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ABSTRACT

Making use of predictions is a crucial, but under-explored, area of sequential decision
problems with limited information. While in practice most online algorithms rely on
predictions to make real time decisions, in theory their performance is only analyzed
in simplified models of prediction noise, either adversarial or i.i.d. The goal of this
thesis is to bridge this divide between theory and practice: to study online algorithm
under more practical predictions models, gain better understanding about the value

of prediction, and design online algorithms that make the best use of predictions.

This thesis makes three main contributions. First, we propose a stochastic prediction
error model that generalizes prior models in the learning and stochastic control
communities, incorporates correlation among prediction errors, and captures the
fact that predictions improve as time passes. Using this general prediction model,
we prove that Averaging Fixed Horizon Control (AFHC) can simultaneously achieve
sublinear regret and constant competitive ratio in expectation using only a constant-
sized prediction window, overcoming the hardnesss results in adversarial prediction
models. Second, to understand the optimal use of noisy prediction, we introduce
a new class of policies, Committed Horizon Control (CHC), that generalizes both
popular policies Receding Horizon Control (RHC) and Averaging Fixed Horizon
Control (AFHC). Our results provide explicit results characterizing the optimal use
of prediction in CHC policy as a function of properties of the prediction noise, e.g.,
variance and correlation structure. Third, we apply the general prediction model
and algorithm design framework to the deferrable load control problem in power
systems. Our proposed model predictive algorithm provides significant reduction in
variance of total load in the power system. Throughout this thesis, we provide both
average-case analysis and concentration results for our proposed online algorithms,
highlighting that the typical performance is tightly concentrated around the average-

case performance.
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Chapter 1

INTRODUCTION

Many important applications in control and communication involve making sequen-
tial decisions with limited future information, e.g., balancing electricity demand
and generation in power systems, dynamic right-sizing of servers in data-centers,
and adapting video encoding bit-rates in video streaming. We call such sequential
decision making online algorithms. Improving the efficiency of online algorithms
has potentially huge benefits to society, e.g., it is estimated in 2012 that the cost
savings from improving the efficiency of real time power dispatch in the US amounts
to $19 billions per year [67]. In practice, many important online algorithms rely
on predictions to make real time decisions. This thesis is about designing online

algorithms that make the best use of predictions.

While as separate subjects there is an abundance of literature on designing online
algorithms and making predictions, it is less understood how accuracy of predictions
should impact the design of online algorithms. For example, as prediction error in the
future changes, how should we adapt our online algorithm? Is it possible to quantify
the performance of online algorithms as a function of the prediction errors? In this
thesis, we address these questions using the online convex optimization framework,
which models many real problems in control and communications. We show that
insights that can be gained from incorporating a general, realistic model of prediction

noise into the analysis of online algorithms.

1.1 Online convex optimization

In an online convex optimization (OCO) problem, a learner interacts with an envi-
ronment in a sequence of rounds. In round ¢ the learner chooses an action x; from
a convex decision/action space G, and then the environment reveals a convex cost
function ¢; and the learner pays cost ¢;(x;). An algorithm’s goal is to minimize total

cost over a (long) horizon 7.

OCO has a rich theory and a wide range of important applications. In computer
science, it is most associated with the so-called k-experts problem, an online learning
problem where in each round ¢ the algorithm chooses one of k possible actions,

viewed as following the advice of one of k “experts”.
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In typical applications of online convex optimization in networking and cloud com-
puting there is an additional cost in each round, termed a “switching cost”, that

captures the cost of changing actions during a round. Specifically, the cost is

T
D cil) + Bl = xi (1.1)
=1

where || - || is a norm (often the one-norm). This additional term makes the online

problem more challenging since the optimal choice in a round then depends on
future cost functions. These “smoothed” online convex optimization problems have
received considerable attention in the context of networking and cloud computing
applications, e.g., [56, 58—61], and are also relevant for many more traditional online
convex optimization applications where, in reality, there is a cost associated with a
change in action, e.g., portfolio management. We focus on smoothed online convex

optimization problems.

1.2 Example applications

OCO is being increasingly broadly applied, and recently has become prominent
in networking and cloud computing applications, including the design of dynamic
capacity planning, load shifting and demand response for data centers [49, 58-60,
66], geographical load balancing of internet-scale systems [56, 82], electrical vehicle
charging [29, 49], video streaming [44, 45] and thermal management of systems-on-
chip [87, 88]; we briefly explain some examples in the following paragraphs. Note
that for each application below, decisions need to be made without exact knowledge

of the future costs.

Geographical load balancing for data centers In geographical load balancing,
we seek to minimize the energy cost by exploiting the geographical diversity of
internet-scale system. At each time 7, there is A, ; amount of traffic generated from
source j. The variable x; € (x;4)seq1,...5y Tepresents the number of active servers at
data s at time . The energy cost at time 7, ¢;(x;) = Zle Crs(Xe5» 205 Ar.s,j) Where
Ay, Tepresents on the amount of real time traffic from source j routed to data center
s at time 7. Assuming the state transition cost of a server (from sleep state to active
state and vice versa) is S, then the switching cost B||x; — x,—1||; represents the cost

of state transition cost of servers in the internet-scale system.

Power systems economic dispatch In power systems economic dispatch, the goal

is to satisfy the energy demand with minimum production cost. At each time #, the
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generators need to satisfy y; of total demand, and x; = (X¢)ge(1,... G} Tepresents the
amount of energy produce by generator g at time t. The cost ¢;(x;, y;) represents
the power generation cost given the demand y, and generator power output profile
X;. Assuming generator g has a ramp cost of g, > 0, then the switching cost with
appropriately defined norm ||x; — x,—1|| = Zgzl BelX1g — Xi-1,¢| captures the ramp

cost due to change in generation output.

Adaptive streaming In adaptive streaming problem, the goal is to adapt the bit-
rate representation of different segments of the video stream over varying network
states, in order to maximize the playback quality while avoiding fluctuation. Here,
the variable x; represents the bit-rate request for the next segment at time 7. At each
time, the cost ¢;(x;) = ¢;(x;, y;) represents the utility of requesting next segment
with x, when the link condition is given by y;, and the switching cost B||x; — x;—1||

penalizes rapid changing of bit-rate between consecutive video segments.

1.3 Incorporating predictions

It is no surprise that predictions are crucial to online algorithms in practice. In
OCO, knowledge about future cost functions is valuable, even when noisy. However,
despite the importance of predictions, we do not understand how prediction noise

affects the performance (and design) of online convex optimization algorithms.

This is not due to a lack of effort. Most papers that apply OCO algorithms to
networking and cloud computing applications study the impact of prediction noise,
e.g., [2, 8,59, 66]. Typically, these consider numerical simulations where i.i.d. noise
terms with different levels of variability are added to the parameter being predicted,
e.g., [36, 80]. While this is a valuable first step, it does not provide any guarantees
about the performance of the algorithm with realistic prediction errors (which tend
to be correlated, since an overestimate in one period is likely followed by another
overestimate) and further does not help inform the design of algorithms that can

effectively use predictions.

Though most work on predictions has been simulation based, there has also been
significant work done seeking analytic guarantees. This literature can be categorized

into:

(i) Worst-case models of prediction error typically assume that there exists a

lookahead window w such that within that window, prediction is near-perfect
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(too optimistic), and outside that window the workload is adversarial (too
pessimistic), e.g., [13, 19, 56, 58, 61].

(ii) Simple stochastic models of prediction error typically consider i.i.d. errors,
e.g., [16, 59, 60]. Although this is analytically appealing, it ignores important

features of prediction errors, as described in the next section.

(iii) Detailed stochastic models of specific predictors applied for specific signal
models, such as [46, 73, 74, 89]. This leads to less pessimistic results, but the
guarantees, and the algorithms themselves, become foo fragile to assumptions

on the system evolution.

1.4 Performance metrics: regret vs competitive ratio

There are two main performance metrics used for online algorithms in the literature:
regret, defined as the difference between the cost of the algorithm and the cost
of the offline optimal static solution, and the competitive ratio, defined as the
maximum ratio between the cost of the algorithm and the cost of the offline optimal
(dynamic) solution. While in practice online algorithm can often perform well with
respect to both regret and competitive ratio; however, as shown in Chapter 2, in
adversarial setting, no algorithm can simultaneous achieve good performance in
both metrics. This motivates us to look at a more realistic model for predictions.
The resulting general prediction model also gives new insights into designing good

online algorithms that make use of predictions (Chapter 4).

1.5 Overview of this thesis.

This thesis makes the following contributions.

Generalizing prediction model

In Chapter 2, we show in Theorem 2.1 that, for the adversarial prediction model
(where predictions are exact within the prediction window and adversarial beyond),
no algorithm can achieve sublinear regret and constant competitive ratio simultane-
ously, no matter how long the prediction window is. This motivates us to introduce
a general colored noise model for studying prediction errors in online convex opti-
mization problems. The model captures three important features of real predictors:
(i) it allows for arbitrary correlations in prediction errors (e.g., both short and long
range correlations); (ii) the quality of predictions decreases the further in the fu-
ture we try to look ahead; and (iii) predictions about the future are updated as

time passes. Furthermore, it strikes a middle ground between the worst-case and
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stochastic approaches. In particular, it does not make any assumptions about an
underlying stochastic process or the design of the predictor. Instead, it only makes
(weak) assumptions about the stochastic form of the error of the predictor; these
assumptions are satisfied by many common stochastic models, e.g., the prediction
error of standard Weiner filters [84] and Kalman filters [48]. Importantly, by being
agnostic to the underlying stochastic process, the model allows worst-case analysis

with respect to the realization of the underlying cost functions.

Bridging hardness result between regret and competitive ratio

In Chapter 3, we show that a simple algorithm, Averaging Fixed Horizon Control
(AFHC) [56], simultaneously achieves sublinear regret and a constant competitive
ratio in expectation using very limited prediction, i.e., a prediction window of size
O(1), in nearly all situations when it is feasible for an online algorithm to do so (The-
orem 3.1). Further, we show that the performance of AFHC is tightly concentrated
around its mean (Theorem 3.9). Thus, AFHC extracts the asymptotically optimal
value from predictions. Additionally, our results inform the choice of the optimal
prediction window size. (For ease of presentation, both Theorems 3.8 and 3.9 are
stated and proven for the specific case of online LASSO — see Section 2.1 — but the

proof technique can be generalized in a straightforward way.)

Importantly, Theorem 3.4 highlights that the dominant factor impacting whether the
prediction window should be long or short in AFHC is not the variance of the noise,
but rather the correlation structure of the noise. For example, if prediction errors are
i.i.d. then it is optimal for AFHC to look ahead as far as possible (i.e., T') regardless
of the variance, but if prediction errors have strong short-range dependencies then

the optimal prediction window is constant sized regardless of the variance.

Previously, AFHC had only been analyzed in the adversarial model [58], and our
results are in stark contrast to the pessimism of prior work. To highlight this, we
prove that in the “easiest” adversarial model (where predictions are exact within the
prediction window), no online algorithm can achieve sublinear regret and a constant
competitive ratio when using a prediction window of constant size (Theorem 2.1).
This contrast emphasizes the value of moving to a more realistic stochastic model

of prediction error.

Optimizing the use of prediction
Receding horizon control (RHC) has a long history in the control theory literature
[11, 18, 33, 50, 63, 83]. While it has been successful in many applications, [56]
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shows that in the adversarial prediction setting, RHC with w steps lookahead has
competitive ratio of 1 + Q(1), i.e., the performance of RHC does not improve with
increasing accurate prediction. The contrast between the good performance of RHC
in practice against the pessimistic performance guarantee motivates us to move

beyond the worst case in the performance analysis of online algorithms.

