refer readers to [34].

2.5 Analysis with Inexact Linear Equations Solutions
and Second-Order Conjugate Gradient Variants

In this section, we present the complexity analysis of the aforementioned methods with the
presence of inexact oracle to gradient and Hessian and/or inexact linear equations solutions
as well as variants applying the second-order conjugate gradient (SOCG) type methods. We
first consider the case when gradient and Hessian oracle are inexact and/or linear equations
solver yields approximate solutions.

2.5.1 Analysis with Inexact Oracle and/or Approximate Solver

At each iteration of the Euler, trapezoid, and Runge-Kutta method, one essential sub-
routine is to compute the directions dj,;. For example, in the Euler method, dj, is given
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by the formula dy = v(zg, \p) = —(V2f(z1) + M1 V2Q(z1)) 'V f(21). In most large-scale
problems, the computation of the Hessian matrix and solving linear equations exactly could
be the computational bottleneck. Therefore, we consider the case with the presence of
numerical error, which may be induced by inexact gradient and Hessian oracle, or by linear
equations solver. Nevertheless, we tackle the two types of numerical error together. Suppose
an exact solution dj has the form d, = —H, L9k, then we define cZk is a J-approximate
direction with respect to dj is a vector di satisfying

| Hydy, + gill < 6. (2.15)

In Algorithm 2.5 we propose the implicit Euler method with the presence of approximate
direction of v(-, ) at each iteration.

Algorithm 2.5: Approximate Euler method for solution path
input : Initial point xy € RP, total number of iterations K > 1

1 Initialize regularization parameter \g <— Apax;

2 for k=0,..., K —1do

3 Update dy + an d-approximate direction of v(xy, A);

4 Update Agi1 < (1 — h)Ag;

5 Update xp 1 < 2 + h - cZkH;

output: Z(-) < Zjinear ({(mk, )\k)}kK:()) according to linear interpolation

Compared with the origin update scheme in Algorithm 2.2, the only difference in the
update scheme of Algorithm 2.5 is that an approximate direction dy is applied at each
iteration instead of the exact direction v(+,-). We want to mention that there is no constraint
on how the approximate direction dk is generated, and in Section 2.5.2, we provide several
efficient methods to compute the approximate direction and the corresponding complexity
analysis. The following lemma characterizes the local error accumulation of the update
scheme in Algorithm 2.2.

Lemma 2.5.1. Suppose Assumption 2.5.1 holds. Let dy, denote an approximate solution to
0(@, Av). Let rp = [[VE, ()|, rha = [[VEx G (@) ||, and

Sk = (V2f(2r) + N1 V2Q(21)) di, + V f (1),

Then it holds that

A R2L(1+ )\
k+1 S (1 + Xeg1)

MdRll2 + R |64 . 2.1
" 5 l|dk||* + R[]0k | (2.16)

Tyl <

Furthermore, if we set Asy1 = (1 — h)As and ||05]| < 0 for some scalar 6 > 0 and all
s=0,...,k, it holds that
Ak

T < SWL + 2hTL(f(x0) — ) + 4. (2.17)
0
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Proof. The proof is similar with the one in Lemma 2.3.2. First we have
Mot (V) + V2Q(ap) (w1 — 2x)) + YV (21) + V2 f(2p) (@11 — 21)

=2 \TOe) + VS (0) + i

Then apply same technique as in Lemma 2.3.2 we arrive at

Idil[? + R 1|6k -

A L(1+ M\
e < 2o -rk+h2-—( +2 k1)

Also, applying (2.16) to Proposition 2.3.2 implies the result in (2.17). ]
The following corollary provides the complexity analysis of Algorithm 2.5.

Corollary 2.5.1. Suppose that Assumption 2.3.1 holds, and suppose that the initial point
xo satisfies |V Fy,..(xo)|| < §. Let T :=10g(Amax/Amin), let fi := 1+ Anino, let € € (0, 1] be
the desired accuracy, and let

K = |max < 2T VLGTT 8(f(xo) = f)TLT 4\/E(T(G +e)+1)T
E, approx - b \/g 5 P 5 \/E .

If the total number of iterations K satisfies K > Ky approx @nd approximate directions czk
are all $-approxzimate, then Algorithm 2.5 returns an e-accurate solution path.

Proof. Since the step-size h = 1 — (2min)x < L combining (2.17), we have rj, < 3¢ for all

)\max — K7
k € {0,..., K}. For linear interpolation error, we have
< s {(1 Aok =l + 20lEOW o — 2}
8 renX kNIZk+1 — Tk k) Tk+1 — Tk
h*L ) 5 g .
<= max {1+ M) (1l + Il = dil2) + 16w (el + lld = del)) §
ke[K—1]
h*L
< (r(GHe+1)2< s
2 4
Applying the above inequality to Theorem 2.3.2 completes the proof. O]

Now we consider the trapezoid method with the presence of approximate direction and
propose it in Algorithm 2.6.
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Algorithm 2.6: Approximate trapezoid method for solution path
input : Initial point xy € R?, total number of iterations K > 1

1 Initialize parameter \g <= Apayx, Set step-size h < 1 — 2(?\"%:{)% —1;
2 for k=0,..., K—1do
3 Update di; < an d-approximate direction of v(xy, Ax);

4 Update (Jm <+ an d-approximate direction of v(zy + ha?k,l, (1 —h+h?)\);

Update Agyq < (1 —h + %2))%;

dAk,1+dAk,2_
2 )

)

=]

Update x11 < . + h -

output: Z(-) < Zjinear ({(xk, )\k)}kK:()) according to linear interpolation

The update scheme in Algorithm 2.6 is similar as the one in Algorithm 2.3, but we apply
approximate directions at each iteration in lieu of exact computation of v(-,-). The following
lemma characterize the local error accumulation of the update scheme in Algorithm 2.2.

Lemma 2.5.2. Suppose r, = ||VF\ (zr)|| satisfying that r, < fi. Let dx1 and dx 2 denote the

residual of approzimate direction di; and dy o and they satisfy the condition ||6k1]| , ||0k,2]] <
i Then, it holds that

2

A h h
M+ R 3L(2+ G 4+ ht 202+ G) + 5 |0k.1 — Orall + > |61 - (2.18)

Ak

T4l <

Proof. We will follow the idea in Lemmas 2.4.1, A.1.2 and A.1.3. Recall the result in
Lemma A12, since H1d1 = —Vf(l‘l) + (51, it holds that (1 + )\) Hd1H S 2(G + 1+ H(Sl” /ﬂ)
Also the result in Lemma A.1.3 becomes

~ ~ ~ L
HHl(dz - dl) - VZf(»’Ul)(iﬁ'l - 952) - (Hl - Hz)dz + 01 — 02| < 5 Hllfl - $2H2,

where Hy = V2f(z1) + M V2Q(z1) and Hy = V2f(x3) + A, V2Q(z5). Now we modify the
proof of Lemma 2.4.1 to get (2.18). Then the right hand side of (A.4) becomes —hd;. Also,
the right hand side of (A.5) becomes 2(8; — &) and the right hand side of (A.6) becomes

2

BAV2Q(2)d, + 25, O

Corollary 2.5.2. Suppose Assumption 2.4.1 holds, let i = p + Anino, let € € (0,f1] be
the desired accuracy, suppose that the initial point xq satisfies ||V, (7o)|| < §, let T :=
1.1log(Amax/Amin), and let

1/2 3/2 4/3
Ko [max{lOT, SLT(1+G) 6L2(1+G)*°T 5L(1+G) TH

i ) €1/2 ) [12/3¢1/3

If the total number of iterations K satisfies K > Ky, and all approzimate direction 6y 1, Oy 2
are 5-approximate, then Algorithm 2.6 returns a e-accurate solution path.
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Corollaries 2.5.1 and 2.5.2 provide the complexity analysis of Euler method and trapezoid
method with the presence of approximate directions. We can see that when the residual
of approximate directions have a uniform upper bound over all iterations, Algorithms 2.5
and 2.6 have the complexity of the same order as Algorithms 2.2 and 2.3, which require exact
directions. Moreover, Corollaries 2.5.1 and 2.5.2 only require e-approximate directions but
no assumptions about how the approximate directions are generated. It provides flexibility
in the choice of an approximate oracle to compute approximate directions.

2.5.2 Second-Order Conjugate Gradient Variants

Following the complexity analysis, we apply the conjugate gradient method to solve the sub-
problem, i.e., to compute a J-approximate direction of v(-,-). To measure the efficiency of
second-order conjugate gradient type algorithms, we consider the computational complexity,
1.€., total calls to both gradient and Hessian-vector product oracle.

Now we apply the conjugate gradient method as an approximate oracle to compute the
approximate direction di at each iteration. We use the approximate Euler method proposed
in Algorithm 2.5 as an example. At iteration k, Algorithm 2.5 requires an approximate
solution d, satisfying ||dek + grll2 < & where Hy, := V2f(x1) + M1 VZQ(2r) and g :=
V f(z1). We apply the conjugate gradient to approximately solve the equation H i+ g, =10
and set the initial guess to be the approximate direction dp_1 at the last iteration. Herein
we provide the complexity analysis of Euler-CG method and trapezoid-CG method.

Theorem 2.5.1. Suppose Assumption 2.5.1 holds, and suppose that the initial point xg
satisfies |V Fy,..(xo)|| < €. Let T :=10g(Amax/Amin), let ft := i+ Amino, let € € (0, 1] be the
desired accuracy, and let

- [ L32T f — f*
i~ 0 (LU0 1),

If the total number of iterations K satisfies K > Kg.og, then Algorithm 2.5 via the conjugate
gradient approximate oracle returns a Se-accurate solution path.

Also, for the computational guarantee of approximate trapezoid method in Algorithm 2.6
via conjugate gradient approximate oracle we have similar argument.

Theorem 2.5.2. Suppose Assumption 2.4.1 holds, and suppose that the initial point xg
satisfies ||V Fy,..(xo)|| < €. Let T := 1.11og(Amax/Amin), let i := p+ Amino, let € € (0, 1] be
the desired accuracy, and let

- (L(1+G)**T
Rureg ~ O (61/2—M1/2 -

If the total number of iterations K satisfies K > Kiy.cg, then Algorithm 2.6 via the conjugate
gradient approximate oracle returns a 2e-accurate solution path.
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Proof of Theorems 2.5.1 and 2.5.2. Here we only need to consider the inner complexity,
i.e., the number of iterations required to compute the approximate direction. For the
Euler-CG algorithm, let {y;s} denote the sequence generated by the conjugate gradient
method with yxo = de_r, let Hy = V2f () + Mep1 V2Q(x1), and let g, = Vf(xy,). Exist-
ing results of the conjugate gradient method guarantees that ||[Hyyes + gill, < 2/Fe(1 —

\/éﬂ) | Hiyr,0 + grllo, where ry, is the condition number of Hj and i < (lii’“)L < L.

Since the initial guess yy = dk_l which is the approximate direction at last iteration, we have
|Hi—1dx—1 + gr—1|| < §. Then the initial guess guarantees that

||HkCzk—1 + gilla < | Hi-rdp—y + gr-ill2 + | Hrdp—1 + gi — Hyqdpq — Gr—1|
< 4R+ ) (Il + ldiall) < & +20L2 + G

Applying h ~ O( the inner complexity N, has an upper bound

(f(=o) f*)71?>’

rr+ 1 2 /rel|Hedeoy + ~

Therefore, the total computation complexity of Algorithm 2.5 with the conjugate gradient
approximate oracle to compute an e-accurate solution path is @(LS/QTWUE (20) =/ *)T). For the
trapezoid-CG algorithm, let a:k = x, + hdk 1, Ny = (1= h+ h®)\g, Hiq = V2f(zg) +
MV Q) g1 = Vf(zg), Heo := V2f(}) Y «VQ(2), and gip = V f(x}). At iteration £,
Algorithm 2.6 requlres to compute the ; directions dk 1 and dk 9. In the conjugate gradient

sub-routine, we use dk_Ll as the warm- start for solving dk,l and d;ﬂ for solving dk,2- Similarly,
we have ||Hy1dp—11+gk1 || < $+2hL(2+G)? and ||Hyody14-gi2|| < $+2hL(2+G)?. Applying

el/2
ho~ O(L1/2(2+G)3/2

O(V/TL). Therefore, the total computation complexity of Algorithm 2.6 with the conjugate

. . . ™ / /
gradient approximate oracle to compute an e-accurate solution path is 0(%) O

), the inner complexity Ny, and N o have an upper bound Ny 1, Ny ~

Recall the complexity results in Remark 2.3.1, we notice that when we use the Nes-
terov’s accelerated gradient method as the sub-problem solver, the total complexity will be
M We can see the total complexity of Algorithm 2.6 has order O( \[) and is better
than the best known in grid search method. Again, the complexity of the trapezoid method

is better than the Euler method, since it exploit the higher-order smoothness of the function
f(-) and Q(.).
2.6 Computational Experiments

In this section we present computational results of numerical experiments wherein we imple-
ment different version of discretization schemes and interpolation methods to compute the
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approximate solution path. As a comparison with out method, we introduce two approach
based on grid search methods proposed in [35, 63]. For sub-problem solver in the grid search
methods, we use warm-started exact Newton method and Nesterov’s accelerated gradient
method to compare with our exact methods and SOCG variants. We focus on the following
8 versions of update schemes, where “CG” stands for conjugate gradient.

e Fuler, Euler-CG: Algorithm 2.2, and Algorithm 2.5 using CG as the sub-problem
approximate oracle.

e Trapezoid, Trapezoid-CG: Algorithm 2.3, and Algorithm 2.6 using CG as the sub-
problem approximate oracle.

e Runge-Kutta, Runge Kutta-CG: Algorithm 2.4, and Algorithm 2.4 with approximate
directions and using CG as the sub-problem approximate oracle.

e Grid Search-Newton/AGD: Algorithm use grid search method and the exact New-
ton/Nesterov’s accelerated gradient method as the sub-problem solver.

2.6.1 Logistic Regression

Herein we examine the empirical behavior of each of the previously presented methods on
logistic regression problems using the breast cancer dataset from [26] (32 features and 569
observations) and the leukemia dataset from [37] (7129 features and 72 observations). In
particular, let {(a;,b;)};_, denote a training set of features a; € R” and labels b; € {—1,+1}
and define the sets of positive and negative examples by Sy := {i € [n] : b; = 1} and S_ :=
{i € [n]:b;=—1}. We examine two logistic regression variants: (i) regularized logistic
regression with

1 O —baT 1
f(l’) = ﬁZlOg(l—i—e ity )7 Q(‘T> = §H$H27
=1

where Apin = 1074, Apax = 104, and (i) re-weighted logistic regression with

1 - 1 .
f(x) = m Z log(1 +e ™), Qx) = m Z log(1 + e b9 @),

i€S+ i€ES_

where A\pin = 1071, Amax = 10. The initialization 2o which we apply in each method is the
same and is a very nearly-optimal solution to the problem such that ||V F),,. (7o)] ~ 10715
Note that it is hard to compute the exact path accuracy of an approximate solution path Z(-) :
[Amin, Amax] — RP, namely A(Z) := maxyea ||VEA(Z(N))||, where A = [Apin, Amax]. We exam-
ine the approximate path accuracy in lieu of exact computation of path accuracy, namely
we consider A(2) := max,; | VFA(2(\))| where A = {\g, 2052 A\ 222 A, g since
the theoretical largest interpolation error occurs at the midpoint of two breakpoints. In
Figure 2.1, we vary the desired accuracy parameter ¢ and plot the number of Hessian ora-
cle computations required by the Algorithms 2.2 to 2.4, and the grid search method. The
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(a) Regularized logistic regression. (b) Re-weighted logistic regression.

Figure 2.1: Exact methods on the breast cancer data with n = 569 observations and p = 30
features.

theoretical number is computed from the complexity analysis, and the practical number of
each method is set according to a “doubling trick”, whereby for each value of K we calculate
the observed accuracy along the path via interpolation and if the observed accuracy is too
large then we double the value of K until it is below €. The numerical results match the
asymptotic order and the intuition, as well as the superior performance of the trapezoid
and Runge-Kutta methods due to the higher-order smoothness of the loss and regulariza-
tion function. In part (a) of Figure 2.1, we notice that the theoretical complexity is higher
than the practical one since it is more conservative. Therefore, we will stick to the “dou-
bling method” in the following experiments and compare the practical performance of each
method.

Figure 2.2 summarizes the performance of the three aforementioned SOCG methods and
the grid search method with Nesterov’s accelerated gradient method. For SOCG methods,
we record the total number of both gradient evaluation and Hessian-vector product, which
is the computation complexity. We implement these methods on the leukemia dataset and
the regularized logistic regression problem. From Figure 2.2, we can see that the numerical
results match our theoretical asymptotic bounds. In part (b), we provide the CPU time to
compute the approximate solution of both SOCG methods and exact second-order methods
(in the more transparent bars). We want to comment that for exact methods we only run
the case when the desired accuracy equals to 1074, since the grid search method already
takes about 15 hours to finish. The dominance of SOCG methods in these cases illustrates
the benefit and capability of SOCG methods to deal with large-scale problems.



CHAPTER 2. NEW METHODS FOR SOLUTION PATH OPTIMIZATION VIA

DIFFERENTIAL EQUATIONS 29
Euler (exact) I Euler-CG
Trapezoid (exact) B Trapezoid-CG
H Euler-CG B Runge Kutta-CG Runge-Kutta (exact) B Runge Kutta-CG
B Trapezoid-CG M Grid Search-Agd Grid Search-Newton M Grid Search-Agd

2 & 4
£ 6. 10*
é 10 = 0
- c
£ 3
3.
3 10* @10
5 2
S £ 10%
E 5
2|

210 T
g O 10"
O

10% 10%

le-04 1e-05 1e-06 le-04 1e-05 1e-06
Accuracy Accuracy
(a) Computation complexity. (b) CPU time.

Figure 2.2: Second-order conjugate gradient methods on regularized logistic regression on
leukemia data with n = 72 observations and p = 7129 features.

2.6.2 Moment Matching Problem

Herein we consider the moment matching problem with entropy regularization. Suppose a
discrete random variable Z has sample space {wy,...,wy+1} and probability distribution
{z1,...,2p41}. We want to match the empirical first n-th moments of Z with the entropy
regularization. To formalize the problem, we consider the following constrained optimization
problem:

1 -
P(A): min 3 |Az —b|)* + X - Zx(j) log(z(;)
j=1

st. 1T x=1, x>0,

p+1

where z(;) is the j-th component of z, A € R™ P+ with 4, ; = w?, and A € A = [1072,10%].
The parametric optimization problem P()) is a constrained optimization problem, which
does not satisfy our setting. Therefore, we introduce a new variable y to substitute z. Let
y € RP with y) =z, for i = 1,...,p, and §" = {y € R? : y > 0,1]y < 1}, it holds that
x € S is equivalent to y € S’ and = € int(S) is equivalent to y € int(S’). We know that
the moment matching problem P()) is equivalent to the following parametric optimization
problem:

yeRP 2

1 -
P'(A):  min %M@—UW+A-<zﬁwﬂ%@m)+ﬂ—4§wbﬂl—ﬁw>
j=1

st Ly <1, y>0,
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Figure 2.3: Exact and SOCG methods on moment matching problem with n = 10 and
p = 20, the complexity comparison with different desired accuracy.

where A" = Ay, — A,y lg and b’ = b— A,.;. We examine the empirical behavior of each of
the previously presented methods on (P’) without constraints, that is, f(y) = 3||4'y — V|2
and Q(y) = >0 vy log(y)) + (1 — 1]y)log(1 — 1]y). Lemma A.2.1 shows that the exact
path z(\) for X € [Amin, Amax] is @ subset of the relative interior of S. Also, when the step-size
h is small enough, all grid points {x}} will be in the relative interior of S, and therefore, the

approximate path z(\) for A € [Auin, Amax] is @ subset of the relative interior of S.

Synthetic Data Generation Process We generate the data (z,w) according to the

following gen(era)tive model. The true distribution vector z'° is according to the model
true __ XPL2(s

T S Tewten)

generated from a independent uniform distribution, d.e., w(;) ~ unif(0,1) for i = 1,...,p,

and without loss of generality we set w,4.1) = 0.

First, we examine the aforementioned exact and SOCG methods with the different desired
accuracy. Figure 2.3 summarizes our findings with n = 10 and p = 20, and the box plot
with 95% confidence interval of each desired accuracy is across 10 independent trails. Again,
Figure 2.3 demonstrates that the numerical results match the asymptotic order and the
intuition, as well as the superior performance of the trapezoid and Runge-Kutta methods
due to the higher-order smoothness of the loss and regularization function.

Moreover, we examine the aforementioned exact and SOCG methods with the differ-
ent problem dimensions. In the following set of experiments, we set the number of ob-
servations n = 20, the desired accuracy ¢ = 107°, and vary the problem dimension p €
{128, 256,512,1024, 2048}. The true distribution "¢ and the sample vector w are synthet-

for i = 1,...,p + 1, where ;) ~ unif(0,1). The sample vector w are
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Figure 2.4: Exact and SOCG methods on moment matching problem with n = 20 and
¢ = 107°, the CPU time comparison with different problem dimension.

ically generated according to the same process as before. Figure 2.4 displays our result for
this experiment. Generally, we observe that the CPU time of computing an e-path increases
as the problem dimension becomes larger. Comparing the CPU time of the exact methods
and the SOCG methods, we notice that the SOCG methods are less sensitive to the sizes
of the problems. Again, the results demonstrate the superiority of the SOCG methods to
tackle large-scale problems.
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Chapter 3

Risk Bounds and Calibration for a
Smart Predict-then-Optimize Method

3.1 Introduction

The predict-then-optimize framework, where one predicts the unknown parameters of an
optimization model and then plugs in the predictions before solving, is prevalent in appli-
cations of machine learning. Some typical examples include predicting future asset returns
in portfolio allocation problems and predicting the travel time on each edge of a network in
navigation problems. In most cases, there are many contextual features available, such as
time of day, weather information, financial and business news headlines, and many others,
that can be leveraged to predict the unknown parameters and reduce uncertainty in the
decision making problem. Ultimately, the goal is to produce a high quality prediction model
that leads to a good decisions when implemented, such as a position that leads to a large
return or a route that induces a small realized travel time. There has been a fair amount
of recent work examining this paradigm and other closely related problems in data-driven
decision making, such as the works of [20, 25, 29, 44, 30, 40, 68, 48|, the references therein,
and others.

In this work, we focus on the particular and important case where the optimization
problem of interest has a linear objective with a known convex feasible region and where the
contextual features are related to the coefficients of the linear objective. This case includes
the aforementioned shortest path and portfolio allocation problems. In this context, [29]
developed the Smart Predict-then-Optimize (SPO) loss function, which directly measures
the regret of a prediction against the best decision in hindsight (rather than just prediction
error, such as squared error). After the introduction of the SPO loss, recent work has
studied its statistical properties, including generalization bounds of the SPO loss function
in [28] and generalization and regret convergence rates in [41]. Moreover, since the SPO
loss is not continuous nor convex in general [29], which makes the training of a prediction
model computationally intractable, [29] introduced a novel convex surrogate loss, referred
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to as the SPO+ loss. [29] highlight and prove several advantages of the SPO+ surrogate
loss: (i) it still accounts for the downstream optimization problem when evaluating the
quality of a prediction model (unlike prediction losses such as the squared ¢y loss), (ii)
it has a desirable Fisher consistency property with respect to the SPO loss under mild
conditions, and (i) it often performs better than commonly considered prediction losses
in experimental results. Unfortunately, although a desirable property of any surrogate loss
in this context, Fisher consistency is not directly applicable when one only has available a
finite dataset, which is always the case in practice, because it relies on full knowledge of
the underlying distribution. Motivated thusly, it is desirable to develop risk bounds that
allow one to translate an approximate guarantee on the risk of a surrogate loss function to
a corresponding guarantee on the SPO risk. That is, risk bounds (and the related notion of
calibration functions) answer the question: to what tolerance ¢ should the surrogate excess
risk be reduced to in order to ensure that the excess SPO risk is at most €? Note that, with
enough data, it is possible in practice to ensure a (high probability) bound on the excess
surrogate risk through generalization and optimization guarantees.

The main goal of this work is to provide risk bounds for the SPO+ surrogate loss function.
Our results, to the best of our knowledge, are the first risk bounds of the SPO+ loss, besides
the analysis of the 1-dimensional scenario in [67]. Our results consider two cases for the
structure of the feasible region of the optimization problem: (i) the case of a bounded
polyhedron, and (ii) the case of a level set of a smooth and strongly convex function. In
the polyhedral case, we prove that the risk bound of the SPO+ surrogate is O(e?), where ¢
is the desired accuracy for the excess SPO risk. Our results hold under mild distributional
assumptions that extend those considered in [29]. In the strongly convex level set case, we
improve the risk bound of the SPO+ surrogate to O(e) by utilizing novel properties of such
sets that we develop, namely stronger optimality guarantees and continuity properties. As
a consequence of our analysis, we can leverage generalization guarantees for the SPO+ loss
to obtain the first sample complexity bounds, with respect to the SPO risk, for the SPO+
surrogate under the two cases we consider. In Section 3.5, we present computational results
that validate our theoretical findings. In particular we present results on entropy constrained
portfolio allocation problems which, to the best of our knowledge, is the first computational
study of predict-then-optimize problems for a strongly convex feasible region. Our results on
portfolio allocation problems demonstrate the effectiveness of the SPO+ surrogate. We also
present results for cost-sensitive multi-class classification that illustrate the benefits of faster
convergence of the SPO risk in the case of strongly convex sets as compared to polyhedral
ones.

Starting with binary classification, risk bounds and calibration have been previously
studied in other machine learning settings. Pioneer works studying the properties of convex
surrogate loss functions for the 0-1 loss include [89, 17, 58] and [80]. Works including [88, 82]
and [70] have studied the consistency and calibration properties of multi-class classification
problems, which can be considered as a special case of the predict-then-optimize framework
[28]. Most related to the results presented herein is the work of [67], who study the uniform
calibration properties of the squared ¢ loss, and the related work of [41], who also develop
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fast sample complexity results for the SPO loss when using a squared ¢, surrogate.

3.1.1 Organization

This chapter is organized as follows. In Section 3.2, after formally reviewing the Predict-
then-optimize framework and the SPO and SPO+ loss, we discuss some existing results
and methods for deriving risk bounds via calibration. Section 3.3 contains the generalization
bounds of the SPO+ loss as well as the risk bounds and sample complexity of the polyhedron
case. Section 3.4 contains the risk bounds and sample complexity of the level set case.
Section 3.5 provides the numerical experiments on portfolio allocation instances.

3.1.2 Notation

Let ® represent element-wise multiplication between two vectors. For any positive integer
m, let [m] denote the set {1,...,m}. Let I, denote the p by p identity matrix for any positive
integer p. For ¢ € R? and a positive semi-definite matrix 3 € R?™? let A/(¢,X) denote the
o307 e—0)
V/ (2m)d det(S)
on w € R% as well as its dual norm || - ||, which is defined by ||¢||. = max,,.j,|<1 ¢"w. For a
positive definite matrix A, we define the A-norm by ||w||4 := VwT Aw. Also, we denote the
diameter of the set S € R? by Dg := sup,, ,cg [|w — w'[|s.

normal distribution P(c) = . We will make use of a generic given norm || - ||

3.2 Predict-then-Optimize Framework and
Preliminaries

We now formally describe the predict-then-optimize framework, which is widely prevalent in
stochastic decision making problems. We assume that the problem of interest has a linear
objective, but the cost vector of the objective, ¢ € C C R%, is not observed when the decision
is made. Instead, we observe a feature vector x € X C RP, which provides contextual
information associated with c¢. Let PP denote the underlying joint distribution of the pair
(x,c). Let w denote the decision variable and assume that we have full knowledge of the
feasible region S C R? which is assumed to be non-empty, compact, and convex. When a
feature vector x is provided, the goal of the decision maker is to solve the contextual stochastic
optimization problem:

min Boup( o)’ w] = min Eevp(ir[c] w. (3.1)
As demonstrated by (3.1), for linear optimization problems the predict-then-optimize frame-
work relies on a prediction of the conditional expectation of the cost vector, namely E|c|z] =
Ecp(|z)|c]. Let ¢ denote a prediction of the conditional expectation, then the next step in
the predict-then-optimize setting is to solve the deterministic optimization problem with the
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cost vector ¢, namely
P(¢): miné w. (3.2)

weS
Depending on the structure of the feasible region S, the optimization problem P(-) can
represent linear programming, conic programming, and even (mixed) integer programming,
for example. In any case, we assume that we can solve P(-) to any desired accuracy via either
a closed-form solution or a solver. Let w*(-) : R? — S denote a particular optimization oracle
for problem (3.2), whereby w*(¢) is an optimal solution of P(¢). (We assume that the oracle
is deterministic and ties are broken in an arbitrary pre-specified manner.)

In order to obtain a model for predicting cost vectors, namely a cost vector predictor
function g : X — R?, we may leverage machine learning methods to learn the underlying dis-
tribution P from observed data {(z1,¢1), ..., (zn, ¢,)}, which are assumed to be independent
samples from P. Most importantly, following (3.1), we would like to learn the conditional
expectation and thus g(x) can be thought of as an estimate of E[c|z]. We follow a standard
recipe for learning a predictor function g where we specify a loss function to measure the
quality of predictions relative to the observed realized cost vectors. In particular, for a loss
function ¢, the value £(¢, ¢) represents the loss or error incurred when the cost vector predic-
tion is ¢ (i.e., ¢ = g(z)) and the realized cost vector is c¢. Let Ri(g;P) := E(zp~p[l(g(2), C)]
denote the the risk of given loss function ¢ and let R;(P) = inf, Ri(¢’;P) denote the op-
timal (-risk over all measurable functions ¢’. Also, let R?(g) := L3 0(g(w;), ¢;) denote
the empirical f-risk. Most commonly used loss functions are based on directly measuring
the prediction error, including the (squared) ¢, and the ¢; losses. However, these losses do
not take the downstream optimization task nor the structure of the feasible region S into
consideration. Motivated thusly, one may consider a loss function that directly measures
the decision error with respect to the optimization problem (3.2). [29] formalize this notion
in our context of linear optimization problems with their introduction of the SPO (Smart
Predict-then-Optimize) loss function, which is defined by

lspol(é,0) = (&) — T (o),

where ¢ € R? is the predicted cost vector and ¢ € C is the realized cost vector. Due to
the possible non-convexity and possible discontinuities of the SPO loss, [29] also propose a
convex surrogate loss function, the SPO+ loss, which is defined as

lspo (¢, c) = ma;c{(c —28)Tw} + 26" w*(c) — cFw*(c).
we

Importantly, the SPO+ loss still accounts for the downstream optimization problem (3.2)
and the structure of the feasible region S, in contrast to losses that focus only on prediction
error. As discussed by [29], the SPO+ loss can be efficiently optimized via linear/conic
optimization reformulations and with (stochastic) gradient methods for large datasets. [29]
provide theoretical and empirical justification for the use of the SPO+ loss function, in-
cluding a derivation through duality theory, promising experimental results on shortest path
and portfolio optimization instances, and the following theorem which provides the Fisher
consistency of the SPO+ loss.
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Theorem 3.2.1 ([29], Theorem 1). Suppose that the feasible region S has a non-empty
interior. For fivred x € X, suppose that the conditional distribution P(-|x) is continuous on
all of R?, is centrally symmetric around its mean ¢ = Ecp(|z)[c], and that there is a unique
optimal solution of P(¢). Then, for all A € RP it holds that

ECN]P("I) [gspo_;_(é + A, C) — ggpo_,_(é, C)] = ECN]P’(~|:(:) [(C + QA)T(’UJ*(C) —w* (C + 2A))] > 0.
Moreover, if A # 0, then Ecp(|z) [lspo+ (¢ + A) — lgpo(€)] > 0.

Notice that Theorem 3.2.1 holds for arbitrary x € X, i.e., it employs a nonparametric
analysis as is standard in consistency and calibration results, whereby there are no constraints
on the predicted cost vector associated with x. Under the conditions of Theorem 3.2.1,
given any r € X, we know that the conditional expectation ¢ = E.p(|s)[c] is the unique
minimizer of the SPO+ risk. Furthermore, since ¢ is also a minimizer of the SPO risk, it
holds that the SPO+ loss function is Fisher consistent with respect to the SPO loss function,
i.e., minimizing the SPO+ risk also minimizes the SPO risk. However, in practice, due to
the fact that we have available only a finite dataset and not complete knowledge of the
distribution P, we cannot directly minimize the true SPO+ risk. Instead, by employing the
use of optimization and generalization guarantees, we are able to approximately minimize
the SPO+ risk. A natural question is then: does a low excess SPO+ risk guarantee a low
excess SPO risk? More formally, we are primarily interested in the following questions: (i)
for any € > 0, does there exist 6(e) > 0 such that Rgpo(g9;P) — Ripo, (P) < 6(e) implies that
Rspo(g;P) — Ripo(P) < €7, and (i) what is the largest such value of d(¢) that guarantees
the above?

3.2.1 Excess Risk Bounds via Calibration

The notions of calibration and calibration functions provide a useful set of tools to answer
the previous questions. We now review basic concepts concerning calibration when using a
generic surrogate loss function ¢, although we are primarily interested in the aforementioned
SPO+ surrogate. An excess risk bound allows one to transfer the conditional excess /-
risk, E[((¢,c)|z] — info E[¢(d, c)|x], to the conditional excess lspo-risk, E [lspo(é, c)|z] —
inf, E [(spo(c, ¢)|x]. Calibration, which we now briefly review, is a central tool in developing
excess risk bounds. We adopt the definition of calibration presented by [80] and [67], which
is reviewed in Definition 3.2.1 below.

Definition 3.2.1. For a given surrogate loss function ¢, we say { is lspo-calibrated with
respect to P if there exists a function §,(-) : Ry — Ry such that for all x € X, ¢ € C, and
€ > 0, it holds that

E[¢(¢,c)|x] — igfIE [0(, c)|x] < de(€) = E [lspo(é, c)|x] — ing Uspo(c,c)|z] <e  (3.3)

Additionally, if (3.3) holds for all P € P, where P is a class of distributions on X x C, then
we say that € s uniformly calibrated with respect to the class of distributions P.
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A direct approach to finding a feasible d,(-) function and checking for uniform calibration
is by computing the infimum of the excess surrogate loss subject to a constraint that the
excess SPO loss is at least €. This idea leads to the definition of the calibration function,
which we review in Definition 3.2.2 below.

Definition 3.2.2. For a given surrogate loss function £ and true cost vector distribution P,
the conditional calibration function 6,(-;P.) is defined, for e >0, by

~

§u(eP,) == inf {E[zz(e, O] —fE [, 0)] : Ellspolé, )] — inf E [¢spo(c, )] > e}.

¢eR4

Moreover, given a class of joint distributions P, with a slight abuse of notation, the calibration
function 04(+; P) is defined, for e >0, by

~

op(e;P) = inf by(e;P(-|z)).

zeX ,PeP

If the calibration function d,(-; P) satisfies d;(¢; P) > 0 for all € > 0, then the loss function
¢ is uniformly fgpp-calibrated with respect to the class of distributions P. To obtain an
excess risk bound, we let 6;* denote the biconjugate, the largest convex lower semi-continuous
envelope, of d,. Jensen’s inequality then readily yields 0;*(Rspo(g, P)—Répo (P)) < Re(g,P)—
Ry(P), which implies that the excess surrogate risk Rs(g,P) — R,(P) of a predictor g can be
translated into an upper bound of the excess SPO risk Rspo(g,P) — Répo(IP). For example,
the uniform calibration of the least squares (squared £5) loss, namely ¢15(¢, c) = ||¢—c||3, was
examined by [67]. They proved that the calibration function is d;, , (€) = €2/D%, which implies
an upper bound of the excess SPO risk by Rspo (g, P) — Ripo (P) < Ds(Ris(g, P)—Rig(P))'/2.
In this paper, we derive the calibration function of the SPO+ loss and thus reveal the
quantitative relationship between the excess SPO risk and the excess surrogate SPO+ risk
under different circumstances.

3.2.2 Rademacher Complexity and Generalization Bounds

Herein we briefly review Rademacher complexity, a widely used concept in deriving gen-
eralization bounds, and how it applies in our analysis. For any loss function /(- ) and a
hypothesis class H of cost vector predictor functions, the Rademacher complexity is defined

as
n

N 1
R/ (H) == Ea,{(mi,ci)}le sup — Z oil(g(zi),ci) |
g T 5]
where o; are independent Rademacher random variables and (z;, ¢;) are independent samples
from the joint distribution P for + = 1,...,n. The following theorem provides a classical
generalization bounds based on the Rademacher complexity.
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Theorem 3.2.2 ([18]). Let H be a hypothesis class from X to R and let b = supscyx) cec £(E, C).
Then, for any 0 > 0, with probability at least 1 — 9, for all g € H it holds that

Ri0:B) — By(g)| < 2y () 4 1y 2101

n
Moreover, we define the multivariate Rademacher complexity [59, 20, 28] of H as

1 n
ap L Za?g(x»] |

-

R"(H) =Eqy .

where o; € {—1,+1}¢ are Rademacher random vectors for i = 1,...,n. In many cases
of hypothesis classes, such as linear functions with bounded Frobenius or element-wise ¢
norm, the multivariate Rademacher complexity can be bounded as " (H) < % where C'
is a constant that usually depends on the properties of the data, the hypothesis class, and
mildly on the dimensions d and p. Detailed examples of such bounds have been provided by
28, 20].

When the loss function £(-,-) is additionally L-Lipschitz continuous with respect to the
2-norm in the first argument, namely |((¢1,¢) — €(Co, ¢)| < L||é1 — o2 for all é1, ¢, ¢ € RP,
then by the vector contraction inequality of [59] we have R (H) < V2LR"(H). It is also easy
to see that the the SPO+ loss function fspo. (-, ¢) is 2Dg-Lipschitz continuous with respect
to the 2-norm for any ¢ and therefore we can leverage the vector contraction inequality of
[59] in this case. Combined with Theorem 3.2.2, this yields a generalization bound for the
SPO+ loss.

3.3 Risk Bounds and Calibration for Polyhedral Sets

In this section, we consider the case when the feasible region S is a bounded polyhedron and
derive the calibration function of the SPO+ loss function. As is shown in Theorem 3.2.1, the
SPO-+ loss is Fisher consistent when the conditional distribution P(:|z) is continuous on all
of R? and is centrally symmetric about its mean ¢. More formally, the joint distribution PP lies
in the distribution class Peont, symm = {P : P(-|z) is continuous on all of R? and is centrally
symmetric about its mean, for all z € X'}. In Example 3.3.2, we later show that this dis-
tribution class is not restrictive enough to obtain a meaningful calibration function. In-
stead, we consider a more specific distribution class consisting of distributions whose den-
sity functions can be lower bounded by a normal distribution. More formally, for given
parameters M > 1 and «,3,D > 0, define Pyapsp = {P € Peont, symm : forall z €
X with ¢ = Elc|z], there exists 0 € [0, min{D, M}] satisfying ||¢|s < fo and P(c|z) >
a-N(c,0%I) for all c € R? satisfying ||c||3 < 2D?}. Also, let Pasas ¢ Pirasoo Intuitively,
the assumptions on the distribution class P 5,p ensure that we avoid a situation where the
density of the cost vector concentrates around some “badly behaved points.” This intuition
is further highlighted in Example 3.3.2. Theorem 3.3.1 is our main result in the polyhedral
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case and demonstrates that the previously defined distribution class is a sufficient class to
obtain a positive calibration function. Recall that Dg denotes the diameter of S and define
a “width constant” associated with S by dg := min,ega.o|,=1 {max,ecs v w — minges v w}.
Notice that dg > 0 whenever S has a non-empty interior.

Theorem 3.3.1. Suppose the feasible region S is a polyhedron and define =g := (1 +
2\/5%)1*‘1. Then the calibration function of the SPO+ loss satisfies

> CYHS’Y( +,D?)
N 4\/27re*3“§ﬁ (%5

&SPO+ (6; IPMvaﬁyD)

2
) -min{DZ—M,e} for all e > 0. (3.4)

Additionally, when D = oo, we have v(45%, D*) =T(%2) and therefore

= 2
A aZg . €
Otspos (6 Prra,s) > W - min {DS—M, e} for all e > 0. (3.5)

Theorem 3.3.1 yields an O(e?) uniform calibration result for the distribution class Pasa.5.p-
The dependence on the constants is also natural as it matches the upper bound given by the
cases with a /;-like unit ball feasible region S and standard multivariate normal distribution
as the conditional probability P(-|x). The following example shows the tightness of the lower
bound in Theorem 3.3.1.

Example 3.3.1. For any given € > 0, we consider the conditional distribution P(c|z) =
N (=€ - eq,01;) for some constants €',0 > 0 to be determined. For some a,b > 0, let the
feasible region S be S = conv({w € R : |Jwy.(g—1)ll2 = a,wqg = 0} U {xb - eq}). Although S is
not polyhedral, it can be considered as a limiting case of a polyhedron and the argument easily
extends, with minor complications, to the case where the sphere is replaced by an (d —1)-gon
for d sufficiently large. Let ¢ = € - eq4, we have E [(spo(¢, ¢)|z] — E [lspo (€, ¢)|x] = 2be’. Also,
for the excess conditional SPO+ risk we have

E [lspo+ (¢, c)|z] — E [lspo (¢, ¢)|x] — i1 5 W' Nores C dey ... deg
2 a2c?
e 202 . 20252
—de¢;
24/ 27r02 H / V2mo? !

2 b2 (d-1)/2
NN <a2+b2) ’
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when € — 0. Therefore, let € = 5, we have E [{spo(¢, ¢)|z] — E [lspo (€, c)|z] = € and

62 b2 (d 1)/
E[¢ ¢ —E[/ c = '
[lspo (¢, c)|] [lspo+ (¢, ¢)|z] $Vomo2h? (az + b2>

1 (Ds> 62
8\/ 2T o’
for some b large enough, and therefore the lower bound in Theorem 3.53.1 is tight up to a
constant.

Let us now provide some more intuition on the parameters involved in the definition of
the distribution class Pas . p,p and their roles in Theorem 3.3.1. In the definition of Py .0,
a is a lower bound on the ratio of the density of the distribution of the cost vector relative
to a “reference” standard normal distribution. When « is larger, the distribution is behaved
more like a normal distribution and it leads to a better lower bound on the calibration
function (3.4) and (3.5) in Theorem 3.3.1. The parameter M is an upper bound on the
standard deviation of the aforementioned reference normal distribution, and the lower bound
(3.4) and (3.5) naturally become worse as M increases. The parameter § measures how
the conditional mean deviates from zero relative to the standard deviation of the reference
normal distribution. If this distance is larger then the predictions are larger on average,
and the bounds in (3.4) and (3.5) become worse. The width constant dg measures the near-
degeneracy of the polyhedron (dg = 0 is degenerate) and the bound becomes meaningless as
ds — 0. When the feasible region S is near-degenerate, i.e., the ratio == D is close to zero, we
tend to have a weaker lower bound on the calibration functlon which is also natural.