In Chapter 4, our goal is to provide new insights into the design of algorithms
for OCO problems with noisy predictions. In particular, our results highlight the
importance of commitment in online algorithms, and the significant performance
gains that can be achieved by tuning the commitment level of an algorithm as
a function of structural properties of the prediction noise such as variance and

correlation structure.

In terms of commitment, receding horizon control (RHC) and averaging fixed
horizon control (AFHC) represent two extreme algorithm designs: RHC commits
to only one action at a time whereas AFHC averages over algorithms that commit to
actions spanning the whole prediction horizon. While the non-committal nature of
RHC enables quick response to improved predictions, it makes RHC susceptible to
switching costs. On the other hand, the cautious nature of AFHC averts switching

costs but makes it entirely dependent on the accuracy of predictions.

Motivated by these deficiencies in existing algorithm design, we introduce a new
class of policies, Committed Horizon Control (CHC), that allows for arbitrary
levels of commitment and thus subsumes RHC and AFHC. We present both average-
case analysis (Theorems 4.1 and 4.6) and concentration results (Theorems 4.7)
for CHC policies. In doing so, we provide the first analysis of RHC with noisy
predictions.

Our results demonstrate that intermediate levels of commitment can provide signif-
icant reductions in cost, to the tune of more than 50% (e.g., Figure 4.4a, Figure 4.5a
and Figure 4.6a). Further, our results also reveal the impact of correlation structure
and variance of prediction noise on the optimal level of commitment, and provide

simple guidelines on how to choose between RHC and AFHC.

These results are enabled by a key step in our proof that transforms the control
strategy employed by the offline optimal algorithm, OPT to the strategy of CHC via
a trajectory of intermediate strategies. We exploit the structure of our algorithm at
each intermediate step to bound the difference in costs; the sum of these costs over

the entire transformation then gives us a bound on the difference in costs between



OPT and CHC .

Application to smart energy systems

In Chapter 5 we focus on direct load control with the goal of using demand response
to reduce variations of the aggregate load. This objective has been studied frequently
in the literature, e.g., [30, 77], because reducing the variations of the aggregate load
corresponds to minimizing the generation cost of the utilities. In particular, large
generators with the smallest marginal costs, e.g., nuclear generators and hydro
generators, have limited ramp rates, i.e., their power output cannot be adjusted too
quickly. So, if load varies frequently, then it must be balanced by more expensive
generators (i.e., “peakers”) that have fast ramp rate. Thus, if the load variation is
reduced, then the utility can use the least expensive sources of power generation to

satisfy the electricity demand.

Using the general prediction model introduced in Chapter 2, we introduce a model
predictive algorithm for deferrable load control with uncertainty (Section 5.3). We
perform a detailed performance analysis of our proposed algorithm. The perfor-
mance analysis uses both analytic results and trace-based experiments to study (i)
the reduction in expected load variance achieved via deferrable load control, and
(ii) the value of using model predictive control via our algorithm when compared
with static (open-loop) control. The theorems in Section 5.4 characterize the im-
pact of prediction inaccuracy on deferrable load control. These analytic results
highlight that as the time horizon expands, the expected load variance obtained by
our proposed algorithm approaches the optimal value (Corollary 5.9). Also, as the
time horizon expands, the algorithm obtains an increasing variance reduction over
the optimal static algorithm (Corollary 5.12, 5.13). Furthermore, in Section 5.5 we
provide trace-based experiments using data from Southern California Edison and
Alberta Electric System Operator to validate the analytic results. These experiments
highlight that our proposed algorithm obtains a small suboptimality under high un-
certainties of renewable generation, and has significant performance improvement

over the optimal static control.



Chapter 2

GENERAL PREDICTION MODEL

In this chapter, we discuss some of the shortcomings of the adversarial models for
prediction error, and introduce a practical model for prediction error that generalizes

models in the filtering and statistical learning community.

As OCO algorithms make their way into networking and cloud computing appli-
cations, it is increasingly clear that there is a mismatch between the pessimistic
results provided by the theoretical analysis (which is typically adversarial) and the
near-optimal performance observed in practice. Concretely, two main performance
metrics have been studied in the literature: regret, defined as the difference between
the cost of the algorithm and the cost of the offline optimal static solution, and the
competitive ratio, defined as the maximum ratio between the cost of the algorithm

and the cost of the offline optimal (dynamic) solution.

Within the machine learning community, regret has been heavily studied [40, 86, 90]
and there are many simple algorithms that provide provably sublinear regret (also
called “no regret”). For example, online gradient descent achieves O(VT)-regret
[90], even when there are switching costs [9]. In contrast, the online algorithms
community considers a more general class of problems called “metrical task systems”
(MTS) and focuses on competitive ratio [12, 13, 58]. Most results in this literature
are “negative”’, e.g., when c¢; are arbitrary, the competitive ratio grows without
bound as the number of states in the decision space grows [13]. Exceptions to such
negative results come only when structure is imposed on either the cost functions or
the decision space, e.g., when the decision space is one-dimensional it is possible
for an online algorithm to have a constant competitive ratio, e.g., [58]. However,
even in this simple setting no algorithms perform well for both competitive ratio and
regret. No online algorithm can have sublinear regret and a constant competitive

ratio, even if the decision space is one-dimensional and cost functions are linear [9].

In contrast to the pessimism of the analytic work, applications in networking and
cloud computing have shown that OCO algorithms can significantly outperform the
static optimum while nearly matching the performance of the dynamic optimal, i.e.,
they simultaneously do well for regret and the competitive ratio. Examples include

dynamic capacity management of a single data center [7, 58] and geographical load



balancing across multiple data centers [56, 66, 69].

It is tempting to attribute this discrepancy to the fact that practical workloads are
not adversarial. However, a more important factor is that, in reality, algorithms can
exploit relatively accurate predictions about the future, such as diurnal variations
[10, 35, 59]. But a more important contrast between the theory and application
is simply that, in reality, predictions about the future are available and accurate,
and thus play a crucial role in the algorithms. In this chapter, we argue that this
mismatch is due to the pessimistic assumption on prediction errors, and propose a
general model for practical predictions. Using this model, we show in Chapter 3
that there is a simple online algorithm that achives simultaneous sublinear regret

and constant competitive ratio.

2.1 Problem formulation and notation

Throughout this thesis we consider online convex optimization problems with

switching costs, i.e., “smoothed” online convex optimization (SOCO) problems.

The standard formulation of an online optimization problem with switching costs
considers a convex decision/action space G C R" and a sequence of cost functions
{c1,ca, ...}, where each ¢, : G — R* is convex. At time ¢, the online algorithm
first chooses an action, which is a vector x; € G, the environment chooses a cost
function ¢, from a set C, and the algorithm pays a stage cost ¢;(x;) and a switching
cost B||x; — x;—1|| where B € (R*). Thus, the total cost of the online algorithm is
defined to be

T
COS(ALG) = By | 3" cil) + Bllx = x| 2.1)

=1
where xi, ..., xr are the actions chosen by the algorithm, ALG. Without loss of

generality, assume the initial action xy = 0, the expectation is over any randomness

used by the algorithm, and || - || is a seminorm on R".

Typically, a number of assumptions about the action space G and the cost functions
¢; are made to allow positive results to be derived. In particular, the action set G is
often assumed to be closed, nonempty, and bounded, where by bounded we mean
that there exists D € R such that for all x,y € G, ||x — y|| < D. Further, the cost
functions ¢; are assumed to have a uniformly bounded subgradient, i.e., there exists
N € R* such that, for all x € G, ||V (x)|| £ N.
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Performance Metrics

The performance of online algorithms for SOCO problems is typically evaluated via
two performance metrics: regret and the competitive ratio. Regret is the dominant
choice in the machine learning community and competitive ratio is the dominant
choice in the online algorithms community. The key difference between these
measures is whether they compare the performance of the online algorithm to the
offline optimal static solution or the offline optimal dynamic solution. Specifically,

the optimal offline static solution, is!

T
STA = argmin Z () + BlIx]), (2.2)
xeG =1
and the optimal dynamic solution is
T
OPT = argmin > ci(x) + Bll(x = x| (2.3)

(x1,...x7)€GT T
Definition 1. The regret of an online algorithm, ALG, is less than p(T) if the
following holds:
sup  cost(ALG) — cost(STA) < p(T). (2.4)

(Cl,...,CT)ECT

Definition 2. An online algorithm ALG is said to be p(T)-competitive if the following
holds:

cost(ALG) <

sup = o (7). 2.5
. ohecr cos(OPT) =¥ @) (-3

The goals are typically to find algorithms with a (small) constant competitive ratio
(“constant-competitive”) and to find online algorithms with sublinear regret, i.e., an
algorithm ALG that has regret p(T) bounded above by some 5(T) € o(T); note that
po(T) may be negative if the concept we seek to learn varies dynamically. Sublinear
regret is also called “no-regret”, since the time-average loss of the online algorithm

goes to zero as T grows.

Background
To this point, there are large literatures studying both the designs of no-regret
algorithms and the design of constant-competitive algorithms. However, in general,

these results tell a pessimistic story.

!One switching cost is incurred due to the fact that we enforce xo = 0.
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In particular, on a positive note, it is possible to design simple, no-regret algorithms,
e.g., online gradient descent (OGD) based algorithms [40, 90] and Online Newton
Step and Follow the Approximate Leader algorithms [40]. (Note that the classical
setting does not consider switching costs; however, [9] shows that similar regret

bounds can be obtained when switching costs are considered.)

However, when one considers the competitive ratio, results are much less optimistic.
Historically, results about competitive ratio have considered weaker assumptions,
i.e., the cost functions ¢; and the action set G can be nonconvex, and the switching
cost is an arbitrary metric d(x;, x;—1) rather than a seminorm ||x; — x;,—1||. The
weakened assumptions, together with the tougher offline target for comparison,
leads to the fact that most results are “negative”. For example, [13] has shown that
any deterministic algorithm must be Q(n)-competitive given metric decision space
of size n. Furthermore, [12] has shown that any randomized algorithm must be
Q(\/logn/lm)—competitive. To this point, positive results are only known in
very special cases. For example, [58] shows that, when G is a one-dimensional

normed space, there exists a deterministic online algorithm that is 3-competitive.

Results become even more pessimistic when one asks for algorithms that perform
well for both competitive ratio and regret. Note that performing well for both
measures is particularly desirable for many networking and cloud computing ap-
plications where it is necessary to both argue that a dynamic control algorithm
provides benefits over a static control algorithm (sublinear regret) and is near opti-
mal (competitive ratio). However, a recent result in [9] highlights that such as goal is
impossible: even when the setting is restricted to a one-dimensional normed space
with linear cost functions no online algorithm can simultaneously achieve sublinear

regret and constant competitive ratio 2.

2.2 Impossibility results in adversarial prediction models
The adversarial model underlying most prior work on online convex optimization
has led to results that tend to be pessimistic; however, in reality, algorithms can

often use predictions about future cost functions in order to perform well.

Knowing information about future cost functions is clearly valuable for smoothed

online convex optimization problems, since it allows one to better justify whether

ZNote that this impossibility is not the result of the regret being additive and the competitive ratio being
multiplicative, as [9] proves the parallel result for competitive difference, which is an additive comparison to
the dynamic optimal.
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it is worth it to incur a switching cost during the current stage. Thus, it is not

surprising that predictions have proven valuable in practice for such problems.