Example 3.3.2. Let the feasible region be the {1 ball S = {w € R?* : ||w||; < 1} and consider
the distribution class Peons, symm- For a fized scalar e > 0, let c; = (9¢,0)T and c; = (—7¢,0)7.
Let the conditional distribution Py(c|z) be a mizture of Gaussians defined by P,(c|z) :=
(N (cr, 02D +N (e, 021)) for any o > 0, and we have Py (c|x) € Peons, symm- Let the predicted
cost vector be ¢ = (0,¢€)T, then the excess conditional SPO risk is E[lspo (¢, ¢) —spo (€, ¢)|z] =
€. Then it holds that the excess conditional SPO+ risk E [lspo+(¢,c) — lspo+(C, c)|z] — 0
when o — 0, and hence we have 5@(6; Peont, symm) = 0.

The intuition of Example 3.3.2 is that the existence of a non-zero calibration function
requires the conditional distribution of ¢ given = to be “uniform” on the space R%, but not
concentrate near certain points. Example 3.3.2 highlights a situation that considers one such
“badly behaved” case where a limiting distribution of a mixture of two Gaussians leads to a
zero calibration function.

Detailed Derivation for Example 3.3.2 Let the feasible region be the ¢, ball S = {w €

2 ¢ Jw|ly < 1} and consider the distribution class Peont, symm- Let © € X be fixed, € > 0
be a fixed scalar, ¢; = (9¢,0)7 and ¢; = (—7¢,0)7. Let the conditional distribution be a
mixture of normals defined by P, (c|z) := 3(N(c1,0%I) + N (cz,0%1)) for some o > 0. The
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condition mean of ¢ is then ¢ = (¢,0)7 and the distribution P,(c|z) is centrally symmetric
around ¢; therefore Py € Peont, symm- Let ¢ = (0,¢)” and A := ¢ — ¢, which yields that the
excess conditional SPO risk is E[lspo (¢, ¢) — lspo (€, )] = & (w*(¢) —w*(€)) = €. Also, for all
c € C, we may assume that w*(c) € Zg = {#ey, *es} and hence (¢ + 2A)T (w*(c) — w*(c +
2A)) < 2AT (w*(c) — w*(c + 2A)) < 4e. Therefore, using E [lspo. (¢ + A, ¢) — lspor (¢, )] =
E [(c+ 2A)" (w*(c) — w*(c + 2A))], it holds that

E [lspos (¢ + A, c) — lspo (¢, )] < 4ePy(w*(c) # w*(c + 24))
<de(l=Po({[lc —erllz < e} U{lle = calla < €})) =0,

when o — 0, and hence we have Sg(e; Peont, symm) = 0.

By combining Theorem 3.3.1 with a generalization bound for the SPO+ loss, we can
develop a sample complexity bound with respect to the SPO loss. Corollary 3.3.1 below
presents such a result for the SPO+ method with a polyhedral feasible region. The derivation
of Corollary 3.3.1 relies on the notion of multivariate Rademacher complexity as well as the
vector contraction inequality of [59] in the fo-norm. In particular, for a hypothesis class H
of cost vector predictor functions (functions from X to R?), the multivariate Rademacher
complexity is defined as R"(H) = Eq o [Supyey, + D1y 07 g(a;)], where oy € {—1,+1}¢ are
Rademacher random vectors for ¢« = 1,...,n. Please refer to Section 3.2.2 for a detailed
discussion of multivariate Rademacher complexity and the derivation of Corollary 3.3.1.

Corollary 3.3.1. Suppose that the feasible region S is a bounded polyhedron, the optimal
predictor g*(x) = Elc|z] is in the hypothesis class H, and there exists a constant C' such

that R™(H) < % Let g3po, denote the predictor which minimizes the empirical SPO+

risk Rgpo+(-) over H. Then there ezists a constant C such that for any P € Prrap and
J € (0, %), with probability at least 1 — &, it holds that

. . C'y/log(1/9)
Rspo(9gpo4: P) — Ripo(P) < /A :

The proof is provided after Corollary 3.4.1. Notice that the rate in Corollary 3.3.1 is
O(1/n'/*). However, the bound is with respect to the SPO loss which is generally non-
convex and is the first such bound for the SPO+ surrogate. [41] present a similar result for
the squared ¢, surrogate with a rate of O(1/4/n), and an interesting open question concerns
whether the rate can also be improved for the SPO+ surrogate.

In the remaining part of this section, we provide the proof of Theorem 3.3.1 and some
useful lemmas.

Additional Definitions and Notation. Recall that S is polyhedral and let Zg denote the
extreme points of S. We assume, for simplicity, that w*(c) € Zg for all ¢ € R?, but our results
can be extended to allow for other possibilities in the case when there are multiple optimal
solutions of P(c). For any i € {1,...,d}, we use e; € R? to represent the unit vector whose
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i-th entry is 1 and others are all zero. Given a vector ¢ € R?! and a scalar £ € R, let (¢, &)
denote the vector (¢7,&)T € Re. For fixed ¢ and when ¢ ranges from negative infinity to
positive infinity, the corresponding optimal solution w*(¢, £) will sequentially take different
values in Zg, and we let Q(c) = (w1 (), ..., wie(c')) denote this sequence. Let y;(c’) denote
the last element of vector w;(¢') for i = 1,... k(c). Also, fori =1,...,k(¢) — 1, we define
phase transition location (;(¢') € R such that (¢, G () Twi(d) = ( CZ( NTwiy1(), and
additionally, we define (y(c’) = —o0 and (i()(c’) = co. When there is no confusion, we will
omit ¢ and only use k,w;,y;, (; for snnph(:lty Based on the above definition, for all £ €
(Gi—1(c), Gi(c)), it holds that w*(c/, &) = w;(c). Also, it holds that y;(c/) > -+ > yr) ().

Lemma 3.3.1 provides the relationship between excess SPO risk and the optimal solution
of (3.2) with respect to the difference A = ¢ — ¢ between the predicted cost vector ¢ and the
realized cost vector c.

Lemma 3.3.1. Let ¢,¢ € R? be given and define A == ¢ —¢. Let wy, = w*(A) and
w_ = w*(=A), and let y, and y_ denote the last elements of w, and w_, respectively. If
cl(w*(e) —w*(e)) > €, then it holds that AT (w_ — wy) > €. Additionally, if A = k- eq for
some Kk > 0, then it holds that (y_ — y, )k > €.

Proof. First we have ¢’ (w*(¢) — w*(¢)) > 0, and therefore it holds that AT (w*(¢ + A) —
w*(¢)) > el (w*(c+ A) —w*(€)) > e. Also, since AT (w*(¢) —w*(A)) > 0 and AT (w*(—A) —
w*(c+ A)) > 0, we have AT(w_ —w,) > AT(w*(¢ + A) — w*(¢)) > €. Moreover, when
A = k-eq for K > 0, we have ATw_ = ATw; and ATw, = ATwy, and therefore, it holds
that (y_ —y; )k > €. O

Lemmas 3.3.2 and 3.3.3 provide two useful inequalities.

Lemma 3.3.2. Suppose that ai,...,a,,b1,...,b, >0 with> . a;=a and ) . b; = for
some a, B > 0. Then for all p > 0, it holds that

—p/2
Zb <1+ 2) > P
b (1+3)P

Proof. Let ¥;(a,b;p) = b;(1+ Z—z)*p/z and ¢ (a,b;p) = >, ¥i(a,b;p). For all p € R, we have

2

;?bg(@/)(a bip)) = W (Z% a, b;p) - Z@/h (a,b; p) log? (1+ ® )
2
(szabp log(1+62>) >0,

for p > 0. Therefore, for all p > 0 it holds that

log¢(a, b;p) > log(a,b;0) + p - (logy(a, b;0) —log(a,b; —1)).
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Also, we have 9(a,b,0) = 8, and ¢(a,b,—1) = 37 \JaZ? +b? < S " (a; +b;) = a+ S.

. . 5p+1 - B
Then, for all p > 0, it holds that v (a, b; p) > ihp = (1o H

Lemma 3.3.3. Let ¢ € R4 be given with ||||s = 1, and let {w;(¢)}ry, {vi(¢)}r,
and {¢;(¢)}r_, be the corresponding optimal solution sequence and phase transition location

sequence as described in the definition and notation paragraph. Let y_ = yi(¢') and yy =
yr(&). Then it holds that

d—1

(1+3¢) 7 (vi — yis1) > Ese - (y— — y4),

where Zg gy =

Proof. Let w! be the first (d — 1) element of w;. Suppose (-1 < 0 < (, for some s €

{1,...,k}, then it holds that &7 (w; — wiy1) = —Ci(y; — yiy1) > 0fori € {1,...,s — 1} and

T (w; —wiy1) = —C(yi — yiz1) <0 fori € {s,...,k — 1}. Therefore, we know that

k—1
& (w; — wi+1)| = T (wy + wy, — 2w,) < 2Dg.
=1
T (W —w!
Also’ we have Zf;ll (yl — yi+1) =y —yy and |Cl| = —% Therefore, by the result

in Lemma 3.3.2, we have

k-1
—45t Y- — Y+

L+367) 2 (4 = Yir1) = :

2, (1) O

Y-—Y+

]

Lemma 3.3.4 provide a lower bound of the conditional SPO+ risk condition on the first
(d — 1) element of the realized cost vector.

Lemma 3.3.4. Let ¢ € R be a fived vector and € € R, o > 0 be fized scalars. Let a
random variable & satisfying P(€) > a-N(§,02) for all £ € [—\/2D? — ||||2, /2D? — ||¢||%].
Let ¢ = (d,€) € R, and sequence {w;(c)}e, {¢() e, defined as in the additional defi-
nitions and notation paragraph. Let y; denote the last element of vector w; fori=1,... k.
Let m; = /1 +3||G()[]2/|IC]|? for i = 1,...,k. Suppose A = k - eq for some r > 0, then
for all & € [0, k], it holds that

2, 2 3¢2(c)
()z/%/-fe_gmzot’)5 bkl e ||| < m%}

2 . — 2mo

Ee [(c + 28)7 (w" () — w*(c + 24))] > (4~ vir).
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Proof. Let (wy,...,w;) = Q(c) as defined in the additional definitions and notation para-
graph, and suppose w*(c) = w, and w*(c 4+ 2A) = w; for some s < t. By the definition of
{&()}E, we know that € € [¢,_1(c), ()] and € + 2k € [¢_1(c), G()]. Therefore, it holds
that

t—1
(c+20)"(w"(c) —w*(c +24)) = (c+2A) (wy — wy) = Y _(c+ 2A)T (w; — wipy)
t—1 t—1 )
=Y (e+28 = (¢, G (wi = wig1) = D (€426 = G(¢)) - e (wi — wip)
- .
= > HEe[G—2rGl} - (§+ 26— G()) (Wi — Yinr),
where y; denotes the last element of w; for all © = 1,...,k. When £ follows the normal

distribution N'(€, 0?), it holds that

Ee [1{€ € [G — 2k, G} - (€ + 28 — G(c))]
>Ee [1{¢ € [G — 27, G} - (€ + 26 — Gi())]

_ (=97

G ae” I < 2}
/g(c/)% V2ro?

for all & € [0, k]. Therefore, it holds that

Ee [(c+ 2A)" (w*(c) — w*(c + 24))]

3(¢ ()2 +R21+E2)

>

(€ + 2k = G())dE,

R e, S < )
= i — Yit1 .
Py 2V 2mo?
22,82) _3¢2()
osze - 2:E e 2"2 ]L{HC/H < D}

= (yi - yi+1)-
— V2mo?
O

Lemma 3.3.5 provide a lower bound of the conditional SPO+ risk when the distribution
of ¢ = (c,€) is well behaved.

Lemma 3.3.5. Let & € R be a fized vector and € € R, 0 > 0 be fized scalars. Let ¢ € R4
be a random vector satisfying P(¢') > N(¢',0%I4_1) for all ||d]|5 < 2D?, and let £ € R be a
random variable satisfying P(§|c') > a-N'(€,02) for all§ € [—+/2D% — ||||2,1/2D2 — ||¢||2].
Define =g := (1 + 2‘[D5)1 4. Suppose A = k - eq for some k > 0, then for all & € [0, k|, it
holds that

3524362412113
POk el L2 d—1
afke 202 (%G D?)

A Es(y- — i)

Eee [(c+28)T (w*(c) —w*(c+24))] >
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Proof. By result in Lemma 3.3.4, it holds that

Eee [(c+20)" (w*(c) — w*(c + 2A>>}

_3(R%+€2) k()1 -

S 1| < )

DY T () ()

1=1

For any ¢ € R ! let r = ||/||2 and & = <. We know that k(c') = k(¢), () = r((@),
w;i(d) = wi (&), and yi () = y;(¢). Then we have

k(c)—1 _ 3¢
e 202
EC/ — iC/ — Y; C,
11{7"< L -}

37‘
/Sd / Z W (¥i(&) = yira (¢)r* P (ré)drd?,

where S¥72 = {¢/ e R . ||¢||y = 1. For fixed & € S*2 with ¢7¢ > 0andi € {1,...,k(¢)—
1}, we have

p 3¢ @) p _3¢E) =73
m; e 202 _ . m; e 202 e 202 .
— P, (rd)dr = : — . rd72dr
0 V2mo o V2mo? (2m0?) 2
D _37-2c%2<é’> _r2+ng’n§
m; € 20 (& 20 _
> . — - rd=2dr
0 V2ro?  (2mo2) 7
,HE’HQE (42 D?(1+3¢7(¢'))
€ 20 2 m2 N _d—1
= : . ’ (1 + 34-12(0/)) 2
2 “e—-2
V2ro 212

_1€3 del 12

e 202 ’y(T,D) 9 /Ay —d=1
Z * — * ]‘+3<7, C 2 9
— e (1 3G)

where ~y(+, ) is the lower incomplete Gamma function. By Lemma 3.3.3, it holds that

k(&)—1
(14+3C(@) 7 (@) — g1 (&) > Esor - (y- —yy). (3.6)

=1
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Therefore, it holds that

k(c)—1 3¢

E, Z %@i(d) ()

EI—I

12
13

AT — e 20° 7(d;17 2) ~
> 1{&"éd >0} - 2 Eg iy —yy)dé
JR! b T S )

& 2
e H%HQQ (&L D?)
_ —‘S(y— - y+>7

and finally we get

Ec ¢ [(c+28)" (w*(c) — w*(c +24))]

G ) _les
akKke 202 e 202 ’y(—, D2)

> . . 2 By —
)

352 +38% 41|13
Rke” 2 - D2
akke 20 8l )

A
4/ 2702 F(%)

Now we provide the proof of Theorem 3.3.1.

Proof of Theorem 3.3.1. Without loss of generality, we assume dg > 0. Otherwise, the
constant =g will be zero and (3.4) will be a trivial bound. Let k = ||Al| and A € R¥? be
an orthogonal matrix such that ATA = k-e4 for eg = (0,...,0,1)T. We implement a change
of basis and let the new basis be A = (aq,...,aq). With a slight abuse of notation, we keep
the notation the same after the change of basis, for example, now the vector A equals to
K - eq. Since the excess SPO risk of ¢ = ¢ + A is at least ¢, we have k(y_ — y4) > €. Let
K = min{k,c}. Then it holds that Rexp(—%) > min{x, o} -exp(—32). By Lemma 3.3.5, we
know that

Rspo(€) = E. [(c + 24)T (w*(c) — w*(c + 24))]
_3R%24382 4113

—w
kke Tv(ﬂ,DQ)

2
4270l (1)

where @ is the first (d — 1) elements of ¢, £ is the last element of ¢, and 362+ ||| < 3||¢||2 =
3a?0?. Then we can conclude that

= (d=1 12
R . azgy (5=, D7) - € (K
Rspo+(¢) — Rspoy > 5 ) : ‘mlﬂ{;, 1}-

2
4/ 2me™ T (5
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Furthermore, since & > = > >

€ €
we have
M = (y——y1)M = DsM’

o d—1 2 2
R aZsy(%%5, D?) . €
Rspo+(¢) — Répoy > 5 - min €.
d/ore 2 )F(%) DgM

3.3.1 Faster Rates with Low Near-Degeneracy Condition

In this section, we develop the fast rates in the SPO+ risk bounds when the feasible region
S is a polyhedron. We improve the sample complexity from O(n_%) to (’)(n_%) where
K € (0,00) is the low near-degeneracy parameter. The main assumption is equivalent to the
low-noise condition defined in [41], and the assumption on the near-degeneracy defined in
28], as we will show later.

Let S4 be the set of all extreme points of the polyhedral feasible set S. For all feature
vector x € X, let g*(x) := E|c|x] denote the conditional expectation, and let W*(x) be the
set of optimal solutions, namely W*(z) := argmin,cg- g*(z)"w. Define

A(z) = wgsgl\i‘}{l/*(x){g*(l') w} — " (2)Tw* (" (z)), S%# W*(z),

0, S4 = W*(x).
Assumption 3.3.1. There exists some constants k,vy > 0 such that

P (A(X) € (0,8)) <7-6%, V6> 0. (3.7)

The A(-) measures the sub-optimality of the second-best choice with feature vector x. We
notice that the A(-) is at the same order of the margin defined as the distance to degeneracy.

Lemma 3.3.6. Let © € X and ¢ = Elc|z]. Suppose W*(¢) is a singleton. Let C° denote
the set of degenerate cost vectors and vg(¢) = inf.eco {||c — ¢||«} denote the distance to
degeneracy of ¢. Then it holds that

where Mg = MiNy, yes2 wrw |0 — W'

Therefore, when P(¢(z) € C°) = 0, then Assumption 3.3.1 is equivalent to the following
Assumption 3.3.2 on the distance to degeneracy the same k.

Assumption 3.3.2. There exists some constants k,vy > 0 such that

P (vs(e(z)) € 10,0)) <~v-46%, Vo > 0. (3.8)
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Given the low-noise condition, we can extend Theorem 3 in [17] for binary classification
problem to the general SPO setting.

Theorem 3.3.2. Suppose Assumption 3.53.1 holds. Let ((-) be a surrogate loss function, and
W¥(+) be its calibration function, then there exists some constant C > 0 such that

1/ (k+1)
C(R(g) ~ R <<R(9> s ) < Rulg) ~ . (3.9

In polyhedral feasible region case, an upper bound on the original calibration function
for SPO+ loss is ¢(€) > C' - €2. Therefore, by applying the results into Theorem 3.3.2, we
have the following guarantee on the SPO+ risk bounds and sample complexity.

Proposition 3.3.1. Suppose Assumption 3.5.1 holds, it holds that
o (R(g) — R*>(n+2)/(n+1) < Rspos(g) — REPO+‘ (3.10)

Also, the sample complexity is R(§") — R* < O(n_%) when R"(H) < O(n~2).
Now we provide the proofs of Lemma 3.3.6 and Theorem 3.3.2.

Proof of Lemma 3.5.6. Since W*(¢) is a singleton, let w* = w*(¢). Suppose ¢ € C has
multiple optimality with é¢fw’ = ¢Tw” < éTw*. By the definition of A(z), it holds that
clw' — e'w* > A(z). Therefore, we have A(z) < (¢ — &) (w* — w') < ||é — |« - [|w* — w'|]

and hence ||¢ — ¢||, > ’f(_x), > Al@) Taking the infimum over ¢ we arrive at vg(¢) > A=)
fwr—w] = D 7T © at Ds
On the other hand, pick w’ = arg min,,c g\ f,+} ﬁ Let ¢ = ¢ — % - u, where
u € R? satisfies ||ul|. = 1 and v? (v’ — w*) = ||w’ — w*||. For any w” € S*\{w*,w'}, it holds
that
=T I *
6Tw” o 5Tw* — ET(UJ” o w*) o c (’L/U li} ) A uT(w/ o w*)
[[w" = w|]
ST (0] oy
Z ET(w// o w*> _ M . ||w// o w*H Z 0.
[w" — w|
Therefore, we have ¢ € C° and hence
=T _ * =T _ * =
vs(é) < ||e—¢l| = min ¢ (w—w) < min ¢ (w=w) = US(C).
weS \{w*} ||w — w*|| weS\{w*} ms ms
O

First we extend the Lemma 5 in [17] to the general SPO setting. Let w}(z) = w*(g(x))

for any x € X and T, = {z € X' : g*(x)" (w}(x) — w}.(z)) > 0}.
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Lemma 3.3.7 (Lemma 5 in [17]). Suppose Assumption 3.3.1 holds. For any prediction
function g(-) and feature vector x € X, define wy(x) = w*(g(z)), and define Ty = {x € X :

g* ()" (w}(z) — wj.(x)) > 0}. Then there exists some constant v’ > 0, such that

Repo(g) — Ripo >+ - P(X € T,)"+1/x,

Proof. For any € > 0, it holds that

=
w0
ge)
o
e}
S~—
|
=
) *
o)
o

||
g
=
*
>
~
=
g
=
=
|
g
QD**
=

(P(X

where the last inequality comes from Assumption 3.3.1. By setting € < (P(X € T,)/~(1 + k)",
we have

RSPO(Q) - RgPo > fy’ . [P(X c 7;)(”4‘1)/%'
]

Proof of Theorem 3.3.2. For any prediction function g(-) : X — R, let dy(z) := g*(z)" (w}(z)—

wy.(z)) denote the optimality gap at feature vector x € X'. Then, for any ¢ > 0, it holds

that
Ex[dy(X)] = Ex[dy(X)1{dy(X) € (0,€)}] + Ex[dg(X)1{dy(X) > €}].

For the first term, we have
Ex[dy(X)1{dy(X) € (0,€)}] < e Ex[1{dy(X) € (0,€)}]
< ¢ Ex[1{d,(X) > 0}
% k/(k+1
<e- (RSPO<9)/_ RSPO) et )7
v

where the last inequality comes from Lemma 3.3.7. For the second term, it holds that for
any x : dy(z) € [0, €] we have

€

4y () 1{dy(7) > €} = 0 < s - 0(dy(0)
and for any x : d,(z) > € we have
dmmwm»h%MSj;wmw,

where the last inequality holds since (-) is convex and increasing, and ¥ (0) = 0. Therefore,
it holds that

€

W(e)

€

W(e)

M%MW%M>M§M{ w@wﬂs (Rilg) — R,
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where the second inequality holds since
U(dyg(7)) = (B [lspo(9(z), €) — Lspo(g7 (@), ¢)]) < Eepa[€(g(x), ) — L(g"(x), 0)]-
Therefore, we have
Rspo(g) — Rspo = Ex[dy(X)] = Ex[dy(X)1{dy(X) € (0,€)}] + Ex|[dy(X)1{dy(X) > €}]

o (sl o) e
N Y ()

(Relg) — Ry).

1/(k+1)
) , we have

. ' (R — R,
By choosing € < % - (%ﬂl

7, Rspo(9)—Ripo 1/(=+1)
Rspo(g) — Rspo _ 2 ( Y >

2 a 1/} (’y_’ . (RSPO(Q)_Rgpo)l/(H—i_l))
2 ~/

-(Re(g) — Ry),

which leads to

1/ (k+1)

]

3.4 Risk Bounds and Calibration for Strongly Convex
Level Sets

In this section, we develop improved risk bounds for the SPO+ loss function under the
assumption that the feasible region is the level set of a strongly convex and smooth function,
formalized in Assumption 3.4.1 below. The assumption allows the domain of the strongly
convex function to be a subset of R?. In particular, we define the domain set 7 C R?
by T := {w € R : hlw = s; Vi € [my],t;(w) < 0Vj € [mg]}, where h; € R? and
s; € R for i € [my], and ¢;(-) : R — R are convex functions for j € [my]. Clearly,
when m; = my = 0, the set T is the entire vector space R%. Also, let the closure of T
be T = {w € R : hTw = s; Vi € [my],t;(w) < 0Vj € [my]}, and with a slight abuse of
notation, let the (relative) boundary of 7' be 9T := T\T. For any function defined on 7T,
we consider the (relative) lower limit be lim,, ,57 = infss0 SUP,er.a(w or<s f(w), where the
distance function d(-,-) is defined as d(w, 9T) = min,car [|w — W'||2.

Assumption 3.4.1. For a given norm ||-||, let f : T — R be a p-strongly convex function on
T for some u > 0. Assume that the feasible region S is defined by S = {w € T : f(w) < r}
for some constant r satisfying Um,, . op f(w) > 7 > fom = minger f(w). Additionally,
assume that [ is L-smooth on S for some L > p.
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The assumption allows for a broad choice of feasible regions, for instance, any bounded
¢, ball for any ¢ € (1,2] and the probability simplex with entropy constraint. The latter
example, which can also be thought of as portfolio allocation with an entropy constraint, is
considered in the experiments in Section 3.5.

As in the polyhedral case, the distribution class Peon, symm 18 N0t restrictive enough to
derive a meaningful lower bound on the calibration function of the SPO+ loss. We instead
consider two related classes of rotationally symmetric distributions with bounded conditional
coefficient of variation. These distribution classes are formally defined in Definition 3.4.1
below, and include the multi-variate Gaussian, Laplace, and Cauchy distributions as special
cases.

Definition 3.4.1. Let A be a given positive definite matriz. We define Prot symm,a as the
class of distributions with conditional rotational symmetry in the norm || - || 4-1, namely

Prot symm,a = {P: Vo € X,3q(-) : [0,00] = [0, 00] such that P(c|z) = ¢(||c — ¢]|a-1)}

Let ¢ denote the conditional expectation ¢ = Elc|x]. For constants a € (0,1] and § > 0,
define
Paa = {P € Prot symma : Bepalllc — &3] < B2+ |lell%s, Vo € X},

and
Popa = {IED € Prot symm,a : Pea(||c — €lja—1 < B-[¢]ja1) > o, Vo € X} )

Under the above assumptions, Theorem 3.4.1 demonstrates that the calibration function
of the SPO+ loss is O(¢), significantly strengthening our result in the polyhedral case. The
results hold for the aforementioned case where the domain of f(-) may be a subset of R¢
which includes the entropy constrained portfolio allocation problem for example. Also, the
results provide lower bounds of the calibration function of two different distribution classes,
which include the multi-variate Gaussian, Laplace, and Cauchy distribution.

Theorem 3.4.1. Suppose that Assumption 3.4.1 holds with respect to the norm ||-|| 4 for some

positive definite matriz A. Then, for any € > 0, it holds that 5gspo+(e;735,14) > m% €

and Oygpe ., (€, Paga) > % - €.

Let us now provide some more intuition on the parameters involved in the definitions
of the distribution classes Pg 4 and P, 3.4 and their roles in Theorem 3.4.1. In both cases,
the parameter [ controls the concentration of the distribution of cost vector around the
conditional mean. The more concentrated the distribution is, the better the bounds in
Theorem 3.4.1 are. In the case of P, g 4, the parameter « relates to the probability that the
cost vector is “relatively close” to the conditional mean. When « is larger, the cost vector
is more likely to be close to the conditional mean and the bound will be better.

Our analysis for the calibration function (the proof of Theorem 3.4.1) relies on the follow-
ing two lemmas, which utilize the special structure of the feasible region to strengthen the
“first-order optimality” and provide a “Lipschitz-like” continuity of the optimization oracle
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w*(+). We want to mention that some of the results in the following two lemmas generalize
the results in [28] to the cases where the feasible region S is defined on a subspace of R?
rather than an open set in R?. Let H denote the linear subspace defined by the linear combi-
nation of all h;, namely H = span({h;}7), and let H* denote its orthogonal complement,
namely H* = {w € R : hjw = 0,Vj € [my]}. Also, for any ¢ € R? let projz.(c) denote
its projection onto H+. A special instance is when m; = my = 0, and thus H+ = R%. The
first such lemma strengthens the optimality guarantees of (3.2) and provides both upper and
lower bounds of the SPO loss.

Lemma 3.4.1. Suppose Assumption 3.4.1 holds with respect to a generic norm || -|. Then,
for any c1,co € RY, it holds that
c'(w—w(er)) > o 10j 1 (c) |« ||lw — w*(c1)||?,  Vw € S, 3.11
o (e)) 2 5 fprois ()l (@) (311
and
T * * L : * * 2
¢ (w(e2) —w¥(er)) < [projg . (c1)l«llw*(e1) — w*(e2)||" (3.12)
2 QM(T - fmin)

©

The two constants are the same since Theorem 12 in [43] showed that set S is a
strongly convex set. The following lemma provides upper and lower bounds in the difference
between two optimal decision based on the difference between the two normalized cost vector.

Lemma 3.4.2. Suppose that Assumption 3.4.1 holds with respect to a generic norm || - ||.
Let c1, ¢y € RY be such that projg.(c1), projg.(ca) # 0, then it holds that

* * 2p(r — finin rojL(c 0l (¢
[w*(e1) — w*(co)|| > 1( - ) || p Ji(e) __proj () |
Iprojps(en)lls [[proju- (e2)ll- Il

and
o (er) — w(ea)]| < Y2H ) || _proiu=(er)  proa-(e) |-
K |[proj g (c1) ||« IIproj 7o (c2) ||« i

Note that the lower bound of ¢! (w — w*(c;)) in Lemma 3.4.1 and the upper bound of
|w*(c1) — w*(c2)|| in Lemma 3.4.2 match bounds developed by [28]. Indeed, although [28]
study the more general case of strongly convex sets, the constants are the same since Theorem
12 of [43] demonstrates that our set S is a T’*——Strongly convex set. However, the

L(r—fmin)

upper bounds in Lemmas 3.4.1 and 3.4.2 appear to be novel and rely on the special properties
of strongly convex level sets. It is important to emphasize that we generally do not expect
all of the bounds in Lemmas 3.4.1 and 3.4.2 to holds for polyhedral sets. Indeed, for a
polyhedron the optimization oracle w*(+) is generally discontinuous at cost vectors that have
multiple optimal solutions. The properties in Lemmas 3.4.1 and 3.4.2 drive the proof of
Theorem 3.4.1 and hence lead to the improvement from O(e?) in the polyhedral case to O(e)
in the strongly convex level set case.
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By following similar arguments as in the derivation of Corollaries 3.3.1 and 3.4.1 presents
the sample complexity of the SPO+ method when the feasible region is a strongly convex
level set.

Corollary 3.4.1. Suppose that Assumption 3.4.1 holds with respect to the norm || - ||a for
some positive definite matriz A. Suppose further that the optimal predictor g*(x) = Elc|x] is

in the hypothesis class H, and there exists a constant C" such that R™(H) < % Let ggpo.

denote the predictor which minimizes the empirical SPO+ risk Ji’gpo+(~) over H. Then there
exists a constant C' such that for any P € P, 5 UPg and § € (0, %), with probability at least
1 -9, it holds that
. * C\/log(1/3)
Rspo(d8po+iP) — Ripo(P) < a2

Notice that Corollary 3.4.1 improves the rate of convergence to O(1/4/n) as compared
to the O(1/n'/*) rate of Corollary 3.3.1. This matches the rate for the squared ¢, surrogate
developed by [41] (though their result is in the polyhedral case).

Proof of Corollaries 3.3.1 and 3.4.1. Let b = supsey(x) cec £(¢,¢) < 2DsSupyeqy sex |9()||2-
For any 0 > 0, with probability at least 1 — ¢, for all g € H, it holds that

Ry(g;P) — I%’Z(g)’ < 4V2DgR"(H) + b 21%(1/6).

Since R"(H) < % and log(1/9) > log(2), we know that there exists some universal constant

(' such that
IV2DR" (H) + b\/zl%(l/é) < Oly/w,

for all § € (0,3) and n > 1. Since ¢, minimizes the empirical SPO+ risk Ripo, (), we

have Rfpe, (98%p04) < Ripo (98po4)- and therefore, with probability at least 1 — 4, it holds
that

o . log (1/0
Rspo+(dspos) — Rpos < 2Ch #

DgM DgM

Recall Theorem 3.3.1, the biconjugate of min{D;—QM, €} is D;—QM for e € [0, | and € —

2 1
for e € [2 S2M ,00|. Then if the assumption in Corollary 3.3.1 holds, with probability at least

1 — 9, it holds that

n i Cy/log(1/6)
Rspo(d8po+iP) — Ripo(P) < oA
for some universal constant Cs. Also, since the calibration function in Theorem 3.4.1 is linear
and thus convex, then if the assumption in Corollary 3.3.1 holds, with probability at least
1 — 4, it holds that
N * Cy/108(1/9)
Rspo(d8po+iP) — Ripo(P) < iz

for some universal constant Cj. ]
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In the remaining part of this section, we provide the proof of Theorem 3.4.1, Lemma 3.4.1,
and Lemma 3.4.2. Also, for any vector ¢ € R¢, we will use ¢ to represent the projection
proj. (c) for simplicity. Likewise, when ¢ = V f(w) we shorten this notation even further

to Vf(w).

First we provide some useful properties in the following lemma.
Lemma 3.4.3. If f(-) is u-strongly convex on S, the for all w € S, it holds that

IV F(w)[I? = v/2p(f (w) = funin).
Proof. First, for all ¢ € R? and w,w’ € S, it holds that

(w—w)—e(w—uw)=(c—&)(w—u)= Z ajhi(w —w") = 0.

Since f(-) is p-strongly convex, it holds that f(w') > f(z) + V f(w)" (' — w) + §llw" — w]|?
for all w’ € S. Therefore, it holds that

inf f(w) > inf { f(w) + V()" @ —w)+ S’ —w)|?|

w/'eS
= inf {f(w) + V()" (' = w) + L’ —w]*|
> il {f(w) + V() (W'~ w) + Gl —w]?}

— flw) - inww)ni.

Lemma 3.4.4. If f(-) is L-smooth on S, then for all w € S, it holds that

V)2 < V2L(f(w) = fuin)-
Proof. If V f (w) = 0, then the statement holds. Otherwise, there exists u € R? such that
lull = 1 and Vf(w)"u = [V f(w)ll.. Let v = ||V f(w)[l.u, we have |[v]| = ||V f(w)[l. and
Vf(w)Tv =V f(w)|. Let

a=supcd, s.t. f(w—av)<r.
Since g;(-) is continuous and g;(w) < 0 for all ¢ € [m;], we have a > 0 and since f(-) is
continuous, we have f(w — a®) = r. Since f(-) is L-smooth on S, it holds that
. . a’L . ~ . a’L, .
flw=av) < f(w) = aVf(w)"'s + —=[3l* = f(w) = aVf(w)'s+ =[]
~ oL ~ a’L
= fw) — ¥ () + S I51P < flw) 0¥ f(w) o+ E e

= fw) - w2
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Therefore, we have 2o — 2L < 0. Moreover, since a > 0, then it holds that a > % Now
we know that w — % € S, and

fun < (0= ) < flw) — o972

min > w )= w oL W)||%-
Therefore, it holds that |V f(w)]|« < /2L(f(w) — fuin)- O

Now we provide the proofs of Lemma 3.4.1 and Lemma 3.4.2.

Proof of Lemma 3.4.1. Let w; = w*(¢;) and we = w*(¢z). Since f(-) is p-strongly convex on
S, it holds that

F(w) = flwr) = VF(w)" (w = wn) > Zlw - w

Since the Slater condition holds, the KKT necessary condition indicates that there exists
scalar u > 0 such that ¢, +uV f(w;) = 0 and u(f(wy) —7r) = 0. When ¢ # 0, we additionally
have f(w;) = r. Therefore, it holds that

f (w—wy) = & (w—wy) = - (=V ) (w—w)) =u- (=¥ fw) (w—w))
u
> - (fwn) = fw) + Sllw—wi]?) = T w —w?
where the last inequality holds since f(w;) =r > f(w). Therefore, it holds that

plléa«flw — wi *

2V £ (w1) -

(3.13)

o (w—wi) >

Since f(-) is L-smooth on S, it holds that ||V f(w;)|l+ < /2L(r — fmm), and hence we have

(el o 1E1]]+
IV f(w)lls — V2L(r — fuin)

By applying the above inequality to (3.13), we can conclude that

(w—wy) > 1 Cllellw — w 2,
(=) 2 g il — il
On the other hand, it holds that
f (ws = wy) = & (ws = wy) = w- (= f(w) (ws = w))) = - (= f(w) (ws = wy)
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where the last inequality holds since f(w;) =7 = f(ws). Therefore, it holds that

L& - 2
s ) < Ml — ]

T 2Vl

(3.14)

Since f(-) is p-strongly convex on S, it holds that ||V f(w1)|l« > 1/2u(r — fuin), and hence
we have

el el
||vf(w1)”* B 2“(T - fmin)
By applying the above inequality to (3.14), we can conclude that

L
T . 2
¢ (w—wy) < €[] ffwz — wq ]|,
2 QH(T - fmin)
[
Proof of Lemma 3.4.2. Without loss of generality we assume ||¢1]|. = ||é2|l« = 1. Let w; =

w*(c1) and wy = w*(cz). By KKT condition there exists uy, us > 0 such that V f(w;) = —u,¢;
and f(w;) =r for i = 1,2. Also, since f(-) is u-strongly convex, it holds that

IV F(wi)lle > v/20(f (2:) = fuin) = V2007 = fuin),
for © = 1,2. Then, it holds that

IV f(wn) = V f(ws)|]. > min w61 — uylolle = /20(r = fuin) - |61 — G2l

U'pulgz V 2/1/(7"_fmin)

Moreover, since f(-) is L-smooth, it holds that

ler = el

s~ wall 2 1 -V F () — V). > 1 - [V F ) — 9w > Y

O

In the rest part of this section, without loss of generality we assume f,,;;, = 0. Also, since
w* (¢) = w*(¢) and ¢! (w*(d) — w*(c)) = " (w*(c') — w*(c)) for all ¢, € R?, we will ignore
the “notation and assume all ¢, € H+. In Theorem 3.4.2 we provide a lower bound of an
SPO-like loss.

Theorem 3.4.2. When ¢ # 0 and c+ 2A # 0, it holds that
2..1/2 2

(¢ +28)" (w*(c) — w*(c +24)) > 27/225/2

c+2A
o e+ 24l

lle + 24 -

*
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When the norm we consider is A-norm defined by ||x||4 = VaT Az for some positive definite
matriz A, additionally we have

2,.1/2

(c+28) (w(c) —w'(c+24)) > o

T A-1 2A
(llc+2A||A1 e ))

lell.a
Moreover, if P(c = 0) = P(c = —2A) = 0, it holds that

I 2,.1/2

lspo+(A) 2 21/275/2

TA-1(e 4 2A
]Ec[||c+2A||A1—C (c+ )}

e 4t

Proof of Theorem 3.4.2. Apply ¢; = ¢ and ¢o = ¢ + 2A to Lemma 3.4.2, we have

. c+2A
|lw*(c) — w*(c+2A)|| > /2u ’

By applying the above inequality to (3.11) we have

lell

(c+2A)  (w*(c) — w*(c+24)) >

//L * * 2
Nle + 2A, - lw*(e) — w* (e + 2A
> e+ 28 () — e+ 20|

V2 2A ?
> _HF -||c+2A||*.( Hr ' L )
2v2Lr llell.
o pErl? e+ 24 - B c+2A 2
o 21/2[5/2 : « e+ 24|
When the norm we consider is A-norm, then it holds that
2,.1/2 ¢+ 2A 2
2A)T (w*(c) — w*(c+2A)) > LT fle 424l - -
(C+ ) (UJ (C) w (C+ )) — 91/215/2 ||C+ ||2 HCHA—l HC+ 2AHA—1 =
2,.1/2 T g1 9A
_Hr ||C+2AHA*1_C (c+2A) '
ETAE fella
Moreover, if P(c = 0) = P(c = —2A) = 0, by taking the expectation of ¢ we get
1/2 T A1 2A
ulr c (c+2A)
(004 (8) 2 g Be o+ 2800 = ST
]

The following lemma provides a necessary condition on A such that the excess SPO loss
of ¢ = ¢+ A is at least e.

Lemma 3.4.5. Suppose the excess SPO loss of ¢ = ¢+ A is at least €, that is, ¢’ (w*(C +
A) —w*(¢)) > €. Then it holds that

2 21/2,u5/26
L LArRe)s

¢ c+A
lell« e+ All




CHAPTER 3. RISK BOUNDS AND CALIBRATION FOR A SMART
PREDICT-THEN-OPTIMIZE METHOD 58

When the norm we consider is A-norm defined by ||x||4 = VaT Az for some positive definite
matriz A, additionally we have

clA7 e+ A) - po!?

1 —
lella-r - e+ Alla-r = 22021 2|l 4

- €.
Proof of Lemma 3.4.5. In Lemma 3.4.1 we show that

(W (e2) = w*(er)) < sl " (er) = w(ea)]

2/ 2ur

Let ¢ = ¢ and ¢y = ¢, it holds that

(@)~ we+ M = 22 we+ &) - we) = A

Theorem 3 in [28] shows that for ¢1, ¢, € R? it holds that

)% . * *
ler = ol = Nord min{||ey[|s, [[ezl[} - [w"(e1) — w*(e2)]]-

By applying ¢; = 5~ and ¢z = ”EEI—AA”*, we have

2

‘E e+ A P P H(E) *<E—|—A)
—— = > w7 ) W oo
el lle+ AL — 2Lr 2]l e+ Al
2 1/2,,5/2
/’[‘ % [ — * [/ — 2 2 l,L €
S - A >
2Ly Hw (C) w (C“‘ )H = L2T1/2HEH*
When the norm we consider is 2-norm, it holds that
TA e+ A) 1] ¢ c+A | LT

1— ==
lella-1 - [le+ Afla- 2 ‘

lella-s N+ Alla-t [0 = 272022 el 4

]

From Theorem 3.4.2 and Lemma 3.4.5, we know that lspo(c, A) have a lower bound
2,.1/2

Ci(p, L, 1) - Lspo (¢, A), where Cy(u, L, 1) = ﬁ/gw and

cTA7 e+ 2A)

e 4t

lspoi (6 A) = [le+ 24 41 —

Moreover, the excess SPO risk of & = ¢+ A is at least € implies that Rgpo(A) > Cy(u, L,7)-€
5/2
where CQ(M, L,T) = WW% and

A e+ A)

Raro(A) = e 0 — CA D),
SPO( ) ”C”A 1 HE‘{’A”A*1
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Let Repoy(A) = Ecllspoy(c, A)]. We know that the calibration function 6(e) has a lower
bound ¢’(¢) which defined as

5 i=min Gy, Lor) - Bapo. ()
st. Rspo(A) > Cy(u, L,7) - e

Here we first provide two properties of random variable ¢ when P € Piot, symm-

(3.15)

Proposition 3.4.1. Suppose P € Prot symm- If ||¢ + (|la—1 = ||¢]|a—1 for some ( € RP, it
holds that

Ec [[le 4+ ¢lla-1] = Ec [[cfl a-].-
Proposition 3.4.2. Suppose P € Piot symm- When d > 2, for any constant t > 0, it holds
that
i, {ETA_lc

el 4

c||A-: min{||c||4-1,t
o s — ] > Bl mindlclo 1
t2 4 [|efl.art
Proof of Proposition 3.4.2. For simplicity we just assume ||¢ — ¢[[4-1 = ¢ from now on and
ignore the conditional probability. Let w = ¢ — ¢. Since p(c) = p(2¢ — ¢), we have

£, FTA_lc} 1 E, [ETA—lc N (_:TAjl(QE— c)}
lellar ] 2 lellar [12¢ — ¢l 4
g FTAl(Ew) ETAl(E—w)}
2 7L lle+wla e = wlla-

By the fact that ¢ A™'¢(||[c—w|[a-1 +||c+w][a-1) > 2|je| i |w]| a1 > A wo(||[e—w]| a-1 —
|é+ 1wl 4-1), it holds that eX A=Y (e+w)||c — w| 41 + T A7 (e —w)||c — w]|[4~+ > 0 and hence

AN e+w) AN (e—w)
1€+ wlla 1€ = wlla-

> 0.