Given the value of predictions in practice, it is not surprising that there have been
numerous attempts to incorporate models of prediction error into the analysis of
online algorithms. We briefly expand upon the worst-case and stochastic approaches
described in the introduction to motivate our approach, which is an integration of

the two.

Worst-case models. Worst-case models of prediction error tend to assume that
there exists a lookahead window, w, such that within that window, a perfect (or
near-perfect, e.g., error bounded by &) prediction is available. Then, outside of that
window the workload is adversarial. A specific example is that, for any 7 the online

algorithm knows yy, . . ., y;4y precisely, while y;yy+1, . . . are adversarial.

Clearly, such models are both foo optimistic about the the predictions used and too
pessimistic about what is outside the prediction window. The result is that algorithms
designed using such models tend to be too trusting of short term predictions and
too wary of unknown fluctuations outside of the prediction window. Further, such
models tend to underestimate the value of predictions for algorithm performance.

To illustrate this, we establish the following theorem.

Theorem 2.1. For any constant y > 0 and any online algorithm A (deterministic or
randomized) with constant lookahead w, either the competitive ratio of the algorithm
is at least vy or its regret, is QT). Here T is the number of cost functions in an

instance.

The above theorem focuses on the “easiest” worst-case model, i.e., where the algo-
rithm is allowed perfect lookahead for w steps. Even in this case, an online algorithm
must have super-constant lookahead in order to simultaneously have sublinear re-
gret and a constant competitive ratio. Further, the proof (given in Appendix 2.A)
highlights that this holds even in the scalar setting with linear cost functions. Thus,

worst-case models are overly pessimistic about the value of prediction.

Stochastic models. Stochastic models tend to come in two forms: (i) i.i.d. models
or (ii) detailed models of stochastic processes and specific predictors for those

Processes.

In the first case, for reasons of tractability, prediction errors are simply assumed

to be i.i.d. mean zero random variables. While such an assumption is clearly
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analytically appealing, it is also quite simplistic and ignores many important features
of prediction errors. For example, in reality, predictions have increasing error the
further in time we look ahead due to correlation of predictions errors in nearby
points in time. Further, predictions tend to be updated or refined as time passes.
These fundamental characteristics of predictions cannot be captured by the i.i.d.

model.

In the second case, which is common in control theory, a specific stochastic model
for the underlying process is assumed and then an optimal predictor (filter) is
derived. Examples here include the derivation of Weiner filters and Kalaman filters
for the prediction of wide-sense stationary processes and linear dynamical systems
respectively, see [46]. While such approaches avoid the pessimism of the worst-case
viewpoint, they instead tend to be fragile to the underlying modeling assumptions.
In particular, an online algorithm designed to use a particular filter based on a
particular stochastic model lacks the robustness to be used in settings where the

underlying assumptions are not valid.

2.3 Modelling practical prediction errors

A key contribution of this thesis is the development of a model for studying pre-
dictions that provides a middle ground between the worst-case and the stochastic
viewpoints. The model we propose below seeks a middle ground by not making any
assumption on the underlying stochastic process or the design of the predictor, but
instead making assumptions only on the form of the error of the predictor. Thus, it
is agnostic to the predictor and can be used in worst-case analysis with respect to

the realization of the underlying cost functions.

Further, the model captures three important features of real predictors: (i) it allows
for correlations in prediction errors (both short range and long range); (ii) the
quality of predictions decreases the further in the future we try to look ahead; and

(iii) predictions about the future are refined as time passes.

Concretely, throughout this thesis we model prediction error via the following
equation:
t
V=it D fe=s)e(s). (2.6)
s=7+1
Here, y;|. is the prediction of y, made at time 7 < 7. Thus, y; — y|. is the prediction
error, and is specified by the summation in (2.6). In particular, the prediction error is

modeled as a weighted linear combination of per-step noise terms, e(s) with weights
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f(t — s) for some deterministic impulse function f. The key assumptions of the
model are that e(s) are i.i.d. with mean zero and positive definite covariance R,; and
that f satisfies f(0) = I and f(z) = O for < 0. Note that, as the examples below
illustrate, it is common for the impulse function to decay as f(s) ~ 1/s%. As we will
see later, this simple model is flexible enough to capture the prediction error that
arise from classical filters on time series, and it can represent all forms of stationary

prediction error by using appropriate forms of f.

Some intuition for the form of the model can be obtained by expanding the summa-

tion in (2.6). In particular, note that for 7 = ¢ — 1 we have

Vi = V-1 = f(0)e(t) = e(2), 2.7

which highlights why we refer to e() as the per-step noise.

Further, expanding the summation further gives
Vi = Vepr = f(0)e(t) + f(De(t = 1)+ ...+ f(t =7 —1e(r + 1). (2.8)

Note that the first term is the one-step prediction error y; — y;,_1; the first two terms
make up the two-step prediction error y; — y;;—2; and so on. This highlights that
predictions in the model have increasing noise as one looks further ahead in time

and that predictions are refined as time goes forward.

Additionally, note that the form of (2.8) highlights that the impulse function f cap-
tures the degree of short-term/long-term correlation in prediction errors. Specif-
ically, the form of f(¢) determines how important the error ¢ steps in the past is
for the prediction. Since we assume no structural form for f, complex correlation

structures are possible.

Finally, unraveling the summation all the way to time zero highlights that the process
y; can be viewed as a random deviation around the predictions made at time zero,

Yijo := 1, which are specified externally to the model:

yi =30+ ) flt=s)e(s). (2.9)
s=1

This highlights that an instance of the online convex optimization problem can
be specified via either the process y, or via the initial predictions y;, and then the
random noise from the model determines the other. We discuss this more when

defining the notions of regret and competitive ratio we study in Section 4.1.
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Examples

While the form of the prediction error in the model may seem mysterious, it is
quite general, and includes many of the traditional models as special cases. For
example, to recover the worst-case prediction model one can set, Vz, e(t) = 0 and y,/

as unknown V¢’ > t + w and then take the worst case over y. Similarly, a common

b

approach in robust control is to set f(¢) = ", le(s)| < D, Vs and then
0, t+#0

consider the worst case over e.

Additionally, strong motivation for it can be obtained by studying the predictors for
common stochastic processes. In particular, the form of (2.6) matches the prediction
error of standard Weiner filters [84] and Kalman filters [48], etc. To highlight this,

we include a few brief examples below.

Example 2.2 (Wiener Filter). Let {y,}[T:0 be a wide-sense stationary stochastic
process with E[y;] = 9, and covariance E[(y; — $;)(y; — )Afj)T] = Ry(i - j), ie,
the covariance matrix Ry, > 0 of y = [y1 » ...yr|! is a Toeplitz matrix. The
corresponding e(s) in the Wiener filter for the process is called the “innovation
process” and can be computed via the Wiener-Hopf technique [46]. Using the

innovation process e(s), the optimal causal linear prediction is
T
Yite = i+ ) (v e(s)le(s)]] Ze(s),
s=1

and so the correlation function f(s) as defined in (2.6) is

F(s) = (s, e(O))]1e(0)]] > = Ry()R; . (2.10)

Example 2.3 (Kalman Filter). Consider a stationary dynamical system described
by the hidden state space model

X, =Ax; +Bu;, y;=Cx/+v,

where the {u;, v, X0} are m X 1, p X 1, and n X 1-dimensional random variables such
that

= 5*5,']' Réij 0 0].

Uj
< u; > Q6i_j Sé,'j 0 0
X0 0 0 IIp O

The Kalman filter for this process yields the optimal causal linear estimator y;; =

Kyl ....yI1" such that y,; = argminE-||y, — K'[y], ..., yIT||2. When t is large
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and the system reaches steady state, the optimal prediction is given in the following

recursive form [46]:

xt/+1|t = Axt/lt_1 + Kpe(r), yoj-1 =0, e(0) = yo,

e(t) =Vt — Cxlflt—l’

where K, = (APC* + BS)R;', is the Kalman gain, and R, = R + CPC* is the

e

covariance of the innovation process e;, and P solves
P = APA" + CQC* - K,R.K,.

This yields the predictions
Vife = (v e(s)R; e(s)
s=1

T
= Z CA"™"Y(APC* + BS)R; 'e(s).
s=1

Thus, for stationary Kalman filter, the prediction error correlation function is

f(s) = CAS{(APC™ + BS)R,' = CA*'K,,. 2.11)

Performance metrics under general prediction model

A key feature of the prediction model described above is that it provides a general
stochastic model for prediction errors while not imposing any particular underlying
stochastic process or predictor. Thus, it generalizes a variety of stochastic models

while allowing worst-case analysis.

More specifically, when studying online algorithms using the prediction model
above, one could either specify the instance via y, and then use the form of (2.6) to
give random predictions about the instance to the algorithm or, one could specify
the instance using  := y;|o and then let the y, be randomly revealed using the form
of (2.9). Note that, of the two interpretations, the second is preferable for analysis,

and thus we state our theorems using it.

In particular, our setup can be interpreted as allowing an adversary to specify the
instance via the initial (time 0) predictions y, and then using the prediction error
model to determine the instance y;. We then take the worst-case over y. This
corresponds to having an adversary with a “shaky hand” or, alternatively, letting
the adversary specify the instance but forcing them to also provide unbiased initial

predictions.



17

In this context, we study the following notions of (expected) regret and (expected)
competitive ratio, where the expectation is over the realization of the prediction

noise e and the measures consider the worst-case specification of the instance .

Definition 3. We say an online algorithm ALG, has (expected) regret at most p(T)

if

sup E,.[cost(ALG) — cost(STA)] < p(T). (2.12)
¥

Definition 4. We say an online algorithm ALG is p(T )-competitive (in expectation)
if
E.[cost(ALG)] <

Eu[cosorT)) = P (2.13)

sup
A

Using the general model for predictions, we show in the next Chapter that, there

exists online algorithm that can simultaneously achieve sublinear regret and constant

competitive ratio. Overcoming the hardness result for adversarial analysis (Theorem
2.1).

2.A  Proofs for Section 2.2

Proof for Theorem 2.1. For a contradiction, assume that there exists an algorithm
A’ that achieves constant competitive ratio and sublinear regret with constant looka-
head. We can use algorithm A’ to obtain another online algorithm A that achieves
constant competitive ratio and sublinear regret without lookahead. This contradicts

Theorem 4 of [9], and we get the claim.

Consider an instance {cy, ¢y, . . ., cr} without lookahead. We simply “pad” the input
with ¢ copies of the zero function 0 if A’ has a lookahead of £. That is, the input to
A’is: ¢1,0,...,0,¢2,0,...,0,¢3,0, ...

We simulate A’ and set the ¢th action of A equal to the ((r — 1)(£ + 1) + 1)th action
of A’. Note that the optimal values of the padded instance are equal to the optimal
values of the given instance. Also, by construction, cost(A) < cost(A’). Therefore,
if A" achieves constant competitive ratio and sublinear regret then so does A, and

the claim follows. |
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Chapter 3

THE VALUE OF PREDICTION

In Chapter 2, we have shown that in the adversarial setting, no matter far we can
lookahead, no algorithm can achieve good performance in terms of regret and
competitive ratio simultaneously. This motivates us to propose a new model for

prediction error

Since our focus in this thesis is on predictions, we consider a variation of the above
with parameterized cost functions c;(x;; y;), where the parameter y, is the focus of
prediction. Further, except when considering worst-case predictions, we adopt a
specific form of ¢; for concreteness. We focus on a tracking problem where the
online algorithm is trying to do a “smooth” tracking of y; and pays a least square

penalty each round.
1
cOsU(ALG) = Ex | 3 511y = Kxll} + Bl = xoillr- | 3.1)

r=1
where the target y; € R™, and K € R™" is a (known) linear map that transforms the
control variable into the space of the tracking target. Let K' be the Moore-Penrose

pseudoinverse of K.

We focus on this form because it represents an online version of the LASSO (Least
Absolute Shrinkage and Selection Operator) formulation, which is widely studied in
a variety of contexts, e.g., see [20, 21, 26, 81] and the references therein. Typically
in LASSO the one-norm regularizer is used to induce sparsity in the solution. In
our case, this corresponds to specifying that a good solution does not change too
much, i.e., x; — x;—1 # 0 is infrequent. Importantly, the focus on LASSO, i.e., the
two-norm loss function and one-norm regularizer, is simply for concreteness and
ease of presentation. Our proof technique generalizes (at the expense of length and

complexity).

We assume that K7 K is invertible and that the static optimal solution to (3.1) is
positive. Neither of these is particularly restrictive. If K has full column rank then
KTK is invertible. This is a reasonable, for example, when the dimensionality of the
action space G is small relative to the output space. Note that typically K is designed,
and so it can be chosen to ensure these assumptions are satisfied. Additionally if K

is invertible, then it no longer appears in the results provided.
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Finally, it is important to highlight a few contrasts between the cost function in
(3.1) and the typical assumptions in the online convex optimization literature. First,
note that the feasible action set G = R" is unbounded. Second, note that gradient
of ¢; can be arbitrarily large when y; and Kx; are far apart. Thus, both of these
are relaxed compared to what is typically studied in the online convex optimization
literature. We show in Section 3.2 that, we can have sublinear regret even in this

relaxed setting.

Recall that we assume the prediction model in (2.6):

t

Y=yt Y fe=s)e(s).
s=T7+1
Naturally, the form of the correlation structure plays a crucial role in the performance
results we prove. But, the detailed structure is not important, only its effect on the
aggregate variance. Specifically, the impact of the correlation structure on perfor-
mance is captured through the following two definitions, which play a prominent

I?

role in our analysis. First, for any w > 0, let || f;,,||~ be the two norm of prediction

error covariance over (w + 1) steps of prediction, i.e.,

141> = w6y, 0y, ]) = (R, D £() f(5)), (3.2)
s=0
where 6y = yirw — Yiswi—1 = 2oy f(t + w — s)e(s). The derivation of (3.2) is

found in the proof of Theorem 3.4.

Second, let F(w) be the two norm square of the projected cumulative prediction

error covariance, i.e.,
F(w) = > BIIKK 8yl = tr(Re " (w =5+ D f ()" KK f(s)). (3.3)
t=0 s=0

Note that KK is the orthogonal projector onto the range space of K. Therefore it is
natural that the definitions are over the induced norm of KK since any action chosen
from the space F can only be mapped to the range space of K i.e. no algorithm,

online or offline, can track the portion of y that falls in the null space of K.

Examples

1. For Wierner filter shown in Example 2.2, we have

£l 2 = R% Z:(; Ry(s)> and F(w) = Rie ;(w — s+ DRy (5)%.
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2. For the Kalman filter shown in Example 2.3, we have

w
156l = > r(R(CA™'K,) KK T(CA™'K,)) and
s=0

F(w) = i(w — s+ Dir(R,(CA'K,) KK (CA* 'K ).
s=0

Our proofs bound the competitive ratio through an analysis of the competitive

difference, which is defined as follows.

Definition 5. We say an online algorithm ALG has (expected) competitive differ-
ence at most p(T) if

supE, [cost(ALG) — cost(OPT)] < p(T). (3.4)
b

Note that these expectations are with respect to the prediction noise, (e(t))thl,

cost(OPT) is also random. Note also that when cost(OPT) € Q(p(T)) and ALG has

competitive difference at most p(7T'), then the algorithm has a constant (bounded)

and so

competitive ratio.

3.1 Averaging fixed horizon control

A wide variety of algorithms have been proposed for online convex optimization
problems. Given the focus of this thesis on predictions, the most natural choice of an
algorithm to consider is Receding Horizon Control (RHC), a.k.a., Model Predictive
Control (MPC).

There is a large literature in control theory that studies RHC/MPC algorithms,
e.g., [33, 63] and the references therein; and thus RHC is a popular choice for
online optimization problems when predictions are available, e.g., [11, 18, 50, 83].
However, recent results have highlighted that while RHC can perform well for one-
dimensional smoothed online optimization problems, it does not perform well (in
the worst case) outside of the one-dimension case. Specifically, the competitive ratio
of RHC with perfect lookahead w is 1 + O(1/w) in the one-dimensional setting, but
is 1 + Q(1) outside of this setting, i.e., the competitive ratio does not decrease to 1

as the prediction window w increases [56].

In contrast, a promising new algorithm, Averaging Fixed Horizon Control (AFHC),
proposed by [56] in the context of geographical load balancing, maintains good

performance in high-dimensional settings, i.e., maintains a competitive ratio of
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1 + O(1/w)!. Thus, in this chapter, we focus on AFHC. Our results highlight that

AFHC extracts the asymptotically optimal value from predictions, and so validates

this choice.

As the name implies, AFHC averages the choices made by Fixed Horizon Control
(FHC) algorithms. In particular, AFHC with prediction window size (w+ 1) averages
the actions of (w + 1) FHC algorithms.

Algorithm 3.1 Fixed Horizon Control

LetQr={i:i=k mod (w+ D}N[-w,T]fork =0,...,w. Then FHC®(w +
1), the kth FHC algorithm is defined in the following manner. At timeslot 7 € Q
(i.e., before c; is revealed), choose actions x)

fort =7,...7+ w as follows:

FHC,t
Ifr <0, xgk[){Ct = 0. Otherwise, let x;_; = x;klzlc 1> and let (xg{l)icl)f;';” be the
vector that solves
T+W
omin 3" &) + BllCy - xi-)ll
Toee 9 ATH+W =
where & (-) is the prediction of the future cost ¢;(-) fort =7,..., 7+ w.

Note that in the classical OCO with (w + 1)-lookahead setting, ¢(-) is exactly equal
to the true cost ¢(-). Each FHC®)(w + 1) can be seen as a length (w + 1) fixed horizon
control starting at position k. Given (w + 1) versions of FHC, AFHC is defined as
the following:

Algorithm 3.2 Averaging Fixed Horizon Control
Attimeslott € 1,...,T, AFHC(w + 1) sets

L N0
XAFHCt = wrl £ XrHC (3.5)

3.2 Average-case analysis

We first consider the average-case performance of AFHC (in this section), and then
consider distributional analysis (in Section 3.3). We focus on the tracking problem
in (3.1) for concreteness and conciseness, though our proof techniques generalize.

Note that, unless otherwise specified, we use || - || = || - ||2.

I'Note that this result assumes that the action set is bounded, i.e., for all feasible action x, v, there exists
D > 0, such that ||x — y|| < D, and that there exists ey > 0, s.t. ¢;(0) > ep, V¢. The results we prove in this
chapter make neither of these assumptions.
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Our main result shows that AFHC can simultaneously achieve sublinear regret and
a constant competitive ratio using only a constant-sized prediction window in nearly
all cases that it is feasible for an online algorithm to do so. This is in stark contrast

with Theorem 2.1 for the worst-case prediction model.

Theorem 3.1. Let w be a constant. AFHC(w + 1) is constant-competitive whenever

infy E.[OPT] = Q(T) and has sublinear regret whenever infy E,[STA] > a T —

o(T), for oy =4V + 8B2, where

_ BIK Al + 3821(KTK) "1 + F(w)/2
w+1

B = BII(K") 1] (3.7)

1% (3.6)

and ||M||; denotes the induced 1-norm of a matrix M.

Theorem 3.1 imposes bounds on the expected costs of the dynamic and static optimal
in order to guarantee a constant competitive ratio and sublinear regret. These bounds
come about as a result of the noise in predictions. In particular, prediction noise
makes it impossible for an online algorithm to achieve sublinear expected cost, and
thus makes it infeasible for an online algorithm to compete with dynamic and static
optimal solutions that perform too well. This is made formal in Theorems 3.2 and
3.3, which are proven in Appendix 3.A. Recall that R, is the covariance of an

estimation error vector, e(t).

Theorem 3.2. Any online algorithm ALG that chooses x; using only (i) internal
randomness independent of e(-) and (ii) predictions made up until time t, has

expected cost B,[cost(ALG)] = aT + o(T), where ap = %llRel/ 2| |f( Kt

Theorem 3.3. Consider an online algorithm ALG such that E,[cost(ALG)] € o(T).
The actions, x;, of ALG can be used to produce one-step predictions yt'| ,_p such
that mean square of the one-step prediction error is smaller than that for y,;—1, i.e.,

Eelly: — y;|1_1||2 < Eelly; — y,|t_1||2, for all but sublinearly many t.

Theorem 3.2 implies that it is impossible for any online algorithm that uses extra
information (e.g., randomness) independent of the prediction noise to be constant
competitive if E,[cost(OPT)] = o(T) or to have sublinear regret if E,[cost(STA)] <
(ap — &)T + o(T), for € > 0.

Further, Theorem 3.3 states that if an online algorithm does somehow obtain asymp-
totically smaller cost than possible using only randomness independent of the pre-

diction error, then it must be using more information about future y; than is available
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from the predictions. This means that the algorithm can be used to build a better

predictor.

Thus, the consequence of Theorems 3.2 and 3.3 is the observation that the condition
in Theorem 3.1 for the competitive ratio is tight and the condition in Theorem 3.1
for regret is tight up to a constant factor, i.e., a; versus a,. (Attempting to prove

matching bounds here is an interesting, but very challenging, open question.)

In the remainder of the section, we outline the analysis needed to obtain Theorem
3.1, which is proven by combining Theorem 3.4 bounding the competitive difference
of AFHC and Theorem 3.8 bounding the regret of AFHC. The analysis exposes the
importance of the correlation in prediction errors for tasks such as determining
the optimal prediction window size for AFHC. Specifically, the window size that
minimizes the performance bounds we derive is determined not by the quality of
predictions, but rather by how quickly error correlates, i.e., by || £, ||*.

Proof of Theorem 3.1

The first step in our proof of Theorem 3.1 is to bound the competitive difference
of AFHC. This immediately yields a bound on the competitive ratio and, since it is

additive, it can easily be adapted to bound regret as well.

The main result in our analysis of competitive difference is the following. This is

the key both to bounding the competitive ratio and regret.

Theorem 3.4. The competitive difference of AFHC(w + 1) is O(T) and bounded by:
sup Ec[costtAFHC) — cost(OPT)] < VT, (3.8)
]
where V is given by (3.6)
Theorem 3.4 implies that the competitive ratio of AFHC is bounded by a constant

when cost(OPT) € Q(T).

The following corollary of Theorem 3.4 is obtained by minimizing V with respect

to w.

Corollary 3.5. For AFHC, the prediction window size that minimizes the bound
in Theorem 3.4 on competitive difference is a finite constant (independent of T) if
F(T) € w(T) and is T if there is i.i.d noise?.