Therefore, we further get
[CTA_IC] 21 [CTA_I(C +w) rA7l(E—w)
c - 5 C

clwe C’} P(w e O),

lefla- e+ wlla e = wlla
where C' = [—|¢|%-1, ||€]|3-1]. For any w such that ¢'w € C, we have
AN e+w) AN e—w) - A Y e+ w) A7 e —w)
e+ wlla e —wllar — flellar + lwllar lelfar + flwlla-
2¢" A7 le

lellar + flwlfas
Also, when d > 2, we have P(¢'w € C) > w Then we can conclude that

E [ETA—lc] - lle]l%- min{]|e]| 4-1, ¢}
“Llella 2+ [l at
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By first-order necessary condition we know that A is an optimal solution to (3.15) only
if
for some v > 0. Also, for any fixed A, it holds that

A7l c+2A) Ale

VRspoi (D) =E, -
Rgpo 1 (A) lc+ 24041 lcfla

and

— AN e+ A)-ATA - ATA Y e+ A)- A le
vPLSPO(A) = ( ) Hé_’_AH?Afl ( ) .

The following lemma simplifies Vlspo (A).

Lemma 3.4.6. Suppose P € Pyot symm. Lhen there exists a unique function ((-) : [0, 00] —
[0, 00] such that for all A € R?, it holds that

{ c+ A

m] = (([[e+Alla-1)(c + A).

Also, a - ((«) is a non-decreasing function.
Proof. Let h(A) denote EC[Hgiﬁll]' First we show that h(A) has the same direction as

¢+ A. Let ¢a(-) denote the affine transform ¢a(-) : & — %(E—i— A) —¢. We have
A—1

Pa(da(§)) = € and [|Ela-r = [[#a(§)lla-r for all & € R?. Tt leads to p(§) = p(oa()) and
hence

1 c+ A oalc+ A) } 1 |:(C+A)+¢A(C+A)
h(A) = =E, = 2E,
(8)=3 ho+Am1 [oatc+ A)as] ~ 2 Te Al
(E+A)TA_1(0+A) } B
=E, — c+ A).
[w+muvw+Aml( )
Now we let

. (c+A)TA e+ A) ]
c+ A :EC{ — ,
et A) =B [ AT e+ AR

and we want to show that ((é + A) = C(é+ A) if ||c + A4+ = ||+ A’f|4-1. Since
e+ Al4-r = ||€¢ + A”||4-1, there exists a matrix R € R¥? such that A=Y2(¢ + A') =
RA™Y2(¢+ A) and RRT = RTR = I. Let ¢ be a random variable depending on ¢ where
d = AYV2RA7V%(c — &) + ¢. It holds that A=Y/2(¢ — ¢) = RAY/2(c — ¢), which implies that
| = €||4-1 = ||c — €|[4-1 and therefore p(c — &) = p(c’ — ). Also, we have A~Y2(¢ + A) =
RA™Y2(c + A), which implies that ||¢/ + A’||4-1 = ||c + Al|4-1 and therefore

e+ ANVTATN(+ A (E+A)TATV2RTRAT2(c+A)  (E+A)TA Y c+A)

N = e+ Al T et Al
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Moreover, since det(AY?2RA~1/2) = 1, it holds that

(e+ANTA e+ A’)] _E, [(c + ANTAY + A’)] g, l(c + ANTA Y (e + A

E.

le+ A4 ¢+ A|| 4 le + A'fla—
Therefore,
o 1 (e+ANTA Y (c+ A)
CC+A _ T ° c|: ’
&) = ar, o+ A
1 (E+A’)TA_1(0+A’)} s
S . E, =((c+ A").
R { fot Aas {ex8)

Therefore, we know that ¢ (1) : R — R is a well-defined function based on the above property
of ¢(-). Now we are going to prove that o - ((c) is a non-decreasing function. Pick arbitrary
af > o > 0, we have ((a)) = ((a; - ¢) and ((of) = ((ag - ¢), where a; = /||¢[|a-1 for
1 =1, 2. Therefore,

ay - ¢(ah) = ah - ((ah) & ar - {(ar &) = as - ((az - ©)

(a1 -e)TA™ Y ((c—¢) + ;- ©) }> E[ (ag-e)TA™ ((c—¢) +as - C)
= ol | 1

(e —¢)+ar-clla-r - [loa-elf c—¢)+oay-cllar - floz- el
i, {ETA_l(Ec —©) +_a1 : 6)] S E, [ETA_l((_c - ) +_a2 : 5)} .
||(C—C)+051'CHA—1 H(C—C>+a2'C||A—1

s E, |:

It is sufficient to show that

A Y+ g -0 S A Y+ ay-0)
[C+ar-ellass — [[(+az-clla

(3.17)

for all ¢ € R? when a; > as > 0. We divide the proof into three cases. When ¢” A=1(¢ +
ar-¢) > AN+ ag - ¢) >0, (3.17) is equivalent to
(AT (CHar-0) I+ az- el = (AT CHaz-8) - [IC+an - elfi
Slar—a) (FAN(C+ar- o)+ A ((+ax-0) (FAe-(TATI (= (e"A7Y¢)?) > 0.
When ¢ (C+a;-¢) > 0> c'(C+ay-c), we know that left hand side of (3.17) is non-negative
and right hand side is non-positive. When 0 > &7 (¢ + a3 -¢) > (¢ + ay - ), (3.17) is
equivalent to
@A CHar-0)  [C+ag-elis < (@A CHar-0) - ¢ +ar -]’
Sl —ar) (A CH+a- o)+ A ((+az-6) (FA7e- (TATIC = (e"A7¢)?) <.

O
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Following the results in Lemma 3.4.6 we have

_ 2A
& {ucu(;_l} = Clllellare, B [ﬁ} = C(lle+ 24 a1)(E+24).

Hence, (3.16) is equivalent to

A e+ A)-A—-ATA e+ A)-¢

C(HE+ QAHA‘l)(E_'_ QA) - C(HEHA—l)E = Q- Hé+ AH?al—l

Since ¢ and A are linearly independent, (3.16) is further equivalent to

2(e+280a) o ((le+2A]am) = ¢(llella-)
clA-1(c+ A) e+ 2A3 -, —ATA- (e + A) ’

which is also equivalent to
6+ 28)T A7 @+ A) - ((Je+2A04) = AT+ A) - Cllelar). (3.18)
Lemma 3.4.7. Suppose P € Prot symm and A is a solution to (3.16), then it holds that
e+ 2A] 41 = llefla,

and ) R )
(e+20)TA e+ A)=c"A7 e+ A).

Proof. Suppose ||¢+2A[[4-1 # ||é]a-1. Without loss of generality we assume ||¢+2A[ 4-1 >
|¢|| a-1. Following results in Lemma 3.4.6 we know that

1€+ 2A[a-1 - ([l + 2A[[a-1) = |[e] a-r - C([|e]la-).
Also, it holds that
AT A—1(7 1 A Lo A2 cll2
ATANe+A) = (lle+ 2415 = flel3-+) > 0.
Since (¢ +2A)TA e+ A) = (64+ A)TA e+ A)+ ATA (e + A) > 0, it holds that
@+ 2A)TA e+ A) A Y e+ A)
&+ 2R 4 el
@+ 20)TAC+A) - e)lar > T ATE+A) - |le+ 24 4
o o 2 o 2 ~
= ((a+ 2A)T A~V (e + A)) ElfEos > (ETA_l(E—Ir A)) e+ 274

o (Ama e+ 4)) - (I + AR AT - (ATA7 e+ )2) >0
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Therefore, we have
@+ 20)TAT e+ A) - ((le+ 24 a-1) > " A7 E+ A) - ¢(flef a-),

which contradicts with (3.18). Therefore, we have ||¢ + 2A||4=1 = ||&||a-: and hence (¢ +
20M)TA Y e+ A)=cl A7 e+ A). O

Based on the above property, we provide a lower bound of calibration function.
Theorem 3.4.3. Suppose Assumption 3.4.1 holds and P € Prot symm, then the calibration
function 6(+) satisfies

d(e) > E

min o1, fle = alla} ] el
[Te=elPs + lellaille—elar) 297 ©

for all e > 0.

Proof. First we know that d(e) > 0’(¢). Also, Lemma 3.4.7 shows that for optimal A, it
holds that ||¢|4-1 = ||¢ + 2A||4-1. By the definition of Rgpg,, we have

c'A (e +2A
Repo, (&) = Eultspo, (¢, A)] = E. [Hc+ oAy — AL >]

[e]| a-1
ZCTAlA}

leflar |

_E. [llc + 2A]41] = E. [[lc] o] — E. [

Since ||¢ + 2Al|4-1 = ||¢||a-1, Proposition 3.4.1 shows that E. [||c + 2Al|4-:] = E. [||¢|| a-1].
Therefore, it holds that

Rspo. (8) = —E, [W_ﬂ Lk [(c + cbo(C))TAlA]
Iell- [ello-

—TA—l —TA—IA —TA—l _—TA—IA
:Ec[c c ¢C }:Ec[c c]. c

el lella [represt lle]l%-
c'A el ATATIA

- Ec ' —2 )
lella-r | llell%

where the last inequality holds since (¢ + A)?A7'A = 0. Based on the result in Proposi-
tion 3.4.2, we have

crA el min{llella-1, [lc — ella-1}
C Z IEjC —112 _ — .
el 4 le = el + el a-rlle = ella

Also, let € = Cy(p, L, 7) - €. In the constraint we have

T A—1/=
A e+ A) > ¢

c S
el = Terans 2
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and hence ||¢|[4-1 — ||¢ + Alja-1 > €. Since ||¢]|a-1 > €, it holds that (||¢]|4-1 — €)? >
|€ + A||%-:. This implies that ATA™A > 2[|¢]| 4-1€' — €* > ||c||a1€ = [|E]l a1 Calp, L, 7)e.
Therefore, we conclude that

b0 > . [l o~ o) ],mﬂwm4g

le = ell%— + llella-tlle — - 2197
O
We are now ready to complete the proof of Theorem 3.4.1.
Proof of Theorem 3.4.1. From Theorem 3.4.3, we know that
i zl 4 — el Y Nell L 9/2
5(6;56,1?) > Ec|ac |:IH111{||?||124 1 ||C _ CHA 1} UCHA 1:| . M - Z
le —ell%— + llella-slle = ellas | 219
i -C c?
Also, by mlr{%ijcfg L > 2(c§ic§) for all ¢1, co # 0, we have
el } pe
oe;z,P) > K., — — . : 3.19
(600> B | K] 319
Moreover, for all P € P, g, it holds that
el } { el _ _
Bae | S ST p e ellac < 8- el
"Ll + e = el ) = 7 Llele + fle = el
Pep(lle —ellar < 8- flefla)
!
> )
“ 11
and for all P € Pg, it holds that
£ [ I el 1
el + lle =l ]~ llellf-s + Eallle —ell%-a] — 1+ 82
By applying the above two inequalities to (3.19) we complete the proof. O

3.5 Computational Experiments

In this section, we present computational results of synthetic dataset experiments wherein
we empirically examine the performance of the SPO+ loss function for training prediction
models, using portfolio allocation and cost-sensitive multi-class classification problems as our
problem classes. We focus on two classes of prediction models: (i) linear models, and (7i)
two-layer neural networks with 256 neurons in the hidden layer. We compare the performance
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of the empirical minimizer of the following four different loss function: (i) the previously
described SPO loss function (when applicable), (i) the previously described SPO+ loss
function, (7i) the least squares (squared f3) loss function ¢(¢,c) = ||¢ — ¢||3, and (iv) the
absolute (¢1) loss function ¢(¢,c) = ||¢ —¢||;. For all loss functions, we use the Adam method
of [47] to train the parameters of the prediction models. Note that the loss functions (%ii)
and (iv) do not utilize the structure of the feasible region S and can be viewed as purely
learning the relationship between cost and feature vectors.

3.5.1 Entropy Constrained Portfolio Allocation

First, we consider the portfolio allocation [56] problem with entropy constraint, where the
goal is to pick an allocation of assets in order to maximize the expected return while en-
forcing a certain level of diversity through the use of an entropy constraint (see, e.g., [19]).
Alternative formulations of portfolio allocation, including when S is a polyhedron or a poly-
hedron intersected with an ellipsoid, have been empirically studied in previous works (see, for
example [29, 41]). The objective is to minimize ¢’ w where c is the negative of the expected
returns of d different assets, and the feasible region is S = {w € R : w > O,ZL w; =
1, Z?Zl w;logw; < r} where r is a user-specified threshold of the entropy of portfolio w.
Note that, due to the differentiability properties of of the optimization oracle w*(-) in this
case (see Lemma 3.5.1 in the Appendix), it is possible to (at least locally) optimize the SPO
loss using a gradient method even though SPO loss is not convex.

In our simulations, the relationship between the true cost vector ¢ and its auxiliary fea-
ture vector x is given by ¢ = ¢98(Bx) ® ¢, where ¢9° is a polynomial kernel mapping of
degree deg, B is a fixed weight matrix, and € is a multiplicative noise term. The features are
generated from a standard multivariate normal distribution, we consider d = 50 assets, and
further details of the synthetic data generation process are provided in the data generation
processes and technical details paragraph. To account for the differing distributions of the
magnitude of the cost vectors, in order to evaluate the performance of each method we com-
pute a “normalized” SPO loss on the test set. Specifically, let ¢ denote a trained prediction
model and let {%;,¢}7, denote the test set, then the normalized SPO loss is defined as

Z;igyipi(fg;)’éi), where z*(¢) := minyeg ¢’ w is the optimal cost in hindsight. We set the size
=1 1

of the test set to 10000. In all of our experiments, we run 50 independent trials for each
setting of parameters.

Figure 3.1 displays the empirical performance of each method. We observe that with a
linear hypothesis class, for smaller values of the degree parameters, i.e., deg € {1,2}, all
four methods perform comparably, while the SPO and SPO+ methods dominate in cases
with larger values of the degree parameters. With a neural net hypothesis class, we observe
a similar pattern but, due to the added degree of flexibility, the SPO method dominates
the cases with larger values of degree and SPO+ method is the best among all surrogate
loss functions. The better results of the ¢; loss as compared to the squared ¢y loss might
be explained by robustness against outliers. Section 3.5.3 also contains results showing the
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Figure 3.1: Normalized test set SPO loss for the SPO, SPO+, least squares, and absolute
loss methods on portfolio allocation instances.

observed convergence of the excess SPO risk, in the case of polynomial degree one, for both
this experiment and the cost-sensitive multi-class classification case.

Data Generation Processes and Technical Details. Let us describe the process used
for generating the synthetic data sets for portfolio allocation instances. In this experiment,
we set the number of assets d = 50 and the dimension of feature vector p = 5. We first
generate a weight matrix B € R?*?, whereby each entry of B is a Bernoulli random variable
with the probability P(B;; = 1) = 3. We then generate the training data set {(x;, ¢;) 7,
and the test data set {(Z;, ¢;)}™, independently according to the following procedure.

1. First we generate the feature vector x € R? from the standard multivariate normal
distribution, namely z ~ N (0, I,,).

7.\ deg
2. Then we generate the true cost vector ¢ € R? according to ¢; = [1 + (1 + b%) €
for j = 1,...,d, where b; is the j-th row of matrix B. Here deg is the fixed degree
parameter and ¢;, the multiplicative noise term, is a random variable which indepen-
dently generated from the uniform distribution [1 — €, 1 + €] for a fixed noise half width
€ > 0. In particular, € is set to 0 for “no noise” instances and 0.5 for “moderate noise”

instances.
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In Lemma 3.5.1 we show that the optimization oracle w*(-) is differentiable when the
projection of the predicted cost vector ¢ is not zero for the entropy constrained portfolio
optimization example.

Lemma 3.5.1. Let T = {w € R? : w > 0,17w = 1} denote the interior of the probability
simplex. For any vector ¢ € R?, let ¢ denote the projection of ¢ onto T. Let f(w) =
Z?Zl —w; log(w;) denote the entropy function. For some scalar r € ( fuin, im, 5 f(w)),
let S ={weT: flw) <r}. Letw*(c)= argmingesclw. Then it holds that w*(c) is
differentiable when ¢ # 0 where ¢ is the projection of ¢ onto the subspace {w € R : 17w = 0}.

Proof. Let softmax(-) : R? — R? denote the softmax function, namely

exp(c1) exp(ca) '

Z?:l exp(c;) s Z?:l exp(c;)

Using KKT condition, we know that for any ¢ € R? such that & # 0, there exists some
scalar u(c) > 0 such that ¢ = —u(c) - V f(w*(c)), and therefore w*(c) = softmax(—¢/u(c)).
Since the softmax function is differentiable and ¢ is differentiable with respect to ¢, we
only need to show that the function u(c) is also differentiable with respect to ¢. Indeed,
when ¢ # 0, we have f(w*(c)) = r, which is equivalent to f(softmax(—¢/u(c))) = r. Let
¢(c,u) = f(softmax(—¢é/u)). Since ¢(c,u) is a decreasing function for v > 0, by inverse
function theorem we have ‘jfé = gj;gz, and hence u(c) is also differentiable with respect to
c. [

softmax(c) =

3.5.2 Cost-Sensitive Multi-Class Classification

Here we consider the cost-sensitive multi-class classification problem. Since this is a multi-
class classification problem, the feasible region is simply the unit simplex S = {w € R? :
w >0, Zle w; = 1} We consider an alternative model for generating the data, whereby the
relationship between the true cost vector ¢ and its auxiliary feature vector x is as follows:
first we generate a score s = (¢4 (b’ z) ® €), where ¢° is a degree-deg polynomial kernel,
b is a fixed weight vector, € is a multiplicative noise term, and o(-) is the logistic function.
Then the true label is given by lab = [10s| € {1,...,10} and the cost vector ¢ is given
by ¢; = |i —lab| for i = 1,...,10. The features are generated from a standard multivariate
normal distribution, and further details of the synthetic data generation process are provided
in the data generation processes and technical details paragraph. Since the scale of the cost
vectors do not change as we change different parameters, we simply compare the test set SPO
loss for each method. We still set the size of the test set to 10000 and we run 50 independent
trials for each setting of parameters. In addition to the regular SPO+, least squares, and
absolute losses, we consider an alternative surrogate loss constructed by considering the
SPO+ loss using a log barrier (strongly convex) approzimation to the unit simplex. That is,
we consider the SPO+ surrogate that arises from the set S := {w € R% : w > 0, Z LW =
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Figure 3.2: Test set SPO loss for the SPO+ methods with different feasible regions on the
cost-sensitive multi-class classification instances.

1,— 3% logw; <} for some r > 0. Details about how we chose the value of r are provided
in the data generation processes and technical details paragraph.

Herein we focus on the comparison between the standard SPO+ loss and the “SPO+
w/ Barrier” surrogate loss. (The more complete comparison of all the method akin to
Figure 3.1 is provided in Figure 3.3.) Figure 3.2 shows a detailed comparison between these
alternative SPO+ surrogates as we vary the training set size. Note that the SPO loss is always
measured with respect to the standard unit simplex and not the log barrier approximation.
Interestingly, we observe that the “SPO+ w/ Barrier” surrogate tends to perform better
than the regular SPO+ surrogate when the training set size is small, whereas the regular
SPO+ surrogate gradually performs better as the training set size increases. These results
suggest that adding a barrier constraint to the feasible region has a type of regularization
effect, which may also be explained by our theoretical results. Indeed, adding the barrier
constraint makes the feasible region strongly convex, which improves the rate of convergence
of the SPO risk. On the other hand, this results in an approximation to the actual feasible
region of interest and, eventually for large enough training set sizes, the regularizing benefit
of the barrier constraint is outweighed by the cost of this approximation.

Data Generation Processes and Technical Details. Let us describe the process used
for generating the synthetic data sets for cost-sensitive multi-class classification instances.
In this experiment, we set the number of class d = 10 and the dimension of feature vector
p = 5. We first generate a weight vector b € RP, whereby each entry of b is a Bernoulli
random variable with the probability P(b; = 1) = 1. We then generate the training data
set {(x;,¢;)}7, and the test data set {(Z;, )}, independently according to the following

procedure.