2Specifically £(0) = I, f(t) = 0Vt > 0
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The intuition behind this result is that if the prediction model causes noise to correlate
rapidly, then a prediction for a time step too far into the future will be so noisy that
it would be best to ignore it when choosing an action under AFHC. However, if the
prediction model is nearly independent, then it is optimal for AFHC to look over
the entire time horizon, T, since there is little risk from aggregating predictions.
Importantly, notice that the quality (variance) of the predictions is not determinant,
only the correlation.

Theorem 3.4 is proven using the following lemma (proven in the appendix) by taking

expectation over noise.
Lemma 3.6. The cost of AFHC(w + 1) for any realization of y; satisfies

cost(AFHC) — cost(OPT) <

1 < . (k)
— D 2 Bl =+

k=0 Ty

T+w

1
25l =yl |-
t=t

Next, we use the analysis of the competitive difference in order to characterize the
regret of AFHC. In particular, to bound the regret we simply need a bound on the
gap between the dynamic and static optimal solutions.

Lemma 3.7. The suboptimality of the offline static optimal solution STA can be
bounded below on each sample path by

cost(STA) — cost(OPT)

T
DAy =512, —2BVT) | -2B°T - C
t=1

| =

T —
where 3 = 220 B = BI|(KT) 1|}y and ¢ = £1 &0,

2
KK?
a measure of the variability y,. Specifically, it is the projection of the variation onto

Note that the bound above is in terms of ||(y; — y)||% ..., Wwhich can be interpreted as

the range space of K.

Combining Theorem 3.4 with Lemma 3.7 gives a bound on the regret of AFHC,
proven in Appendix 3.A.

Theorem 3.8. AHFC has sublinear expected regret if

T
infE, ) [IKK (i = 5)II* = (8V + 16B7)T,
y

=1
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where V and B are defined in (3.6) and (3.7).

Finally, we make the observation that, for all instances of y:

cost(STA) =

N —

T
D Hlye = Kx|P + Bl
t=1

II(I - KK")y, + KK"y, — Kx||*

\%
N —
1~

~
Il
—_

1
I1(1 = KK )y, || + 5||KK*yz - Kx|?

M~

Il
—

t

> SIIKK (v = DI

N = DN =

Therefore, by Theorem 3.8, we have the condition of the Theorem.

3.3 Concentration bounds

The previous section shows that AFHC performs well in expectation, but it is also
important to understand the distribution of the cost under AFHC. In this section,
we show that, with a mild additional assumption on the prediction error e(t), the
event when there is a large deviation from the expected performance bound proven

in Theorem 3.4 decays exponentially fast.

The intuitive idea behind the result is the observation that the competitive difference
of AFHC is a function of the uncorrelated prediction error e(1),. .., e(T) that does
not put too much emphasis on any one of the random variables e(r). This type of
function normally has sharp concentration around its mean because the effect of

each e(r) tends to cancel out.

For simplicity of presentation, we state and prove the concentration result for AFHC

for the one dimensional tracking cost function
1 &
2
) Z()’z = x)" + Blxe = x-1l.
r=1

In this case, R, = o2, and the correlation function f : N — R is a scalar valued

function. The results can all be generalized to the multidimensional setting.

Additionally, for simplicity of presentation, we assume (for this section only) that
{e(t)}tT:1 are uniformly bounded, i.e., 3¢ > 0, s.t. V¢, |e(?)| < €. Note that, with
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additional effort, the boundedness assumption can be relaxed to the case of e(z)

being subgaussian, i.e., E[exp(e(t)?/€?)] < 2, for some € > 0.3

To state the theorem formally, let VT be the upper bound of the expected competitive
difference of AFHC in (3.8). Given {)AJ,}IT: |» the competitive difference of AFHC
is a random variable that is a function of the prediction error e(¢). The following
theorem shows that the probability that the cost of AFHC exceeds that of OPT by

much more than the expected value VT decays rapidly.

Theorem 3.9. The probability that the competitive difference of AFHC exceeds VT
is exponentially small, i.e., for any u > 0:

P(cost(AFHC) — cost(OPT) > VT + u)

—Lt2 —I/t2
< T + exp 5 7
8¢ 1 Fw |2 16€°A2 =5 F(w) + u)

<exp
(w+1)o?
2
—Uu
<2 ,
=-exp (a + bu)

where || f,||* = (OIN | £(£)|?), the parameter A of concentration
- 1
A< ) w=0f() = —F(w),
t=0

and a = 8€*[T [(w + 1)] max(&5]| fyl [ 4AF (w)), b = 16€2.

The theorem implies that the tail of the competitive difference of AFHC has a
Bernstein type bound. The bound decays much faster than the normal large devia-
tion bounds obtained by bounding moments, i.e., Markov Inequality or Chebyshev
Inequality. This is done by more detailed analysis of the structure of the competitive
difference of AFHC as a function of e = (e(1), .. ., e(T)).

Note that smaller values of a and b in Theorem 3.9 imply a sharper tail bound. We
can see that smaller ||f,,|| and smaller F(w) implies the tail bound decays faster.
Since higher prediction error correlation implies higher || f,,|| and F(w), Theorem
3.9 quantifies the intuitive idea that the performance of AFHC concentrates more

tightly around its mean when the prediction error is less correlated.

3This involves more computation and worse constants in the concentration bounds. Interested
readers are referred to Theorem 12 and the following remark of [14] for a way to generalize the
concentration bound for the switching cost (Lemma 3.10), and Theorem 1.1 of [72] for a way to
generalize the concentration bound for prediction error (Lemma 3.14).
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Proof of Theorem 3.9

To prove Theorem 3.9, we start by decomposing the bound in Lemma 3.6. In

particular, Lemma 3.6 gives
cost(AFHC) — cost(OPT) < g1 + g2, (3.9

where

a= =S gl -4,

k=0 TeQy
represents loss due to the switching cost, and
T+w

&= Wilzwl > %(yz = Y1)’

k=0 TEQk t=71

represents the loss due to the prediction error.

Let Vi = 27+ 21| .|l and Vs = 5L F(w). Note that VT = Vi + V3. Then, by
(3.9),

P(cost(AFHC) — cost(OPT) > u + VT)
<P(gy >u/2+Viorg, >u/2+V,)
<P(gy >u/2+V))+P(gr >u/2+W). (3.10)

Thus, it suffices to prove concentration bounds for the loss due to switching cost,
g1, and the loss due to prediction error, g,, deviating from V; and V, respectively.
This is done in the following. The idea is to first prove that g; and g, are functions
of e = (e(1),...,e(T))" that are not “too sensitive” to any of the elements of e, and
then apply the method of bounded difference [64] and Log-Sobolev inequality [53].
Combining (3.10) with Lemmas 3.10 and 3.14 below will complete the proof of
Theorem 3.9.

Bounding the loss due to switching cost This section establishes the following

bound on the loss due to switching:

Lemma 3.10. The loss due to switching cost has a sub-Gaussian tail: for any u > 0,

2

—u
P(g; > u+Vy) <exp (262,82ﬁ(||fwll)2) : (3.11)

To prove Lemma 3.10, we introduce two lemmas. Firstly, we use the first order
optimality condition to bound g; above by a linear function of e = (e(1),. .., e(T))"

using the following lemma proved in the Appendix.
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Lemma 3.11. The loss due to switching cost can be bounded above by

L LSS S
81 < + f(t=1=1y)e(s)|. (3.12)
w+l w+l k=0 7€Qy |s=1V(T—-w-2)

Let g{(e) be the second term of g;. Note that the only randomness in the upper
bound (3.12) comes from g.

Lemma 3.12. The expectation of g|(e) is bounded above by

E Al

w+

Eegi(e) <

With Lemma 3.12, we can reduce (3.11) to proving a concentration bound on g/ (e),
since
P(g1 > u+ Vi) <P(g] —Egi(e) < u). (3.13)

To prove concentration of gj(e), which is a function of a collection of independent
random variables, we use the method of bounded difference, i.e., we bound the
difference of g’ (e) where one component of e is replaced by an identically-distributed
copy. Specifically, we use the following lemma, the one-sided version of one due to
McDiarmid:

Lemma 3.13 ([64], Lemma 1.2). Let X = (Xj,..., X,) be independent random

variables and Y be the random variable f(Xi, ..., X,), where function f satisfies

1f(x) = fxpl < ex

whenever x and x;_differ in the kth coordinate. Then for any t > 0,

-2+
PY -EY >1) <exp|— |-

k=1Ck
Proof of Lemma 3.10. Lete = (e(1),...,e(T))’, and e, =(e(1),...,ek),..., e(T))"
be formed by replacing e(k) with an independent and identically distributed copy
e’(k). Then

1
w+1

IA

g1(e) — g1(ep)l B Z | f(m)(e(k) — €' (k)]
m=0

2 w
7B 2l = e

IA

w
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Therefore,
ZT: 4€2B°T Zwl ’ T
2 202 2

d=—r ( If(m)l) < 48— /il

By Lemma 4.9,
—u?
P(gj(e) — Egi(e) > u) < exp .
: : 262 = (11 ful])?

Substituting this into (3.13) and (3.11) finishes the proof. O

Bounding the loss due to prediction error In this section we prove the following

concentration result for the loss due to correlated prediction error.

Lemma 3.14. The loss due to prediction error has Berstein type tail: for any u > 0,

2

—Uu
P V; . 3.14
(g2 >u+ 2)S€Xp(8621(%F(W)+u)) (3.14)

To prove Lemma 3.14, we characterize g, as a convex function of ¢ in Lemma
3.15. We then show that this is a self-bounding function. Combining convexity and
self-bounding property of g, Lemma 5.23 makes use of the convex Log-Sobolev

inequality to prove concentration of g».

Lemma 3.15. The expectation of g, is Egy = V,, and g is a convex quadratic
form of e. Specifically, there exists a matrix A € RI*T such that g, = %llAellz.
Furthermore, the spectral radius of A of AAT satisfies 1 < F(w).

Hence, (3.14) is equivalent to a concentration result of g,:

P(g2 > Vo +u) = P(go — Egz > u).

The method of bounded difference used in the previous section is not good for a
quadratic function of e because the uniform bound of [g2(e) — g2(e; )| is too large

since .
|82(e) — g2(ep)| = Slle- ¢' (k)" AT A(e + €'(k))l,
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where the (e + €’(k)) term has T non-zero entries and a uniform upper bound of this
will be in Q(T). Instead, we use the fact that the quadratic form is self-bounding.
Let h(e) = ga(e) — Ega(e). Then

IAT Ae||* = (Ae)' (AAT)(Ae)
A(Ae) (Ae) = 24[h(e) + EVA].

IVh(e)II?

IA

We now introduce the concentration bound for a self-bounding function of a collec-

tion of random variables. The proof uses the convex Log-Sobolev inequality [53].

Lemma 3.16. Let f : R" — R be convex and random variable X be supported on
[-d/2,d/2]". IfE[f(X)] = 0 and f satisfies the self-bounding property

IVAII* < af +b, (3.15)

for a,b > 0, then the tail of f(X) can be bounded as

)
P{f(X) > 1} < exp (m) . (3.16)

Now to complete the proof of Lemma 3.14, apply Lemma 5.23 to the random
variable Z = h(e) to obtain

2
u
Ple ~Ega > up < exp (_ 8 e €2(2V5 + u))
max

fort > 0, i.e.,

2
u
P{g> > u+vy} <exp (— S 2Va t t))
max

—u?
- (SEZJ(LF(W) + u)) '

w+l1

3.4 Concluding remarks

Making use of predictions about the future is a crucial, but under-explored, area of
online algorithms. In this Chapter, we have introduced a general colored noise model
for studying predictions. This model captures a range of important phenomena for
prediction errors including, general correlation structures, prediction noise that
increases with the prediction horizon, and refinement of predictions as time passes.
Further it allows for worst-case analysis of online algorithms in the context of

stochastic prediction errors.
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To illustrate the insights that can be gained from incorporating a general model of
prediction noise into online algorithms, we have focused on online optimization
problems with switching costs, specifically, an online LASSO formulation. Our
results highlight that a simple online algorithm, AFHC, can simultaneously achieve
a constant competitive ratio and a sublinear regret in expectation in nearly any
situation where it is feasible for an online algorithm to do so. Further, we show that

the cost of AFHC is tightly concentrated around its mean.