1. First we generate the feature vector x € R? from the standard multivariate normal
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Figure 3.3: Test set SPO loss for the SPO+, least squares, and absolute loss methods on
cost-sensitive multi-class classification instances.

distribution, namely = ~ N(0, I,,).

Then we generate the score s € (0,1) according to s = o ((b7x)%% - sign(b”z) - €),
where o(-) is the logistic function. Here €, the multiplicative noise term, is a random
variable which independently generated from the uniform distribution [1 — €, 1 + €] for
a fixed noise half width € > 0. In particular, € is set to 0 for “no noise” instances and
0.5 for “moderate noise” instances.

Finally we generate the true class label lab = [10s]| € {1,...,10} and the true cost
vector ¢ = (¢1,...,¢10) is given by ¢; = [j — lab| for j =1, ..., 10.

In the cost-sensitive multi-class classification problem, we consider the SPO+ method

using

a log barrier approximation to the unit simplex. For the choice of the threshold r,

according to Assumption 3.4.1 we will need r > fu, and r < lim, 5 f(w). In this log
barrier scenario, we have fu, = dlogd and lim, ,»; f(w) = co. Therefore, we pick the
threshold r = 2dlogd. Of course, one may consider a more careful tuning of this hyper-
parameter. Nevertheless, even with our simplistic approach for setting it we observe benefits
of the SPO+ loss that uses a log barrier approximation to the unit simplex.
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Figure 3.4: Normalized test set excess risk for the SPO+ methods on instances with poly-
hedron and level-set feasible regions.

3.5.3 Excess Risk Comparison

In Figure 3.4, we provide the empirical excess risk comparison of the cases with polyhedral
and level-set feasible regions. The case with polyhedral feasible region are the cost-sensitive
multi-class classification instances with simplex feasible region, and the case with level-set
feasible region are the entropy constrained portfolio optimization problems. The main metric
we use in Figure 3.4 is the normalized excess risk, which for each case, is defined as the excess
risk over the averaged excess risk with sample size n = 100. For each type of feasible region,
the excess risk is calculated by the difference between the SPO risk of the predictions given
by the trained model and the true model. Also, we set polynomial degree equals to one with
moderate noises, which means the true model is in the hypothesis class. The main purpose
of this plot is not checking if the order of the calibration matches the theoretical results, as
these are only worst case guarantees, but qualitatively comparing the convergence of excess
risk with different types of feasible regions.
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Chapter 4

Online Contextual Decision-Making
with a Smart Predict-then-Optimize
Method

4.1 Introduction

Decision-making over time in the presence of uncertainty is a common task across many
applications of machine learning. Some typical example problems include online network
revenue management, resource allocation, and advertisement bidding. In these settings,
there is a trade-off between immediate rewards and rewards received at a later time. This
trade-off exists since each decision that is made consumes some of a limited amount of
resources. Often, the decision-maker does not have full knowledge of the relevant parameters
dictating the amount of the rewards and resources consumed at time ¢, and instead has
available contextual information that is related to these parameters and can be used to
reduce uncertainty in the decision-making process. Indeed, contextual information such as
search history, previous reviews, users characteristics, and many others may be available. For
example, in online advertising we may not precisely know the probability that the user would
click on a given advertisement, but we may build a machine learning model for predicting
this probability based on characteristics of the user and the advertisement.

Recently, there has been a growing interest in the development of machine learning
models in the “predict-then-optimize” (or “decision-focused”, “end-to-end learning”, etc.)
setting, where models are trained in a way that is guided by the objectives of a downstream
optimization task. See, for example, the works of [20, 25, 29, 44, 30, 40, 68, 48], and the
references therein, among others. Prior work in this landscape has primarily been focused
on the standard “static” setting where decision-making over time is not a critical aspect
and there is no consumption of resources. In this work, we develop a new framework for
integrating decision-focused learning methods, using predict-then-optimize losses, into the
online decision-making task. Effectively utilizing the structure of the underlying optimization
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problem in the decision-making task leads to better decisions more quickly and a better
management of the trade-off between immediate and future rewards, which we demonstrate
in our numerical experiments. Specifically, we focus on an online contextual stochastic convex
optimization problem where we would like to maximize the average (equivalently total) linear
reward over time plus a concave utility function that measures the desirability of the average
resource consumption levels so far. Our model also includes a convex feasibility constraint
on the resource consumption vector. At each time period, the decision-maker is given some
contextual features that are associated with the coefficients of the unknown reward objective
and resource consumption matrix. We present a “meta-procedure” for online-decision making
which involves a prediction step as well as a decision step. In the prediction step, a model
is trained for predicting the unknown coefficients based on the history of observed contexts
and corresponding coefficients. In the decision step, we use these predictions to solve a linear
optimization problem with a known feasible region to make a decision.

Due to the linear structure of the underlying optimization problem in our meta-procedure,
we can apply the Smart Predict-then-Optimize (SPO) loss function and its SPO+ convex
surrogate loss function developed by [29]. Importantly, the SPO loss function measures the
regret of a prediction against the best decision in hindsight and is the ideal loss function to
measure the error of the prediction models that we build. Unlike the standard SPO setting,
we need to account for the trade-offs present due to the consumption of resources. To do
so, we apply the customary technique of introducing dual variables and using primal-dual
methods (see, e.g., [4]). As such, at each time period, we update a set of dual variables
using the method of online mirror descent [79] and then we update the prediction model
by minimizing a surrogate of the SPO loss on a dataset constructed by combining past
observations with the current dual variables. A critical part of our contribution involves
bridging convergence theory for primal-dual online methods with learning theory in the
predict-then-optimize setting. In particular, we prove regret bounds for our overall algorithm
that combine the O(T~1/2) convergence of online mirror descent with the convergence of the
learning process, the rate of which depends on which surrogate loss function is used. To
analyze the latter, we leverage risk bounds and related recent statistical results on the SPO
loss and its surrogate loss functions [29, 28, 41, 67, 51]. These results enable us to use a
general hypothesis class for fitting the prediction model. More specifically, we are no longer
limited to the previously studied linear context or finite policy assumptions [2, 14], and more
complex machine learning models, such as random forests and neural networks, may be used.
Our bounds hold in both hard and soft resource constraint cases, and we extend prior results
using standard upper bound consumption constraints on each resource to arbitrary convex
consumption constraints. On the experimental side, we examine the empirical performance
of different loss functions in the prediction step of our algorithm. On multi-dimensional
knapsack and longest path instances, we observe that the methods which perform best are
those that account for both resource consumption via dual variables as well as the structure
of the optimization problem via SPO-like loss functions.

Online contextual learning problems have been previously studied under varying assump-
tions in several different settings. As in our setting, some of these works, including those
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that study online linear/convex programming, consider the case where full information is
provided after a decision is made (see [54, 6, 4, 42, 50, 16, 49, 83, 52], among others).
Other authors have considered bandit and related problems where only partial information
is revealed after the decision is made (see [5, 3, 15, 2, 31, 14, 71|, among others).

4.1.1 Notation

Let ® represent element-wise multiplication between two vectors. Let I, denote the p by p
identity matrix, and let e denote the vector of all ones in the appropriate dimension. We
will make use of a generic given norm || - || on w € R, as well as its dual norm || - ||,
which is defined by [|¢[. = maxy. <1 ¢"w. With a slight abuse of notation, we also let
|| - || refer to a (possibly different) generic given norm on v € R™, where which norm we are
referring to is clear from the dimension of the corresponding vector. For any convex function
f(-) : F — R with its domain F', let f*(-) denote its Fenchel conjugate function, namely
[*(y) := sup,ep{y’z — f(x)}. We also make use of the big O notation to omit absolute
constants.

4.2 Online Contextual Convex Optimization and
Preliminaries

We now formally describe our online contextual stochastic convex optimization problem,
which is prevalent in online decision-making. We assume there are 7' rounds of decision-
making. At each round ¢, we make a decision w; € S C R?, and associated with this decision
is a “budget consumption vector” v, € R™. Specifically, let S C R? denote the convex
and compact feasible region of the decision variables and let V C R™ denote the closed
and convex feasible region of consumption vectors. In addition, there is a “utility function”
u(+) : R™ — R, assumed to be L-Lipschitz and concave with u(0) = 0, that describes the
consumption vector spending preferences of the decision-maker. We assume that we have
full knowledge of S, V, and u(-).

Example 4.2.1. Consider a multi-dimensional knapsack problem where, in each round, the
decision-maker receives d different orders and may accept at most k < d of them. FEach
accepted order receives a reward and consumes some of m different resources. The amount
of resources available per round is b € R™. The selling price vector of any leftover resources
is y € R™. In this case, the decision space is S = {w € R? : ijl w; < k,0<w < e}, the
resource consumption feasible region is ¥V = {v € R™ : v < b}, and the resource consumption
utility function is u(v) = y* (b —v)*.

At time ¢, a tuple (x4, 7, V;) is identically and independently drawn from an unknown
distribution P, where r, € R? denotes the reward vector, V; € R¥™ denotes the budget
consumption matrix, and z; € RP denotes the feature vector which contains contextual
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information about r; and V;. The reward vector and consumption matrix are unknown when
the decision w; € S needs to be made, while the context vector z; is given instead. After
the decision w; is made, the actual values of r; and V; will be revealed, and we will receive
TtT w; as reward and also incur vy := V;th consumption in the budget. Let 7., and vay,
denote the total averaged reward and consumption values, namely 7,y = %Zle rlw; and

Vavg = %ZtT:l vy. The simultaneous objectives of the decision-maker are: (i) maximize the
reward plus the utility of the budget consumption, i.e., max{7ayz + w(Vayg)}, and (ii) ensure
that the average consumption remains feasible, i.e., vayg € V.

4.2.1 Primal-Dual Formulation and Meta-Procedure

Online decision-making problems, including online linear optimization and bandit problems
with constraints, have been well-studied in the machine learning and operations research
communities, wherein a common method to address budget consumption utility and/or
feasibility constraints is with the primal-dual max-min form of the original problem. In our
setting, we will need two sets of dual variables, 6§ and A, to address both consumption utility
and feasibility constraints simultaneously. Let dy(-) denote the distance function to the set
V, measured in the given generic norm || - ||, and let and ¢ be the positive budget penalty
parameter. That is, dy(-) is defined by dy(v) := infzey |0 — v||. Then, for any values of
Tavg aNd Vaye as defined above, we can consider a penalized version of the objective and its
primal-dual reformulation using conjugate functions as follows:

Favg - 0(0sg) =y (vg) = nE {7 = (g = (=0 () = - (7 = 5 (0)}, (41)

where A and © are the domains of the conjugate functions (—u)*(-) and dj(-), respectively.
Note that L-Lipschitzness of u(-) and 1-Lipschitzness of dy(-) imply that the domains satisfy
AC{AeR”: |\l < L}and © C {# € R™ : ||f||, < 1}. The main benefit of the
introduction of the dual variables is that the primal-dual objective becomes linear in the
average reward and consumption whenever the dual variables are fixed. Thus, it is viable to
apply an online descent method to the primal-dual min-max problem, which consists of two
steps: (i) making a decision by solving an optimization problem with a linear objective, and
(ii) updating the dual variables via online descent. Algorithm 4.1 below presents a “meta-
procedure” that combines these two steps with a prediction step for predicting the reward
vector and consumption matrix based on the context x;. We will specify the precise methods
for the prediction model and dual variables update later in Section 4.3.

Algorithm 4.1: A “meta-procedure” for online contextual decision-making at
time ¢
1 Observe feature vector x;;

2 Make predictions (7, V) < g;(2;) for reward and consumption;
3 Make the decision w; +— arg max,es{ (7 — Vi — ¢- f/tﬁt)Tw};
4 Observe realized reward r; and consumption V;;

5 Update dual variables 0,1, \;11, and prediction model g;11(+);
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4.2.2 Benchmark

In the theoretical part of this work, we compare the performance of the proposed online
algorithm against the performance of the optimal static policy, i.e., a policy which knows
the distribution IP but only requires to satisfy the resource budget constraints in expectation.
The formal definition of the optimal static policy is given below.

Definition 4.2.1. Consider any static policy 7(-) : X — S, and define the expected reward
and resource consumption of w(-) as

rew () := E(rvyp[r’ 7(z)], and con(r) = E ,.v)p[V ' 7(2)].
Also, define the optimal static reward as the supremum of all feasible static policies, namely

OPT := sup {rew(m) + u(con(m))}, s.t.con(w) € V.

Another benchmark would be the optimal adaptive policy, which knows the distribution
P and also takes the history into account. It turns out that the expected total reward of this
adaptive policy is upper bounded by the one from the static one [2]. As has been considered
in similar settings (see, for example, [24, 13, 2]), we will therefore work with the optimal
static policy benchmark defined above.

4.3 An Online Algorithm using
Predict-then-Optimize and Mirror Descent

In this section, we specify the details for the prediction model and dual variables updates
in Algorithm 4.1. In particular, we first describe the predict-then-optimize methodology
for learning the prediction model and then describe the online mirror descent method for
updating the dual variables.

4.3.1 Prediction Model Updating and the SPO Loss

In order to obtain a model for predicting reward vectors and consumption matrices, namely
a prediction function g : R? — RYxR¥™ we may leverage machine learning methods to learn
the underlying distribution P from previously observed data {(x1,r1, V1), ..., (z4—1,7¢-1, Viz1)},
which are assumed to be independent samples from P. Notice that the optimization sub-
routine to determine w; in Algorithm 4.1 involves a linear objective function. Ideally, with
full knowledge of the distribution P, one would determine w; by solving the optimization
problem

max Ervap(|2) [(T —VA-(- V@)Tw] = max E,vp(yr —VA—=(- Vol w. (4.2)
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Due to the linearity of the objective, the above equation implies that it is sufficient to learn
the conditional expectation of the “linear cost vector” ¢ =r — VA — (- V0. Thus g(z) can
be thought of as providing estimates of E[r|z| and E[V|x], which are then plugged into the
corresponding linear optimization problem with feasible region S. This setting is essentially
a parametric variant of the the predict-then-optimize framework, where the dual variables
w = (A, 0) are parameters that specify a linear cost vector that we would like to learn. In the
usual “static” setting without parameters, [29] introduced and studied the SPO loss function,
which characterizes the excess cost, or decision error, incurred when making a suboptimal
decision due to an imprecise objective cost vector prediction. Let us now adapt the SPO loss
to our setting. In the usual case, given a predicted cost vector ¢ and a realized cost vector
¢, the SPO loss for a linear optimization problem in maximization format is defined as

lspo(é, ¢) =t (w*(c) — w*(e)),

where w*(+) is an optimization oracle for S satisfying w*(c) € argmaxyes {¢’w}. In our
setting, we need to consider a parametric variant of the SPO loss where the dual variables are
parameters affecting the objective cost vectors. In particular, given a prediction fi := (7, V),
realization p := (r, V'), dual variables w := (A, ), as well as fixed budget penalty parameter
¢ > 0, the SPO loss of the optimization problem (4.2) is defined as

lspo(ji, i w) = (r = VA = (- VO (w*(p;w) — w* (ji;w)),
where w*(+) denotes the optimization oracle, which is defined as a function satisfying

w*(u;w) € argma;c{(r — VA= Vo) w}, forall p € R x R”™ and w € A x ©.
we

Since the SPO loss function is usually non-convex and even possibly non-continuous,
several surrogate loss functions have been introduced. For example, [29] introduce the SPO+
loss function that accounts for the structure of & when training the prediction model. This
loss function is defined as

lspo (¢, c) = rggg{(c —28)Tw} + 2¢"w*(c) — Fw*(c).
On the other hand, more standard prediction error loss functions, like the squared /5 loss of
the linear cost vector, may be considered. Let £(-,-) : R? x R? — R be any surrogate loss
function of the standard SPO loss, which takes cost vector inputs, including possibly itself.
Then, just as we defined an extension of the SPO loss to our setting with dual variables, we
can also extend the surrogate loss ¢ by defining

Uy pryw) = L(F —VA=C-VO,r —VA—=(-V0).

Given a surrogate loss function, we use empirical risk minimization to update the prediction
model g; at each step of our online decision-making method. Specifically, let H refer to a
hypothesis class of predictor functions mapping features = to predictors (7, V') of the reward
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vector and resource consumption matrix. Then, the prediction model used at iteration t is
chosen by
t—1

gt <~ arg min g(g(‘ré‘)? Hs wt)'
geEH P

It is worthwhile to notice that the dual variables used in the loss function are those of the
current iteration instead of the previous ones. Intuitively, the current set of dual variables
wy is closer to the optimal dual variables of the offline expected problem and hence it leads
to a better prediction model.

A desirable property of the surrogate loss ¢ is that the empirical risk minimizer for /¢
has small excess risk with respect to the SPO loss. This property is formalized below in
Assumption 4.3.1, wherein we measure the excess risk by comparing with the ground truth
conditional expectation function of the reward vector and resource consumption matrix,
namely g*(x) := E,p(|2)[1]. Let us also define the expected risk functions for the two losses
by Rspo(g;w) = B u~pllspo(g(2), p;w)] and Re(g;w) = Egp~p[l(g(2), 5 w)]-

Assumption 4.3.1. There exist constants kysk, « > 0 such that, for any integer n > 0 and
uniformly over all dual variables w € A x O, the empirical surrogate loss optimal predictor

" = axgmin {Z o), m;w)} 7
satisfies the following excess true SPO risk gquarantee
E[Rspo(¢";w)] — Rspo(g™;w) < Kisk -1~ 7,
where the expectation is taken with respect to i.i.d. samples {(z;, p;) Y1, drawn from P.

In general, the rate of convergence o and the constant kg in Assumption 4.3.1 depend
on the properties of the surrogate loss function, the decision feasible region S, the underlying
distribution P, and the complexity of the hypothesis class H. Assumption 4.3.1 is closely
tied to uniform calibration properties of the surrogate loss ¢ with respect to the SPO loss. In
fact, the following remark demonstrates that uniform calibration and an excess risk bound
for ¢ are sufficient conditions for Assumption 4.3.1.

Remark 4.3.1. Suppose that the the surrogate loss function ((-,-) is uniformly calibrated
with respect to the true SPO loss in the standard setting. Namely, for some constants k1 and
B, for any distribution P over cost vectors ¢, we have

E,. 5[¢(¢ c) — UE]c], ¢)] < Ky - & = E, s[¢spo(¢, c) — lspo(Elc], ¢)] <,

for all ¢ € R* and € > 0. Suppose further that the empirical surrogate loss optimal predictor
has an excess risk bound that holds uniformly over all dual variables w € A x ©, i.e., for
some constants ko and v we have

E[Ry(9";w)] = Re(g"w) < k- n™7,
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for any n > 0 and where the expectation is taken with respect to i.i.d. samples {(x;, ;) }i,
drawn from P. Then, under both of these conditions, it holds that

E[Rspo(§™;w)] — Repo(g™sw) < (ko/k1)? - n/P,

We note that the two conditions in Remark 4.3.1 often hold for many choices of surrogate
loss ¢ and hypothesis classes H. Indeed, recent works including [67, 41, 51] have examined
sufficient conditions under which uniform calibration holds for the SPO loss. Some conditions
require an additional restriction on the class of distributions P over cost vectors, but such
restrictions will often be satisfied in practice in our setting. Furthermore, for most common
choices of surrogate losses ¢, e.g., convex and Lipschitz losses like squared ¢5 and SPO-+,
the required excess risk bound will hold. Indeed, for most common surrogates, due to
the boundedness of the dual variable domains A and ©, boundedness of the Rademacher
complexity of H would be a sufficient condition to ensure that the bound holds uniformly
over the dual variables.

Lemma 4.3.1. Suppose Assumption 4.3.1 holds. For any policy n(-) : X — S and T > 1,
Algorithm 4.2 satisfies

T
Ry(T) :=F | (r = Vidi = C- Vi) (w(21) — wp) | < i - O(T"%).
t=1

Proof. Let w; := w*(g*(2¢); we), where recall that g*() := E,wp(jq)[1] is the Bayes estimator
(i.e., the ground truth model). Since Assumption 4.3.1 holds (in particular uniformly over
weAxO), forany t € {1,...,T}, we have

E(:El,/.tl) ..... (:Etfl,/.ttfl)N]P’tfl [RSPO (gt; wt) - RSPO (g*; wt)]
:E(m,ﬂl) ~~~~~ (Te—1,pt—1)~Pt1 []E(a?mut)N]P’[(Tt - V;f(/\t + C : 9t>>T<wt - wt) | ]:t—lu
Hence, it holds that
E [(Tt — ‘/t()\t + C . Qt))T(th — wt)} S Ryigk * (t — 1>—a (43)

where the expectation above is with respect to all randomness of Algorithm 4.2. Also, since
g*(z¢) is the Bayes estimator, for any policy =, it holds that

E ey iyl (re = Vire + ¢ - 0,))" (w(21) — @) | Feoa] <0,

and
E[(r: = Vi(Ae 4 C - 00) T (m (1) —14)] < 0.