We view this chapter as a first step toward understanding the role of predictions
in the design of online optimization algorithms and, more generally, the design of
online algorithms. In particular, while we have focused on a particular, promising
algorithm, AFHC, it is quite interesting to ask if it is possible to design online
algorithms that outperform AFHC. We have proven that AFHC uses the asymp-
totically minimal amount of predictions to achieve constant competitive ratio and
sublinear regret; however, the cost of other algorithms may be lower if they can use

the predictions more efficiently.

In addition to studying the performance of algorithms other than AFHC, it would
also be interesting to generalize the prediction model further, e.g., by considering

non-stationary processes or heterogeneous e(?).

3.A Proofs for Section 3.2
Proof of Theorem 3.2

Proof. Let (x4 LGJ)IT:1 be the solution produced by online algorithm ALG. Then

T
cost(ALG) > Z [ly: = KJCALG,zH2
=1

| =

11 = KK )y||* + [|IKK Ty = Kxarc,||%

N —
Nl

l
—_

t

by the identity (I—KK%)K =0. Letg = xALG,t_KTym—la i.e., & = xALGJ—KT(y,m—

;;11 f(t — s)e(s)). Since all predictions made up until ¢ can be expressed in terms
of y.0 and e(7) for T < ¢, which are independent of e(¢), and all other information
(internal randomness) available to ALG is independent of e(¢) by assumption, ¢ is
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independent of e(r). It follows that

Ec[cost(ALG)] 2 E[IIKK"y: = K(Kysi-1 + &)II’]

T
1
=3 Z Ee\e(n)Ee(lereo || KK e()" - Ke||? (3.17)
t=1
1 T
1/2
=3 ZIEe\e(,)(HRJ 12 i + Eeer €)' 2120 ,)
t=
T 1
2SR [} e

where the first equality uses the identity (I — KK")K = 0, and the second uses the

independence of € and e(z). O

Proof of Theorem 3.3

By Theorem 3.2, if E[cost(ALG)] € o(T), there must be some ¢ such that ¢ is
not independent of e(7). By expanding the square term in (3.17) and noting it is
nonnegative:

1 1n 1
Ble() Kel < SIR IR g+ 5 1Bee) I rg o

Each nonzero E[e(¢)T K¢ /] can at most make one term in (3.17) zero, since there

are T terms in (3.17) that are each lower bounded by %HR;/ 2| k

, and by assumption
E[cost(ALG)] is sublinear. There can be at most a sublinear number of # such that

Ele(t)'K¢g] = 0.

For every other ¢, we must have E[e(t)' Ke;] > 0. Let [, = E[e()'K¢] > 0, and

ar = ||Eee) |21 > 0.

. . s . 1
Therefore, at time ¢, the algorithm can produce prediction y;| 1 = i1 + 5-Ke,
where the coefficient w;, is chosen later. Then the one step prediction error variance:

, 1
Elly: = y;,4|I> = Elle(t) - —Kel?
Wi

2 1

1/2

= IRIE - =1 + —a;.
Wy w;

. ’ 2
Pick any wy > a;/2l;. Then E||y, — yt|,_1||2 < ||Rel/ ||12c = Elly: — )’tlt—1||2- Thus

ALG can produce better one-step prediction for all but sublinearly many 7.

Proof of Lemma 3.6

To prove Lemma 3.6, we use the following Lemma.
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Lemma 3.17. The competitive difference of FHC with fixed (w + 1)-lookahead for

any realization is given by

cost(FHC™) <cost(OPT) + Z Bl = x®)I
TEQ)

T+W

1
+5 2, DL IKK Qe = yee-nlP.

TEQ) =T

where x{ is the action chosen by the dynamic offline optimal.

of lemma 3.6. Note that cost(FHC®) is convex. The result then follows with a
straightforward application of Jensen’s inequality to Lemma 3.17. By the definition
of AFHC, we have the following inequality:

w

1
(k)
7 E cost(FHCY).

cost(AFHC) <
w+l &

By substituting the expression for cost(F HC®)) into the equation above and sim-

plifying, we get the desired result. O

Before we prove Lemma 3.17, we first introduce a new algorithm we term OPEN.
This algorithm runs an open loop control over the entire time horizon, T. Specif-
ically, it chooses actions x;, for t € 1,...,T, that solve the following optimization
problem:

T
1
ming 3 (o =5 s =5l
t=

k
FHC -1’

OPEN from 7 to 7 + w. Then repeating with updated prediction y.r,,. We first

FHCW™ can be seen as starting at x using prediction y.r—i, and running

prove the following Lemma characterizing the performance of OPEN.

Lemma 3.18. Competitive difference of OPEN over a time horizon, T, is given by

T
cost(OPEN) — cost(OPT) < Z

t=1

PN 2
||yt_yt||KKT'

| =

Proof. Recall that the specific OCO we are studying is

T
min Z
X

t=1

ye = Kxe|* + BlI(xe = xe—1)ll1s (3.18)

N =
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where x; € R", y, € R, K € R™" and the switching cost, 8 € R,.

We first derive the dual of (3.18) by linearizing the /; norm, which leads to the
following equivalent expression of the objective above:

T
1
. 2 T
minz >[Iy, - Kx|* + 17z,
xz 2
t=1
St Zr = Xt — X¢—1,3 = Xe—1 — Xp Vt.
The Lagrangian is

1

T
L) =5 3 v = Kxl P+ (= v = xm1)
t=1

+(BL = (A +4,), z),
where we take Ay.; = 0 and x¢ = 0.

Let A, = A, — 4, and w; = A; + 4,. Dual feasibility requires w, < B1, Vs, which
implies —S1 < A, < B1, Vt. Dual feasibility also requires (81 — wy, z;) = 0, Vt.

Now by defining s; = A; — 4,4+ and equating the derivative with respect to x; to zero,

the primal and dual optimal x}, s; must satisfy KT Kx* = KTy, — s7.

Note by premultiplying the equation above by xt*T, we have (x/,s;) = (Kx;,y;) —
|| K x;| |?. If instead we premultiply the same equation by (K7), we have after some
simplification that Kx} = (KK ")y, — (KT)s’. We can now simplify the expression

for the optimal value of the objective by using the above two equations:

T
1 * * k
cost(OPT) = ) Iy = KxfIP + (. s7)

t=1

1 .
Sl ? ——||KK*yt (K5 112, (3.19)

M\]

r=1

Observe that (3.19) implies s; minimizes the following expression Z,T: | [IKK Ty, —
(KT)"s*||* over the constraint set S = {s;|s, = A, — A41,—B1 < A, < Blfor1 <
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t<T, A7+ = O}.

cost(OPEN) — cost(OPT) = p(X;y) — p(x; y)

=p(%; 9) — p(x; y) + p(£;y) — p(£; 1)
T

1 R 1. R
+ §||)’t —th”z - 5”)’1 —thHz-

R 1, . 1 1 .
192117 = Ellet”z - Ellyzll2 + EIIKJCtII2

N —

Expanding the quadratic terms, using the property of the pseudo-inverse that
K'KK" = K7, and using the fact that Kx = KK'y, — (KT)"s, we have

cost(OPEN) — cost(OPT)

T
1 " o
= 25 (KK ye = TSI = KKy = (KTY 50)1P2)

~

1
N 2 Y 2
+5 (050 = vl = 1101 = KK = 30IP)

| =

. 1 .
190 = yell? - S - KK = yoll?

IA
M1~
N —

~
1l

||KKT()A’t - yt)l |2,

I
M1~
N —

~
1l
—_

where the first inequality is because of the characterization of s; following (3.19). O

Proof of Lemma 3.17. The proof is a straightforward application of Lemma 3.18.
Summing the cost of OPEN for all 7 € )} and noting that the switching cost term

satisfying the triangle inequality gives us the desired result. O

Proof of Theorem 3.4

We first define the sub-optimality of the open loop algorithm over expectation of the
2

noise. E[||(vs — ¥)|| X KT] is the expectation of the projection of the prediction error
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t + 1 time steps away onto the range space of K, given by:

Bl = 50l ] = BIL ) KK (£t = s)e(s)I?
s=1
B[} > e(s)" £t = s) (KK (KK')f(t = s2)e(s)]
s1=1sr=1
=tr() D =) (KK)KKD) (1t = s2)E[e(s2)e(s)" )

s1=1sp=1

t—1
= > ()" (KK')f(5)Re),
s=0

where the last line is because E[e(s;)e(s2)!] = O for all 51 # 55, and KK'K = K.
Note that this implies || fi—1]|?> = 22§ tr(f(s)” f(s)R,). We now write the expected

suboptimality of the open loop algorithm as

T

1 .
E[cost(OPEN) — cost(OPT)] < ZE [y = y;llém]
=1

T-1
tw(f(s) KK f(s)R.)

0 t=s

N

NI'—

HMM

( —s)e(f(s) KK f(s)Re) = F(T — 1),
s=0

| =

where the first equality is by rearranging the summation.
Now we take expectation of the expression we have in Lemma 3.6. Taking expecta-

tion of the second penalty term (prediction error term), we have

T+Ww

Z > ZE KKt = yige-n)IP

+
w kOTEthT

2(w+1)ZZ Fw =30+D +1) Fw).

k=0 TeQy

We now need to bound the first penalty term (switching cost term). By taking the
subgradient with respect to x; and by optimality we have V¢t = 1,...,T

0 € K'(Kx; — yi) + Boll(x; = x_ Il + Boll(xf; — x)Ih
=x; € [(KTK)" KTy, - 281), (KT K)" (KT, + 281)],

where the implication is because the sub-gradient of a 1-norm function || - ||; is

between —1 to 1.
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(k)

Similarly, since x
—

all T € Q,

|18 the last action taken over a F HC horizon, we have that for

X e [(KTKY (KT yeotfeow—2 = B1),
(KTK) MK Yoot jrow—2 + BL)].

Taking expectation of one of the switching cost term and upper bounding with
triangle inequality:

5|

% (k)
(i = T—l)Hl
<K IWEyeot = Yoo1jr—2-wlh + 3BI(KTK) 1|4
<KAol + 3BIKTK) T 11, (3.20)

where the first inequality is by the definition of induced norm, the second inequality
is due to concavity of the square-root function and Jensen’s inequality. Summing
(3.20) over k and 7, we have the expectation of the switching cost term. Adding
the expectation of both penalty terms (loss due to prediction error and loss due to

switching cost) together, we get the desired result.

Proof of Lemma 3.7
We first characterize cost(STA):

T
cost(STA) = min Z [ly: — Kx||§ + p17 x.
X
=1

N —

By first order conditions, we have the optimal static solution x = KTy — g(K TRy-11.
Substituting this to cost(ST'A) and simplifying, we have

T
1 -
cost(STA) =3 3 (1 = KK yl2 + KK (v = 1)
t=

1
24T T -1
17(KTK) 1
T KK +p1TK'y.
2T

BAT(KTK) 1

Let C = >T

. Subtracting cost(OPT) in (3.19) from the above, we have
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cost(STA) — cost(OPT) equals:

T
1 _ *
5 D IKK e =915 = IKK el 5 + [IKK e = (KT 113)

t=1

+p1'K'y - C

| =

T
D (IIKK (= 5) = (KT)'s;12) + (K5, 1 = ) - €

t

1l
—_

%
N —
1~

(KK v = 5) = (KT)'s;1) - €.

N
1l
—_

The first equality is by expanding the square terms and noting s, = A; — A;+1. The last
inequality is because —81 < A, < 81 and B17K'j being positive by assumption
that the optimal static solution is positive. Now we bound the first term of the
inequality above:

T
D (IKK (v = 5) - (KT 's1)

N —

~
Il
—_

T
(KK (v = 9IP) = D (KK O = 9 (KD's7)
=1

\%
N —
1~

1

~
Il
~

%
N —
1~

T
(KK = 9)I2) = 28 ) IKK (v = DINIKT)
t=1

~
1l
—_

\%
N —
1~

Il
—

T
(KK 0 = 9IP) - ZBJTZ KK = I
t t=1
where B = B||(KT)T1|).
By subtracting C from the expression above and completing the sqaure, we have the
desired result.

Proof of Theorem 3.8

Using the results of Lemma 3.7, taking expectation and applying Jensen’s inequality,
we have

E. [cost(STA) — cost(OPT)]

T T
>E, [% DK (v = 5)IP- 2BJ T KK = 9)IP = C]
t=1 t=1

2
T
z% (J E. Z (IIKKT(y: = $)II?) - 28\/?) -2B’T -C.

t=1
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Therefore by Theorem 3.4, the regret of AFHC is
sup (Ec[cost(AFHC)—ost(OPT) + cost(OPT }—<ost(STA)])

9

<VT+2B*T+C- —1n(J ZH(y, )7)”?([( - 2BVT|

Let S(T) = E, Z 1 e = y||,2m. By the above, to prove AFHC has sublinear
regret, it is sufficient that
VT + 2B°T — % inf(\/S(T) = 2BVT)? < g(T) (3.21)
¥

for some sublinear g(7'). By the hypothesis of Theorem 3.8, we have inf;; S(T) >
(8A + 16B>)T.
Then, S(T) > (V2VT + 4B2T + 2BVT)?, and (3.21) holds since VT + 2B2T —

2
Linfy(S(T) - 2BVT)? < VT +2B°T - 1 (\/ZVT n 432T) —0.

3.B Proofs for Section 3.3
Proof of Lemma 3.11
By the triangle inequality, we have

lzzml-;ﬁz

k=0 TEQk

(|X yT—1| + |y‘r—1 - y‘r—llr—w—Zl
k OTEQk

+|y‘r llr—-w- Z_X() )

By first order optimality condition, we have x*_, € {y;-1 — 28, y;-1 + 28}, and

( ) € {Yr-1jr-w-2 = B> Yr—1|r-w—2 + B}. Thus, by the prediction model,

3ﬁT
g1< w+IZ:Z

k=0 7€Qy

-1

Z f(rt=1=2s)e(s)|.

s=1V(t-w=2)

Proof of Lemma 3.12
Note that by Lemma 3.11, we have
w -1
Egl(e) < Z Z E Z flr—=1-=ys)e(s)
k= T7€Q)  |s=1V(T-w-2)
B < 2
\|“ fz(S) [°.
w1 kZ:OT €Qy =0
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where the second inequality is by Jensen’s inequality and taking expectation.

Proof of Lemma 3.15

By definition of g, and unraveling the prediction model, we have

W
Z E(Yt - )’t\f—l)z
. =T

T+wW

-_Ly <Z fle = s)els))

Writing it in matrix form, it is not hard to see that

w
1
Sl Agell?,

[\

k=0

where Ay has the block diagonal structure given by

Ay = diag(A}, A7, ..., A7, AD), 4 (3.22)
and there are the types of submatrices in A given by, fori = 1,2, 3:

£(0) 0 ... 0
s fO ... 0

k - . . . .
Ji)  fiz) ... f(0)
where vi =k —2if k > 2andvi = k + w — 1 otherwise. vy =w,v3 =T -k +1)
mod (w + 1). Note that in fact, the matrix Ai is the same for all k. Therefore, we
have
Ly 1 _ 1 2

g2=5¢ (—— kZ:()AkAk)e = 5ll4ell%,
where we define A to be such that ATA = ﬁ Z;{VZO A{Ak, this can be done because
the right-hand side is positive semidefinite, since Ay is lower triangular. The last
equality is because all Al2 has the same structure. Let A be the maximum eigenvalue
of AAT, which can be expressed by

A= max x! AAT x
[lx||=1

T T
= X AkA x < Aks
W+1||x|: —l +1k:0

“The submatrix A? is repeated | =241 | times in A for k > 2, and | A5

otherwise.

J times for
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where Ay is the maximum eigenvalue of AkAz. Note that Ay has a block diagonal

structure, hence Ay A£ also has block diagonal structure, and if we divide the vector
x = (x1,x2, ..., Xy) into sub-vectors of appropriate dimension, then by the block
diagonal nature of A AT, we have

T T
xTAkAzx =x1TA,1(A,1( x|+ szAI%Ai X2+ ...

T 2 2T T 43 23T
+ X, 1 ARAY X1+ X AL AL X

As such, if we denote the maximum eigenvalues of 4, as the maximum eigenvalue

. AT
of the matrix Alk A’k , then we have

xTAkAzx
xT x
T T T
xTATA X+ xTA2A2 x4+ .+ xP A3 A3 &,
_ 1 2k 2 Ok m g
= max T T
X1yeesXm X X1+ ..o+ X Xm

A = max
X

max(A}, A3, A3) - (xl x1 + ...+ xhx)
< max - =
XX )C1 X1+ .o+ X Xm

1 32 43
< max(A;, A, A7),

where A; is the maximum eigenvalue of A for i € {1,2,3}. As Aj A}  are all
positive semidefinite, we can bound the maximum eigenvalue by trace, and note that
A}( and Ai are submatrix of A%, we have

|
A < max(2l, 22, 23) < w(A2A27) = —5F(w).

Proof of Lemma 5.23

To prove the lemma, we use the following variant of Log-Sobolev inequality

Lemma 3.19 (Theorem 3.2, [53]). Let f : R" — R be convex, and random variable
X be supported on [-d[2,d2]", then

Elexp(f(X))f(X)] - E[exp(f(X))]1log E[exp(f(X))]
2

S%E[eXp(f(X))lIVf(X)Ilz]-

We will use Lemma 5.22 to prove Lemma 5.23. Denote the moment generating
function of f(X) by

m(6) := e, 6 > 0.
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The function 6 f : R" — R is convex, and therefore it follows from Lemma 5.22 that
of of o0f d 0f 2
E e’ 0f] —E [e" | InE [¢"] < 7E[e Tev £117],
1
0m’(0) — m(6) Inm(6) < E¢92c1213[e(’f 1V £112].

By to the self-bounding property (5.23),

A

0m’(0) — m(0) Inm(6) < %szzE[egf(X)(a f(X) + b)]
= %szz [am’(0) + bm(0)].

Since m(6) > 0, dividing by 6%m(8) gives

d [(1 ad® bd?
—|l=-—= < —. :
70 [(9 > )lnm(@) <5 (3.23)
Since m(0) = 1 and m’(0) = Ef(X) = 0, we have
. 1 ad?
) (5 } T) (@) =0

and therefore integrating both sides of (3.23) from O to s gives

1 ad? 1
R m(s) < =bd>s, (3.24)
S 2 2

for s > 0. We can bound the tail probability P{f > ¢} with the control (5.25) over

the moment generating function m(s).

In particular,

P{f(X)>1t} = P{esf(X) > esf} < B [eSf(X)]

exp[—st + Inm(s)]

bd?s? ]
-5t + ——|,

= P 2 —asd?

for s € [0,2/(ad?)]. Choose s = t/(bd* + ad*t/2) to get

_42
P{f(X) > t} < exp (m) .
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Chapter 4

OPTIMIZING THE USE OF PREDICTION

In this chapter, we investigate the problem of designing online algorithms that make
the best use of predictions. One of the most popular online algorithms that use
predictions to make online decisions is Receding Horizon Control (RHC). RHC has
a long history in the control theory literature [11, 18, 33, 50, 63, 83], but was first
studied analytically in the context of OCO in [56]. In [56], RHC was proven to have
a competitive ratio (the ratio of the cost incurred by RHC to the cost incurred by
the offline optimal algorithm) of 1 + O(1/w) in the one-dimensional setting, where
w is the size of the prediction window. However, the competitive ratio of RHC is
1 + Q(1) in the general case, and thus does not decrease to one as the prediction
window grows in the worst case; this is despite the fact that predictions are assumed
to have no noise (the perfect lookahead model). To this point there is no analytic

work characterizing the performance of RHC with noisy predictions.

The poor worst-case performance of RHC motivated the proposal of Averaging
Fixed Horizon Control (AFHC) [56], which provides an interesting contrast. While
RHC is entirely “forward looking”, AFHC keeps an “eye on the past” by respecting
the actions of FHC algorithms in previous timesteps and thus avoids switching costs
incurred by moving too quickly between actions. As a result, AFHC achieves a
competitive ratio of 1+ O(1/w) in both single and multi-dimensional action spaces,
under the assumption of perfect lookahead, [56]. Further, strong guarantees on the

performance of AFHC have been established in the case of noisy predictions [22].

Surprisingly, while the competitive ratio of AFHC is smaller than that of RHC, RHC
provides better performance than AFHC in many practical cases. Further, RHC is
seemingly more resistant to prediction noise in many settings (see Figure 4.1 for an
example), though no analytic results are known for this case. Thus, at this point,
two promising algorithms have been proposed, but it is unclear in what settings each
should be used, and it is unclear if there are other algorithms that dominate these
two proposals. In this chapter, we investigate how we can optimize the performance

of online algorithm under different forms of prediction errors.
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4.1 Problem formulation

We consider online convex optimization (OCO) problems with switching costs and
noisy predictions. We first introduce OCO with switching costs (Section 4.1) and
then describe the model of prediction noise (Section 4.1). Finally, we discuss the
performance metric we consider in this chapter — the competitive difference — and

how it relates to common measures such as regret and competitive ratio (Section
4.1).

OCO with switching costs
An OCO problem with switching costs considers a convex, compact decision/action
space F C R" and a sequence of cost functions {h1, hy, . ..}, whereeach i, : F — R*

is convex, and F is a compact set.

At time ¢, the following sequence occurs: (i) the online algorithm first chooses an
action, which is a vector x; € F C R”, (ii) the environment chooses a cost function
h; from a set C, and (iii) the algorithm pays a stage cost 4,(x;) and a switching cost
Bllx; — x,—1||, where B € R*, and ||-|| can be any norm in R”, and F is bounded in

terms of this norm, i.e., ||x — y|| < Dforall x,y € F.