Therefore, combining (4.3) with the above yields
Eauel(re = Ve + ¢ 00)) " (m(e) — we)] < b+ (£ = 1)
Then by taking the summation over ¢t = 1,...,7T, we have
Ry(T) < ki - O(T' ).
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4.3.2 Dual Variable Updates with Online Mirror Descent

In this section, we describe how we use online mirror descent method to update the dual
variables A\;;1 and 6;,1. Based on the reformulation (4.1), we define convex functions

&) = —vf A+ (—u)*(\) and ¢(0) := —v]0 + d5,(0),

where we recall that v; = V;Tw;. Note that the domains of &(+) and ¢(-) are the same as
the domains of the corresponding conjugate functions, i.e., the previously defined sets A and
©, respectively. Let hx(+), ho(:) be differentiable and 1-strongly convex (with respect to the
dual norm of the norm on v € R™) functions on A, ©, respectively, and let By, (-, ), Buo (-, *)
denote their respective Bregman distances. For example, By, (+) is defined by

BhA()\h )\2> = hA()\l) — hA()\Q) — VhA<)\2)T(/\1 — /\2)
Then, online mirror descent uses the following update schemes for the dual variables:

>\t+1 < arg I){leljr\l{n,\v5t()\t)T)\ + BhA()\, )\t)}, 6t+1 < arg %élél{?]gv¢t(9t)’r9 + Bh@ (9, et)},

where 1),1m9 > 0 are the “step-size” parameters. Here we abuse notation slightly and let V
refer to any subgradient of the functions &(-) and ¢;(-). We assume that we can efficiently
calculate such subgradients, i.e., by evaluating the subproblems defining the conjugate func-
tions. We also need to be able to efficiently calculate the solution of the above subproblems,
which depends on the structure of the Bregman distances. For example, recall that the
online mirror descent method is the same as the online projected gradient descent method
when the norm and Bregman distances are Euclidean. The following lemma provides an
upper bound of the regret from the online mirror descent method.

Lemma 4.3.2. [Theorem 2.15 in [79]] Let Dy, Dg be upper bounds on the Bregman distances
so that By, (A1, A2) < Dy and By (01,02) < Dg for all Ay, \a € A and 0,,05 € ©. Let Gy, Go
be upper bounds on norms of the subgradients so that ||V (M| < G and ||[Vé(6y)]] < Ge

forallt =1,...,T. If we use the constant step-sizes 1 Gf% and 1 < GS%, then for
all A\ € A and all 8 € © it holds that
T T

RA(T) =) (&(M) = &(N) S 2GaV/DAT,  Ry(T) :=> (¢1(6,) — ¢4(0)) < 2Ger/DeT.

t=1 t=1

Note that, due to the bounds on the norm of dual variables in the domains A and ©,
the Bregman constants usually satisfy that /Dy = O(L) (recall that L is the Lipschitz
constant for u(+)), and v/Dg = O(1). Indeed, in the Euclidean case this is guaranteed to
be true. Now we have specified the update rules for both the prediction model and the
dual variables, we can fully state an implmentable version of the meta algorithm presented
previously. This implementable algorithm to solve our online decision-making problem is
presented in Algorithm 4.2.
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Algorithm 4.2: An implementable algorithm for online contextual decision-
making

input : Budget penalty parameter ¢ and surrogate loss function (-, ;).
1 Initialize dual variables 61, A1, and prediction model g;(+);
2 fort=1,...,T do
Observe feature vector x;;
Make predictions (7, V) < g;(2;) for reward and consumption;
Make the decision w; < arg max,es{(7; — Vi — ¢- f/th)Tw};
Observe realized reward r; and consumption V;;
Update dual variable \;;1 < arg minyey {mVEt()\t)T)\ + B, (A, )\t)};
Update dual variable 6;,; < arg mingee {n9v¢t<9t)T9 + By (6, Gt)};
Update prediction model g, < argmingep {3, £(g(xs), pts; wis1) };

© oW N o o bk~ W

4.4 Regret Bounds and Analysis

In this section, we present the regret analysis of Algorithm 4.2 in two cases: hard and soft
constraints.

4.4.1 Hard Constraints

We assume the starting point of the budget consumption, which we naturally assume to be
the zero vector without loss of generality, is inside the consumption feasible region V. The
hard constraints case is when we add a stopping condition to Algorithm 4.2 that terminates
whenever the current resource consumption vector violates the constraints enforced by V), i.e.,
whenever it leaves the feasible region V. We introduce a stopping time 7 that is the first time
before time 7' that the constraints are violated, i.e., 7 := min{t < T : > '_, V.Iw, & V}.
Most previous works with hard resource constraints, for example, [2] and [49], consider the
case of an upper bound budget constraint for each resource, i.e., V = {v : v < b} for some
b € R™. In such cases, the online algorithm will terminate immediately whenever it violates
any of the resource constraints. In contrast, let By denote the distance from zero to the
boundary of the generic closed and convex set V. The constant By, will be important in
our analysis as it demonstrates how the structure of V affects the constant in the regret
bound. In fact, By precisely generalizes constants appearing in previous works considering
only upper bound constraints, for example, [2]. Indeed, when V = {v : v < b} for some
b € R™ with each component positive, then it holds that By = min;—; _,,b; > 0. The
following lemma provides an important property of the constant By .

Lemma 4.4.1. For any v € V and k € [0, 1], there exists 6 € © such that

K- dy(0) —0Tv < (k—1) - By.



CHAPTER 4. ONLINE CONTEXTUAL DECISION-MAKING WITH A SMART
PREDICT-THEN-OPTIMIZE METHOD 81

Proof. Since v ¢ V and V is a closed convex set, by the separating hyperplane theorem, there
exists a vector § € R™ with ||0||. = 1 such that for any v € V, it holds that 67v! < §Tv. Let
?" € R™ be such that ||o']| = 1 and #7%' = 1. Since 0 € V and sup,ic,{07v'} < 67v < +oo0,
there exists a constant ¢ > 0 such that ' <= ¢ - ¢’ € 9V. Therefore, it holds that d},(0) >
0T — dy(of) = 670" = ||v/]| > By

Now consider an arbitrary v° € R™ and, by the definition of the distance function, let
v°® € V be such that ||0° — v°|| = dy(0°). Then, it holds that

dy(0) > 07v° = 075° + 07 (v° — 5°) > 070° — [|v° — ¥°| = 675° — dy(D°).

Since the above is true for arbitrary ¢°, by taking the supremum over the closed set V and
using the fact that sup,ic,{07v'} < 67v < +o00, we have that d5,(0) = §7v° for some v° € V.
Then it holds that

ke d(0) — 070 < k- dp(6) — 070°
= (k= 1) - dy(0)
S (Ii — 1) . By,

where the last inequality holds since Kk — 1 < 0. ]
We make the following boundedness assumption on the distribution.

Assumption 4.4.1. Suppose there exists a constant D, > 1, such that for any w € S, it
holds that ||[VTw|| < D, with probability 1. Let the constant kyp = D, - ((/De + +/Dy).

In the hard constraints case, let r;,, and v;,, denote the total averaged reward and

consumption with stopping time 7, namely 1, = L3> rfw, and v, = 37 .
Below we provide our main theorem in the hard constraint case, which provides the regret

bound of Algorithm 4.2.

Theorem 4.4.1. Suppose that Assumptions 4.5.1 and 4.4.1 hold, and that the budget penalty
parameter ¢ salisfies ¢ > OB—llT. Then Algorithm 4.2 has the following guarantee:
OPT — E[r],, + u(vi,)] < kv - O(T™V?) + Ky - O(T79).

We remark that the constant xyp will usually satisty kxup = D, - (CO(1) + O(L)) for
most choices of Bregman functions. In general, given the required lower bound of ( in
Theorem 4.4.1, the best value of the constant xyp will be O(D,,- (OB—P;T\/De—l—\/DA)) whenever
we are able to set ( = (’)(OB—PVT). The dependence on the term % in the regret bound is
natural, since, if the budget starting point is very close to the boundary of the feasible set
(or equivalently, in the budget upper bound case, one of the resource budget values is very
close to zero), then Algorithm 4.2 is likely to terminate in the first several iterations leading
to a poor regret bound.
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For convenience in our proofs, let us introduce some new notation. Let F;_; denote the
o-field of information revealed up to the start of iteration ¢, i.e., the o field of {(z1, 1), ...,
(241, p1e-1)}. Let RA(T) := 2Gav/DAT and Ry(T) := Gov/DeT denote the upper bounds
of the regret of online mirror descent from Lemma 4.3.2. The following lemma presents the
regret from the suboptimality of the dual variables in the hard constraint case.

Lemma 4.4.2. For any feasible policy w(-) : X — S and T > 1, Algorithm 4.2 satisfies

Ro(T)
T

g(%—l)Bv—i— , and

() E |- SV (rl) — w)

< T : (—u)(COH(ﬂ')) - ]E[(_u)(v;—vg)] + T

(B): B | SV (rlw) — w)

Proof. Let us first prove inequality (A). Since 7 is a feasible policy, the Fenchel-Young
inequality yields

E [7(2)"Viby — diy(0;)|Fi1] = (con(m))"0, — d3,(6;) < dy(con(r)) = 0. (4.4)

Also, Lemma 4.3.2 guarantees that for any 6 € ©, we have

T

D (64(6:) = 64(0)) < Ro(T).
t=1
Given the definition of ¢(-), which is ¢;(6') = —vl' ¢’ + d5,(#), and v, = V,"wy, the above is

equivalent to
-

D (—wi Vil + d(0:) + wi Vb — d3(9)) < Ro(T) (4.5)
t=1
Therefore, for any 6 € ©, it holds that

T
E |7 Do (Vib) (w(a) — wi)
=
'1 T ﬁ T
<E |7 (m ()" Vi — wi Vil + dy () — dy (1)) | + 97(” )
=
_1 T i} ﬁg(T)
- ?.;(_wfv;emv(e)) —
o '1 % i T T ﬁ(9(7ﬁ>
_E_T dy,(0) — 0 Uavg}"_ T

where the first inequality comes from (4.5), and the second inequality comes from (4.4).
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If 7 =T, we pick 0 < 0, and it holds that % - d},(0) = 6TvT = 0, which implies (A). If

avg

T < T, it implies v7 . & V. Then following the results in Lemma 4.4.1 we know that there

avg

exists 6 € © such that -
T
Therefore, for both 7 =T and 7 < T, we have (A).

Let us then prove inequality (B). First, the Fenchel-Young inequality again yields

&(0) — 0707, < (% . 1) - By.

avg —

=SB ) VA~ () (AIF] = 7 3 (eon(m) A — (—u) (1)
1 & T

< = S (—w)(con(m)) = 7 (~u)(con(n).

(4.6)

Recall the definition of ¢(-), which is ¢(\) = —w] V;A + (—u)*(A\). Then, by following the
results in Lemma 4.3.2, for any A € A, it holds that

T T

D (W VA = (—u) () = wf Vide + (—u)* (M) = D> _(&(A) — &) SRAT).  (4.7)

t=1 t=1

Let o « £ .07, and pick A € A such that (—u)(¢v') = (v)"A — (—u)*(A). Then, using
concavity of u(-) and w(0) = 0, it holds that

(~0) () = (=) (' + (1= F) -0)

ST = (—u) (V) (48)

By adding (4.6), (4.7) and (4.8), we arrive at the inequality (B). O
Now we are able to provide the proof of Theorem 4.4.1.

Proof of Theorem 4.4.1. By combining the results in Lemma 4.3.1 and Lemma 4.4.2, for any
feasible policy m, it holds that

- (rew(7) + u(con(m))) + <1 - %) -By¢ —E

1 < .
T Z rlw, + u(vavg)]

t=1

N~ Nl

< (Ry(T) + RA(T) + ¢ - Ro(T)).
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Also, it holds that Ry(T) < ke - O(T9), RA(T) < D,/Dy - O(TY?), and Ry(T) <
Dy\/De - O(T'?). Therefore, when ¢ > OB—PVT, it holds that

OPT — E[rl,, + u(vl,)] < finp - O(T ) + ki - O(T ™).

r
Uavg

4.4.2 Soft Constraints

In this case, we treat the budget consumption feasibility constraint set V as a soft constraint,
that is, we want to minimize the infeasibility of the consumption instead of terminating the
online algorithm whenever we violate the constraint. This case allows for the possibility that
the starting point of budget consumption is infeasible, for example, when the feasible region
Y consists of both lower and upper bound constraints. The following assumption is required
for the regret analysis in this case.

Assumption 4.4.2. Let OPT* denote the optimal objective value of the following relared
problem:
OPT*® := sup {rew(m) + u(con(w))}, s.t.dy(con(m)) <e.

We assume there exists a constant (opt such that OPT® < OPT + (opr - € for all € > 0.

The constant (ppr in Assumption 4.4.2 can be interpreted as a subgradient of the concave
function OPT*, which can be demonstrated to exist under standard regularity conditions.
For example, in the following lemma, we demonstrate that Assumption 4.4.2 holds when V
has a non-empty interior.

Lemma 4.4.3. Suppose that OPT is finite and that there exists a policy w° such that
con(7°) € int(V). Then, there ezists a constant (' such that

OPT = sgp{rew(ﬂ) + u(con(m)) — ¢’ - dy(con(m))}.

Proof. Let u® < con(w°®). Since u® € int(V), there exists a constant € > 0 such that for all
v’ satisfying ||u" — u°|| <'e, it holds that u’ € V. Let 0V denote the boundary of the set V,
and define V= «<— {v € V : dygyp(v) > €}. Consider

OPT“=  sup {rew(w)+ u(con(nm))}.

m:con(mw)EV e

Since con(7°) € V¢ we know that OPT ¢ is real-valued. Pick a policy 7' such that
con(n’) € V=€ and rew(7") +u(con(n")) > OPT “—e. Let vf < con(n'). Now for any 7 € V,
let v < con(w). Pick @ € OV such that ||v—9|| = dy(v) and let k = dy(v)/day(vT) < dy(v)/e.
Let o + ol + (v — 9)/k, since [[o7 — vT|| = day(v'), it holds that oF € V. Also, let

V' = = - (k-4 +0) €V, and it holds that v/ = == - (k- ul +u).
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Now define a new policy 7’ by 7'(z) := = - (k- 7'(z) + 7(x)) for any x € X. The policy

7’ is well-defined since S is convex and therefore 7/(z) € S for any x € X. Also, the policy 7’
is feasible since con(n’) = v’ € V, and therefore, it holds that OPT > rew(n’) 4+ u(con)(n’).
On the other hand, since u(-) is concave, it holds that

1

rew(n') + u(con(n')) > P

- (k - [rew(7") 4 u(con(r"))] 4 [rew(m) + u(con(n))]).
Therefore, it holds that

rew () + u(con(n)) — OPT < k- (OPT — (rew(n") + u(con(7")))
_ dy(con(m))
day (con(m°))

< dyfconm) -

- (OPT — (OPT™ — ¢))

OPT — OPT™ )
+1].

€
By setting ¢’ <~ 1+ (OPT — OPT ™) /e, for any m ¢ V, it holds that

OPT > rew(m) + u(con(n)) — ¢' - dy(con(r)),
and we conclude the proof. O]

Now given the results in Lemma 4.4.3, for any € > 0, it holds that

OPT = sup  {rew(m) +u(con(m))}

m:dy (con(m))<e

< sgp {rew(r) + u(con(m)) — ¢" - [dy(con(r)) — €])}

— sup {rew(r) + u(con(r)) — ¢' - dy(con(m)))} + ' - ¢

™

< OPT+( ¢,

and therefore we show the existence of (ppr.

We are now ready to present the main theorem in the soft constraint case, which demon-
strates the convergence rate in terms of both the objective and the distance to feasibility in
resource consumption.

Theorem 4.4.2. Suppose that Assumptions 4.3.1, 4.4.1, and 4.4.2 hold. Then, Algo-
rithm 4.2 has the following guarantee:

OPT — E[rayg + U(Vavg)] < finip - O(TH?) + ki - O(T ™).

If additionally the budget penalty parameter ¢ satisfies ¢ > 2(Copt + \\F + ”\/L) 1t holds
that

Eldy (vug)] < Div/De - O(T2) + O(T).
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The following lemma presents the regret from the suboptimality of the dual variables in
the soft constraint case.

Lemma 4.4.4. For any feasible policy w(-) : X — S and T > 1, Algorithm 4.2 satisfies

(A): B | g SO VA) () )| < (—u)(eon () — E[(~u) vung)] + i,
(B): B |2 S 0B (rlr) — )| < ~Eldyeng)] +
Proof. First, there exists A € A such that
(=) (Vavg) = Vg — (—0)"(A) = %Z (w{ VX = (=) (V) - (4.9)
Next, the Fenchel-Young inequality yields
72 B (e Vi = ()] = 7 37 (eonfm) " = (- ()
= =1 (4.10)

Lemma 4.3.2 guarantees that

Given the definition of £(-), which is &(N) = —vl' N + (—u)*(\), and v; = V,Twy, it holds

that
T

Z —w! Vide + (—u)*(Ae) + 0] VX — (—u)*(N)) < RA(T). (4.11)

Therefore, by adding (4.9), (4.10), and (4.11), it holds that

1 7
E T Z(VV\) (7 (1) — wi)
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Applying the same reasoning to the other set of dual variables and using that con(w) € V,
we have

Z ‘/tet wt)] < dV(COH(W))—E[dV(Uavg)]‘i‘M = _E[dV<Uan)]+

Ro(T)
- Ay

T
O
Now we are able to provide the proof of Theorem 4.4.1.
Proof of Theorem 4.4.2. By combining the results in Lemma 4.3.1 and Lemma 4.4.4, for any
feasible policy , it holds that

rew(m) + u(con(m)) —

T
1
T Z rlw, + u(vavg)]
t=1
1

ST (Ry(T) + RA(T) + ¢ - Ro(T) — ¢ - E[dy(Vavg)]-
Since E[dy(vavg)] > 0, it holds that
OPT — E[ravg + (Vayg)] < Kmp - O(T_1/2) + Kk - O(T™7).
Also, when Assumption 4.4.2 holds, it holds that
E[Tan + U(Uavg)] — OPT < (opr - E[dV(Uan)]7
and therefore, it holds that
1

(¢ = Copr) - Eldy(vavg)] = 7+ (Ry(T) + RA(T) + ¢ - Ro(T)).
If additionally ¢ satisfies ¢ > 2(Copr + \‘P + “\/L) it holds that

E[dy (vavg)] < Do/ Do - O(T %) + O(T™).
O

To give some intuition of the proofs of Theorem 4.4.1 and Theorem 4.4.2, we remark that
the total regret of the online algorithm can be divided into two parts: (i) the regret from
the learning of the prediction model, and (ii) the regret from the suboptimality of the dual
variables used in each iteration. In the supplementary materials, we present two lemmas to
bound each type of regret. Lemma 4.3.1 bounds the regret due to learning, in particular the
expected accumulative errors of the online decision w; due to imperfect predictions, which
can be bounded in a sublinear fashion based on Assumption 4.3.1. To bound the regret
due to suboptimality of the dual variables, we use the regret bound of online mirror descent
method in Lemma 4.3.2 and properties of the Fenchel conjugate functions, which, with a few
additional steps, yield Lemma 4.4.2 and Lemma 4.4.4. In the hard and soft cases respectively,
these two Lemmas provide guarantees of the decisions w; from Algorithm 4.2 against any
feasible static policy.
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4.4.3 Trade-off between Regret and Computation Cost

In each iteration of Algorithm 4.2, one essential step is to update the prediction model based
on all the previous observations and the current dual variables. Although it may be possible
to perform this update efficiently — for example, one could use a warm-starting procedure
depending on the structure of the hypothesis class — the decision-maker may still not want to
update the prediction model at each iteration, especially if decisions need to be made quickly.
To address this issue, we develop a more computationally efficient version of our algorithm,
which only updates the prediction model at a sublinear rate, and is formally described as
follows.

Definition 4.4.1. For any constant § > 1, the [-efficient version of Algorithm 4.2 is an
algorithm which is same as Algorithm 4.2 but only updates the dual variables and prediction
model at iteration t = |kP| for all positive integer k.

From the prediction model update frequency of a S-efficient version of Algorithm 4.2, we
notice that a total number of T8 prediction model updates is required. We provide the
regret analysis of a f-efficient version of Algorithm 4.2 in Theorem 4.4.3.

Theorem 4.4.3. In the hard constraints case, suppose that the assumptions of Theorem 4.4.1
hold and consider the B-efficient version of Algorithm 4.2 for some constant 8 € (0,1]. Then
we have the following guarantee:

OPT — E[ Tavg + u( avg)] < KMD O(T_l/Qﬁ) + Krisk - O<T_a)'

In the soft constraints case, suppose that the assumptions of Theorem 4.4.2 hold and consider
the B-efficient version of Algorithm 4.2 for some constant € (0,1]. Then we have the
following guarantees:

OPT — E[ravg + t(Vayg)] < Kmp - O(T‘l/w) + Kyigk - O(T ™),

and if additionally the budget penalty parameter ¢ satisfies ¢ > 2(Copr + \\P + Dﬁil/s}t{T@)

holds that

Eldy (tg)] < Dov/De - OT /%) + O(T).

Proof. When the updating sequence is t = t,...,tg, the regret from online mirror descent
can be bounded by

T Dy K . .
SO - &) < %JrZ?GA(tk—tk_l).
=1 k=1
Also, it holds that
K ; K ) g . 52 )
2 Mt = teea) = 3 (BK? = gy K = gy T

k=1 k=1
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and therefore by setting 7, < G/\Tl—%’ we have
T
RAT) = S (&(N) — &(N) < Gay/Dy - O(T 1),
t=1
For the same reason we also have
T
Ro(T) = 3" (61(6,) — 6,(8)) < Gor/De - O(T'1/2%).
t=1

Now using the proof in Theorem 4.4.1 and Theorem 4.4.2 again we can get the results in
Theorem 4.4.3. O

From the regret analysis, we see that the idea of -efficient version of our algorithm is
beneficial when the learning of the prediction model has a slower rate, i.e., when a < % In
this case, we can set 5 < 1/2a, and the f-version of Algorithm 4.2 will have a same regret
order as the original algorithm, while maintaining a sublinear total number of prediction
model updates.

4.5 Computational Experiments

We present computational results of synthetic dataset experiments wherein we empirically
examine the performance of Algorithm 4.2 using different surrogate loss functions for training
prediction models. We focus on two classes of prediction models to represent different levels
of model complexity: (i) linear models, and (i) two-layer neural networks with 128 neurons
in the hidden layer. We compare the performance of the empirical minimizer of the following
three different loss functions: (i) the previously defined SPO+ loss function, (i7) the least
squares (squared £5) loss function of the linear objective ||(F—=VA—(-VO)—(r—VA—C-V)||2,
and (iii) the least squares loss function of predictions |7 — r||2 + ||V — V||%. Note that the
three loss functions utilize different levels of information: the loss function (i) does not use
the dual variables and can be viewed as purely learning the relationship between reward,
consumption, and feature vectors. The loss function (i7) does not utilize the structure of
the decision feasible region & and can viewed as purely learning the relationship between
the linear objectives and feature vectors. We also compare with the following three methods
as benchmarks: (i) the sample average approximation (SAA) method, where we use the
empirical averages of past observations of r;, V; as the prediction 7, V, in Algorithm 4.2, (ii)
the true model, where we use the true (but unknown in practice) conditional expectations
E[r:|x;], E[V;| 2] as the prediction, and (7i) the hindsight model, where we use the realization
¢, V; as the prediction. Note that (i) and (77i) are not implementable in practice, because (i)
uses the unknown true conditional expectations and (7ii) uses the realized values r;, V; that
are not available at decision-making time. We expect (i) to perform best and thus we define
the “relative regret” of an online algorithm as 1 — OBJ/OBJ* where OBJ := 7,y + t(Vayg)
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is the observed value of the objective function of the online algorithm and OBJ* is the
corresponding value for the hindsight policy.

For all loss functions, we use the Adam method of [47] to train the weight matrices and
bias coefficients in the prediction models, and we update the dual variables and prediction
models every 10 iterations. For each instance, e.g. value of the total time horizon and the
polynomial degree, we run 40 independent trials on one core of Intel Xeon Skylake 6230 @
2.1 GHz.

4.5.1 Multi-Dimensional Knapsack Instances

In this section, we consider multi-dimensional knapsack problem instances, where the goal is
to maximize total reward collected. There is no utility function, the resource consumption
feasible region is V = {v : v < b- e} for constant b > 0 and the online algorithm must
terminates immediately when any of the resource constraints are violated. In our simulations,
the relationship between the true reward vector r, true resource consumption matrix V,
and its context vector z is given by vec(r, V) < £%8(Wzx) ® ¢, where vec(+) is the matrix
vectorization function, £9°¢ is a polynomial kernel mapping of degree deg, W € RUm+1Dxp ig
a fixed weight matrix, and e € R4™+1 is a multiplicative noise term.

The detailed data generation process is as followed. In this experiment, we set the
dimension of the feature vector p = 5, the dimension of decision vector d = 10, and the
dimension of the resource vector m = 3. We first generate the weight matrix W € RUm+1)xp,
whereby each entry of W is a Bernoulli random variable with the probability P(Bj;, = 1) = %
We then generate the arrivals {(z;,r;, V;)},_; independently by the following procedure:

1. Generate the feature vector z from a standard multivariate normal distribution, namely

z ~N(0,1,).

2. Generate the vectorization of the reward vector r and the resource consumption matrix
V' according to

T deg
(r,V); < [1+ |1+ 2
vec(r, ; €,
! VP ’

for j =1,...,d(m+ 1), where W; is the j-th row of matrix W. Here deg is the fixed
degree parameter and ¢;, the multiplicative noise term, is a random variable which
independently generated from the uniform distribution [1 — €, 1 + €] for a fixed noise
half width € > 0. In particular, € is set to 0 for “no noise” instances and 0.5 for
“moderate noise” instances.

We set the polynomial degree to 6 in this experiment, and we run 40 independent trials
for each value of the time horizon length. Figure 4.1 displays the empirical performance
of each method. We observe that when the hypothesis class is linear predictors, i.e., the
ground truth model is not in the hypothesis class, the pure prediction error method has
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Method L2 Loss of Linear Cost =@ L2 Loss of Predictions &2 SAA E2 SPO+ Loss True Model

Prediction model: Linear Prediction model: Linear Prediction model: NN Prediction model: NN
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Figure 4.1: Relative regret for different loss functions on multi-dimensional knapsack in-
stances.

similar performance as naive SAA, while least squares applied to the linear cost performs
slightly better. When the hypothesis class is a neural net, the pure prediction method does
better. In all cases, the SPO+ loss performs best and closest to the true model. These
results demonstrate that a loss function that properly accounts for the dual variables can
improve performance, but performance is improved twofold by a loss function that accounts
for the dual variables and the underlying structure of the decision feasible region S.

4.5.2 Longest Path Instances

In this section, we consider a longest path problem on a 4 x4 directed grid network with edges
pointing north and east, and the goal is to go from the southwest corner to the northeast
corner while maximizing the rewards collected along each edge. In this case, the feasible
region § can be modeled as the convex hull of all possible routes. We assume there is no
learning in the consumption matrix, i.e., the consumption is just the decision itself, namely
Vi = 1y, i.e., v, = wy. Also, we would like to not utilize any edge too frequently and model
this idea by setting the resource consumption feasible set as V = {v : v < 0.6 - e}, which is
a soft constraint, and letting the utility function be u(v) = >, v;(1 — v;).

The detailed data generation process in the longest path instances is as followed. In
this experiment, we set the dimension of the feature vector p = 5. Also, since the graph
is a 4 x 4 grid, the dimension of both decision and resource consumption vector will be
d = m = 24, which is the number of edges in the graph. Since the resource consumption
matrix is always the identity matrix, we only need to generate the reward vector based on
the feature. Therefore, the weight matrix is W € R%*?. The remaining part is the same as
the data generation process in the multi-dimensional knapsack instances. We set the total
number of arrivals to 1000 in this experiment. Figure 4.2 displays the empirical performance
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Method

L2 Loss of Linear Cost E2 L2 Loss of Predictions &2 SPO+ Loss

True Model
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Figure 4.2: Relative regret and infeasibility for different loss functions on shortest path
instances.

of each method. We observe that the SPO+ loss which accounts for both dual variables
and the decision feasible region & dominates all cases, and it is more beneficial when the

polynomial degree is higher.
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Appendix A

Supplement to Chapter 2

A.1 Additional Proofs

A.1.1 Proof of Proposition 2.2.1

For fixed A € [Amin, Amax|, We have L;\) is a constant and its absolute value is no larger than
C. Let H; = V2f(x1) + A\V*Q(z;) and g; = V f(z;) for i = 1,2. Since f(-) is p-strongly
convex and Q(-) is o-strongly convex, it holds that ||H;|| > p + Anino for ¢ = 1,2. Since
f() is L-Lipschitz continuous, we have ||ga|| < L. Also, let v; = H{ ‘g1, vo = Hy'gy, and
vi = Hi'g. t holds that

lor — o]l = [|Hy (g1 — g2)|| < || HTY| - lgr = g2| < - Loy — 22|

,u+ )\mino_
Also, since || Hy — Ha|| < [[V2f (1) = V2f (22) [ + Al VZQ(21) = V2Q(22) | < L1+ Ammax) |21 —
wof| and [|Hy — H|| = ||Hy(Hy ' — Hy ) H|| < [[HL|| - [|Hy " — Hy' - [|[Hell, it holds that

|H' = Hy M| < L(l?:rf\’jilrlﬁ);“”. Therefore, we have

L2(1 4 Ama) [l21 — 22|

i —vall = | (B = Hy) | < [|E7 = H| - llgell < =250~ 5

To conclude, since v(zq1, A) — v(zg, A) = L/\)‘) - (v1 — vg), it holds that

LC N L*C(1 +Amax)) T
12 + )\mmO' (,U -+ )\minO')2 ! 2l

o1, A) = (a0, N)|| < (

A.1.2 Proof of Lemma 2.4.1

In the following residual analysis, we will work with high-order directional derivatives of
f(-) and (-). We now introduce definition of the directional derivatives. For p > 1,
let DPf(x)[hq,...,h,| denote the directional derivative of function f at z along directions
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hiyi=1,...,p. For instance, D f(x)[h] = V f(x)Th and D?f(z)[hy, he] = hTV2f(x)hs. Also,
the norm of directional derivatives is defined as

1D f(@)l] = max {{DPf (@)l ]| = [Aal| < 1}

.....

For detailed properties of directional derivatives we refer readers to [64]. We start with
computational guarantees of Taylor approximation on functions with Lipschitz continuous
high-order derivatives. The following lemma guarantees the accuracy of Taylor expansion.

Lemma A.1.1 ((1.5) and (1.6) in [64]). Let function ¢(-) be conver and p-times differen-
tiable. Suppose p-th order derivative of ¢(-) are L, Lipschitz continuous. Let @, ,(-) denote
the Taylor approximation of function ¢(-) at x:

Doply) = )+ D' (a)ly

Then we have the following guarantees:

0(y) = Pup(y)] <

||p+1

L
ity - o V) = V)l < iy —I”.

@+1

Condition A.1.1. Suppose step-size h satisfies that h < min {0 2, m}

For simplicity, we use (Z,\) to represent (Zpext; Anext). We will begin the complexity
analysis of trapezoid method by the following two lemmas which provide proper upper bounds
the norm of direction ||d;|| and the difference between d; and ds.

Lemma A.1.2. Suppose 0 > 1, 2 € Sy, A € [Amin, Amax), b > 0 and (Z, 5\) =T(x,\;h). Let
r denote the initial residual |V f(z) + A\VQ(2)|| satisfying that r < fi. Then it holds that

(1+ ) [ld]| < 2(G+1). (A.1)

Proof. Let H = V?f(x) + A\V?Q(z). By definition d; = —H 'V f(z). When A > 1, it holds
that (1 + ) [|di]| < H2G < 2. Also when A < 1, it holds that

T+ N [|da]] < L+ N) (JHAVQ@) || + |H T (Vf(z) + AVQ(2))]]) < 2(G +1).
O

Lemma A.1.3. Suppose Assumption 2.4.1 and Condition A.1.1 holds. Let (z,\) € R" xR,
and let x;, N, d;, i € {1,2} are generated by trapezoid update scheme defined in (2.13), we
have

- - - L
1Hy(dy = di) — V2 f(21)(21 — x) — (Hy — Ha)dy| < 3 21 — 2o,
where H; = V2 f(z) + NV2Qxy),i € {1,2}. Furthermore, it holds that
ldy — dy || < 2hL7 (|ldall + [ld]1*) -
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Proof. Using the definition of d;, ds we have

Hy(dy = dy) = V f(w1) = Vf(wa) + (1= By ") V f(2)

(A.2)
= V2f(x1)(:c1 — IQ) + (H1 — Hg)dg —+ (R),

where [[(R)|| = ||V f(x1) — Vf(xa) — V2f(21) (21 — 22)]| < %2 - L||dy||*. Also, it holds that
IV2f (1) (21 = 22)l| = R [[V2f(21)di|| < hL|[dy], and that

o -
= || (sz(l’l) - v2f<1'2) + )\1(V29<£€1) - V2Q(332)) + ()\1 - )\Q)VQQ(.TQ)) dQH
S (Lfley = @l + ML floy — @l + [A = Ao L) [|da]] < h (LA +1) [[di]| + AL) [|da]] -
Hence, it holds that

fillda|| = filldi]| < fullde — dal| < ||Hi(dy — dy)|
h2 (A.3)
<5 Li|dy[* + AL |dy|| + 1 (LA + 1) |da || + AL) [dal|

When h satisfies Condition A.1.1, it holds that h (L(\ + 1) |di]| + AL) < £ and h2 L ||y +
hL < % Apply them to (A.3), it holds that 2/i ||da|| < /i ||dy]| and it 1mphes that lda]| <
2 ||dy||. Apply it to (A.3), it holds that

2

~ h
|H1(dy = do)|| < 5+ Lllda||* + AL [[da | + A (L(ho +1) [[da | + AL) [|ds]
< 2RL(1+ ) ([ldu]| + [|du][*) -
Hence, it holds that

2L(1+ ) (ldu] + llda*)

diy —dsl| < h-
Ids - ] < e

< 2hLr (||dy]| + [l ])?) -

]

Based on the results of Lemma A.1.2 and Lemma A.1.3, the following theorem analyze
one-step residual accumulation of the trapezoid update in (2.13).

Proof of Lemma 2.4.1. We will begin the local residual analysis by estimating the difference
between VI5(z) and 3 - VF\(x). For simplicity, let z,Z, A\, A denote =y, g1, Ak, \pr1 In
trapezoid update. After rearrangement, we have

ﬂ-vm(x):w( ) — V() + A(VQ(Z) - VQ(2)) + (1—5) V().

pr— F" s —
R =VF;(2) 3 3

(A) (B) ~ -
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We will approach the result in (2.14) by splitting and rearranging terms in (A), (B) and
(C). From Lemma A.1.1, it holds that

I(RA)] = 11(A) = V?(Mx—x%HJﬁﬂ)ﬁ—xVHS%Hi—ﬂﬁ—%;MW?

(A")

(A3)

h
From the update (2.13), it holds that (A") = hV?f(x)d, + =V?f(x)(d2 — d;). For (B), using
—_——— 2 .

(A1) A ~

Lemma A.1.1 and based on update (2.13) we have

(B) = AV2(2)(7 — 2) + (A — )V2Qx) (i — o) + A - %Dm(x)[;z _ o +(RB)

v N J/

(B3) g

(B4)
h
= hAV2Q(2)d; + =AV?Q(z)(dy — di) +(B3) + (B4) + (RB),
—_——— \2 5
(B1) ~

(B2)
where ||(RB)|| = M\|VQ(#) — VQ(z) — V2Q(2) (7 — 2) — 1D3*Q(2)[7 — 2]?| < }13%”07”3 Also,
2
(C) = (h — %2> Vf(xz)=hVf(z)— %Vf(x). By the definition of d;, we have
S—— E

(C1) 07)

(A1) + (B1) + (C1) = hV? f(2)dy + hAV2Q(x)dy + hV f(z) = 0. (A.4)

Using Lemma A.1.3, we have

(42) + (B2) = 52 (@)lar = aa) + 5V (or) = V2w
] (D1) (D2) (A.5)
5()\1V2Q( ) — )\QV2Q(J}2))d2 +(RD),
) (D3)
where [[(RD)|| < % & |2y — = h—gL ||dy||*. Furthermore, it holds that
2 2 2
(D) +(02) = -2 @y~ v s@) = Lavrawa, (A6)
%,_/
(E1)
and
Ry 1 > h o,
h? ?

=5 D'f () E(dl - d2)} +(R1),

N J/
-

(R2)
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where
I(R1)|| = Hg % — V2 f(22)) do — gD?’f(a:)[xl — 79, d)
<2 § s = ol ) = 22 e ]
We further have (D3) = g)\ (V?Q(z1) — V?Q(z)) dg + h(/\1 A2)VZQ(z1)ds, and
é ~ 2 g g

(E3)

(B4) + (E2) = X- §D3Q(:r)[5g —z* + gx\gD3Q(x1)[x1 — I9,ds] + (R5)

h? - dy +dy]?  h2 dy — dy]?

- ?()\—)\Q)D?’Q(:p)[ ! 5 2} +?>\2D3§2(x1)[ . 5 2] +(R5),

(;%E) (1}2)
where " "
H(R5)H - —>\2 (VQQ(.Tl) — V2Q(SL’2>) d2 — —>\2D3§2(ZE)[I1 — T9, dg]
2
h L h?

< 5Ae g llan — zo||*||da]| = Tl [EARIEAR

and

2 2
(B3) + (E1) + (E3) = ( ha ) A Al g0

h h?
+3 (h — h?) V*Q(z)dy = ZWQQ(gc)(al1 —dy).

(&

-

(R6)

104



APPENDIX A. SUPPLEMENT TO CHAPTER 2 105

Hence, it holds that

(R < I(RA) [+ [(RB)[| + [[(RD)[| + [[(RD]| + [[(R2)]]
H B3+ (R + (RS + ([ (RE)]

Llld +dy|? ML || dy + do||? L
<h3-—'$ +p3. 2= % +h3-€||d1||2

- 6 2 6

2

dy + do
2

L L AL
#0742 - 5l = 4 4 T’

Ao L Ao L AL
+ h?- 3 |dy — d2||2 + h?- e Hd1||2 ||| + A* - Ve |d1 — ds| (A7)
L LA L L
<h3 - Zdy|lP+ B3 22 d P+ R S dy |+ R 2 d)?
< SN B 8
L AL AL
Jrh2'g||d1—d2||2+h4'7||0l1||2+h2'§||dl—052||2

AL AL
F R0 SN+ b S s — )

L(1+))
8

Apply the result in Lemma A.1.3 into (A.7), we can further get

<KL+ A) (Il + o l® + llda ) + h? ldy — ds|*.

ld — dol]* < (2hLr (]| + a)P)) < SE2L2E2 (P + [all') . (A9)
Also, by applying (A.1) into (A.7) and (A.8), we have
[(R)|| < h*-3L(1+G)* +h*- 2037 (1 + G)*.

A.2 Feasibility in Moment Matching Problem

Lemma A.2.1. Let 2(*) : [Amin, Amax] — R? be the exact solution path of (P), then it holds
that x(\) is in the relatwve interior of S = {x € RP*' : 2 > 0,1] 2 = 1} for all X €
[Amins Amax)- Also, when h < %Jg‘"‘i“), the sequence {yx}~_, generated by Algorithms 2.2
and 2.3 on problem (P') satisfies y € int(S") for all k = 0,..., K, and the corresponding
sequence {xy Y5, satisfies xy is in the relative interior of S for all k = 0,...,K. Under
same condition, it holds that (-) generated by (2.11) is a subset of the relative interior of
S for all X € [Amin, Amax]- Moreover, the condition h < Amin (- Amin) o automatically satisfied

4LG
(f(z0)—=f*) Amin
4G

when € < with the choice of step-size in Theorem 2.3.1.

Proof. Let M = \/p - [|[ATA||s + |ATb|j>. For all z € S, it holds that [|AT(Az — b)s <
|AT A|lg - [|z]|2+ || ATB|| < M. First, let z denote the optimal solution of P(\). If z & int(S),
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then there exists i € [p] such that x; = 0, or lgx =1.1If 1§m = 1, without loss of generality
we assume x7 > 0. Let 2/ =2 — 0 - e for some § > 0. Since F)(+) are convex, we have

Fy(x) — Fx(2') > (x — 2/)'VF\(2)) = 6((a] (Az’ — b)) + A(In(z; — ) — In(1 - §)))
> 0(—M + MIn(z; — 6) — In(1 = 9))).

When § — 0*, we have — In(1—0) — 400 and therefore F)\(z)—Fy(2’) > 0, which contradicts
with z is the optimal solution of P()\). Otherwise, if lgx < 1, without loss of generality we
assume r1 = 0. Let ' = x + § - e; for some § > 0. Since F)(-) are convex, we have

Fy(z) — Fy(2') = (z — 2/)TVEx\(2") = 0((a] (Az" — b)) + A(In(6) — In(1 — 1]z — §)))
> 6(—M + A(In(6) — In(1 — 1]z — §))).

When § — 07, we have —In(d) — 400 and therefore Fy\(z) — Fy(2’) > 0, which contradicts
with z is the optimal solution of P(\).
Then, let pair (y,\) satisfies that y € int(S) and A > A, We want to show that

y—h-v(y,\) € int(S) when h < % Let y;) be the i-th component of y, we have

V2Q(y) = diag(yy)) + (1= 109) Loy, (V2QUy)) " = diag(y) — vy”

Let 2 = (ATA + A\V2Q(y)) " Y(AT(Ay — b)) and ¥/ = y — h - 2. Since y € S, we have
|AT(Ay — b)|| < M, and therefore,

G

T 2 -1 T — _
2l < (A7 A+ A7) 7147 (Ay — B)] < T —.

Let w = V2Q(y) - z, and it holds that

lwll = [[V*Q(y) - 2] = A7 (Ay — b) — AT Az[|oc < [|AT(Ay — b)I| + | ATA| - [12]
LG 2LG

<G+ < .
o H’+>\min N+)\min

Therefore, for all =1, ..., p, it holds that

Y@)
-y (wiy —y"w)| < = (e + v wl) < A 2 ([[wlloe + Ilwlloo)

4LG
)\min (/L + )\min) ‘

> =

12| =

<

<

(@) "

Ami Ami
Hence, when h < W, we have

4LG
yzi):y(i)_z(i):y(i).(1_h.)\ NS .)) > 0.
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Also, it holds that

p

Z(y(i) (weiy — yTw)

=1

T T\, T T
1,2 = =1 =1Lyly w <1 =1,y) - w]ew.

and therefore, when h < %Z\m“‘), we have

2LG
T, _ T T ,
-ty =1yl -1 (1o 22 ) s

Then we conclude that 3 € int(S’). Moreover, since linear interpolation is a convex com-
bination of grid points, the approximate path g(\) for all A\ € [Anin, Amax] 1S & subset of
int(.S"). O
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