Motivated by path planning and image labeling problems [22, 70, 75], we consider
a variation of the above that uses a parameterized cost function h;(x;) = h(xy, y;),
where the parameter y, € R is the focus of prediction. This yields a total cost over

T rounds of

T
gleig; ha, o) + B Il = xi-al. (4.1)

Note that prior work [22] considers only the case where a least-square penalty is
paid each round, i.e., an online LASSO formulation with h(x;, y;) = % lly: = K Xrll%-
In this chapter, we consider more general 4. We impose that h(x;, y;) is separately

convex in both x; and y, along with the following smoothness criteria.

Definition 6. A function h is a-Hdélder continuous in the second argument for

a € R, i.e, for all x € F, there exists G € R", such that
|h(x, y1) = h(x, y2)I < G lly1 = y2ll3 5 Yy1, y2.

G and «a control the sensitivity of the cost function to a disturbance in y.

For this Chapter, we focus on @ < 1, since the only a-Holder continuous function
with @ > 1 is the constant function [6]. When a = 1, h is G-Lipschitz in the
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second argument; if 4 is differentiable in the second argument, this is equivalent to
||6yh(x, y)”2 <G, Vxy.

Modeling prediction noise

Predictions about the future play a crucial role in almost all online decision problems.
However, while significant effort has gone into designing predictors, e.g., [46, 73, 74,
89], much less work has gone into integrating predictions efficiently into algorithms.
This is, in part, due to a lack of tractable, practical models for prediction noise. As
a result, most papers that study online decision making problems, such as OCO, use

numerical simulations to evaluate the impact of prediction noise, e.g., [2, 8, 59, 66].

The papers that do consider analytic models often use either i.i.d. prediction noise
or worst-case bounds on prediction errors for tractability. An exception is the recent
work [22, 32] which introduces a model for prediction noise that captures three
important features of real predictors: (i) it allows for correlations in prediction
errors (both short range and long range); (ii) the quality of predictions decreases the
further in the future we try to look ahead; and (iii) predictions about the future are

refined as time passes.

Recall that we model prediction error via the following equation:

t

Vi=Vip= ) flt=s)e(s) (4.2)
s=71+1

where y;|; is the prediction of y, made at time 7 < ¢. This model characterizes
prediction error as white noise being passed through a causal filter. In particular,
the prediction error is a weighted linear combination of per-step noise terms e(s)
with weights f(z — s), where f is a deterministic impulse response function. The
noise terms e(s) are assumed to be uncorrelated with mean zero and positive definite
covariance R,; let o2 = tr(R,). Further, the impulse response function f is assumed

to satisfy f(0) = I and f(¢) = 0 for ¢t < 0.

Note that i.i.d. prediction noise can be recovered by imposing that f(0) = I and
f(t) =0 for all # # 0. Further, the model can represent prediction errors that arise
from classical filters such as Wiener filters and Kalman filters (see [22]). In both

cases the impulse response function decays as f(s) ~ n® for some n < 1.

These examples highlight that the form of the impulse response function captures
the degree of short-term/long-term correlation in prediction errors. The form of the

correlation structure plays a key role in the performance results we prove, and its
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impact can be captured through the following definition. For any k > 0, let || fi || be

the two norm square of prediction error covariance over k steps of prediction, i.e.,
k
1fell® = w(Bloyeoyi 1) = (R, ) £() f(5)), (4.3)
5s=0

where 6y,z = Vesk = Vi+k|t = Z?jﬂ f(t + k — s)e(s). Derivation of (4.3) can be
found in Appendix 4.B Equation (4.19).

The competitive difference
For any algorithm ALG that comes up with feasible actions xs16, € F, Vt, the cost
of the algorithm over the horizon can be written as

T
cost(ALG) = Z h(xALG,t> ¥1) + B|lxaLc.t = XarG.i-1]| - 4.4)

=1
We compare the performance of our online algorithm against the optimal offline

algorithm OPT, which makes the optimal decision with full knowledge of the

trajectory of y;.
T
cost(OPT) = min Z h(xe, ve) + B 1% = X1l - (4.5)
xi€F pm—

The results in this chapter bound the competitive difference of algorithms for OCO
with switching costs and prediction noise. Informally, the competitive difference is
the additive gap between the cost of the online algorithm and the cost of the offline

optimal.

To define the competitive difference formally in our setting we need to first consider
how to specify the instance. To do this, let us first return to the specification of the
prediction model in (4.2) and expand the summation all the way to time zero. This
expansion highlights that the process y; can be viewed as a random deviation around
the predictions made at time zero, y;o := J;, which are specified externally to the

model:

yi =90+ ) ft=s)e(s). (4.6)
s=1

Thus, an instance can be specified either via the process y; or via the initial predic-
tions y;, and then the random noise from the model determines the other. The latter
is preferable for analysis, and thus we state our definition of competitive difference

(and our theorems) using this specification.
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Definition 7. We say an online algorithm ALG has (expected) competitive differ-
ence at most p(T) if:

supE, [cost(ALG) — cost(OPT)] < p(T). 4.7)
¥y

Note that the expectation in the definition above is with respect to the prediction
noise, (e(t))tT= |» and so both terms cost(ALG) and cost(OPT) are random. Unlike
ALG, the offline optimal algorithm OPT knows each exact realization of e before

making the decision.

Importantly, though we specify our results in terms of the competitive difference,
it is straightforward to convert them into results about the competitive ratio and
regret, which are more commonly studied in the OCO literature. Recall that the
competitive ratio bounds the ratio of the algorithm’s cost to that of OPT, and the
regret bounds the difference between the algorithm’s cost and the offline static

optimal.

Converting a result on the competitive difference into a result on the competitive
ratio requires lower bounding the offline optimal cost, and such a bound can be found
in Theorem 6 of [56]. Similarly, converting a result on the competitive difference
into a result on the regret requires lower bounding the offline static optimal cost, and
such a bound can be found in Theorem 2 of [22].

4.2 Committed horizon control
There is a large literature studying algorithms for online convex optimization (OCO),
both with the goal of designing algorithms with small regret and algorithms with

small competitive ratio.

These algorithms use a wide variety of techniques. For example, there are numer-
ous algorithms that maintain sub-linear regret, e.g., online gradient descent (OGD)
based algorithms [40, 90] and Online Newton Step and Follow the Approximate
Leader algorithms [40]. (Note that the classical setting does not consider switching
costs; however, [9] shows that similar regret bounds can be obtained when switch-
ing costs are considered.) By contrast, there only exist algorithms that achieve
constant competitive ratio in limited settings, e.g., [58] shows that, when F is a
one-dimensional normed space, there exists a deterministic online algorithm that is
3-competitive. This is because, in general, obtaining a constant competitive ratio is

impossible in the worst-case: [13] has shown that any deterministic algorithm must
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be Q(n)-competitive given metric decision space of size n and [12] has shown that
any randomized algorithm must be Q(+/log n/log log n)-competitive.

However, all of the algorithms and results described above are in the worst-case
setting and do not consider algorithms that have noisy predictions available. Given
noisy predictions, the most natural family of algorithms to consider come from
the family of Model Predictive Control (MPC) algorithms, which is a powerful,
prominent class of algorithms from the control community. In fact, the only analytic
results for OCO problems with predictions to this point have come from algorithms
inspired by MPC, e.g., [11, 18, 50, 83]. (Note that there is an abundance of literature
on such algorithms in control theory, e.g., [33, 63] and the references therein, but
the analysis needed for OCO is different than from the stability analysis provided by

the control literature.)

To this point, two promising candidate algorithms have emerged in the context of
OCO: Receding Horizon Control (RHC) [51] and Averaging Fixed Horizon Control
(AFHC) [56]. We discuss these two algorithms in Section 4.2 below and then
introduce our novel class of Committed Horizon Control (CHC) algorithms, which
includes both RHC and AFHC as special cases, in Section 4.2. The class of CHC
algorithms is the focus of this Chapter.

Two promising algorithms
At this point the two most promising algorithms for integrating noisy predictions
into solutions to OCO problems are RHC and AFHC.

Receding Horizon Control (RHC): RHC operates by determining, at each timestep
t, the optimal actions over the window (7 + 1,¢ + w), given the starting state x; and

a prediction window (horizon) of length w.

To state this more formally, let y. ;- denote the vector (yr41|r, . - -, Yr4+w|z), the predic-

tion of y in a w timestep prediction window at time 7. Define X™*!(x-, y.|r) as the

vector in F" indexed by r € {7 + 1, ..., 7 + w}, which is the solution to
T+w T+w
min > kG yge) + D Bl xll, (4.8)
Xrtlsee o XT 4w
t=7+1 t=7+1

subjectto x; € F.

RHC has a long history in the control theory literature, e.g., [11, 18, 33, 63].
However, there are few results known in the OCO literature, and most such results
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Algorithm 4.1 Receding Horizon Control

For all t < 0, set xguc,; = 0. Then, at each timestep 7 > 0, set

XRHC+1 = XT i (XRHC1s Yo17) (4.9)

are negative. In particular, the competitive ratio of RHC with perfect lookahead
window w is 1 + O(1/w) in the one-dimensional setting. The performance is not
so good in the general case. In particular, outside of the one-dimensional case the
competitive ration of RHC is 1 + Q(1), i.e., the competitive ratio does not decrease

to 1 as the prediction window w increases in the worst case [58].

Averaging Fixed Horizon Control (AFHC): AFHC provides an interesting contrast
to RHC. RHC ignores all history — the decisions and predictions that led it to be
in the current state — while AFHC constantly looks both backwards and forwards.
Specifically, AFHC averages the choices made by Fixed Horizon Control (FHC)
algorithms. In particular, AFHC with prediction window size w averages the actions
of w FHC algorithms, each with different predictions available to it. Attime¢,a FHC
algorithm determines the optimal actions x;41, . . ., X1+, given a prediction window
(horizon) of length w as done in RHC. But, then FHC implements all actions in the
trajectory X;i1, ..., X;4y instead of just the first action x;. Fixed Horizon Control
algorithms are individually more naive than RHC, but by averaging them AFHC
can provide improved worst-case performance compared to RHC. To define the

algorithm formally, let
Qr={i:i=k modw}n[-w+1,T]fork=0,...,w—1.

Note that, for k > 1, the algorithm starts from 7 = k — w rather than 7 = k in order

Algorithm 4.2 Fixed Horizon Control, version k

FHCW(w), is defined in the following manner. For all 7 < 0, set B =0, At

FHCt
timeslot 7 € Q; (i.e., before y,, is revealed), forall 7 € {r + 1,...,7 + w}, use
(4.8) to set

k k
s = X (e vie) - (4.10)

(k)

FHC. fort < k.

to calculate x

While individual F HC can have poor performance, surprisingly, by averaging differ-
ent versions of F’HC we can obtain an algorithm with good performance guarantee.
Specifically, AFHC is defined as follows.
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Algorithm 4.3 Averaging Fixed Horizon Control

(k)

For all k, at each timeslot 7 € Q, use FHC'Y to determine XpHCrslr

(k)

FHC.t+w> andforr=1,...,T, set

X

-1

1 (k)
Xarncs = ;) X 4.11)

In contrast to RHC, AFHC has a competitive ratio of 1 + O(1/w) regardless of
the dimension of the action space in the perfect lookahead model [56]!. This
improvement of AFHC over RHC is illustrated in Figure 4.1(a), which shows for a
specific setting with perfect lookahead, AFHC approaches the offline optimal with
increasing prediction window size while RHC is relatively constant. (The setting
used for the figure uses a simple model of a data center with a multi-dimensional

action space, and is described in Appendix 4.A.)

Comparing RHC and AFHC: Despite the fact that the worst-case performance
of AFHC is dramatically better than RHC, RHC provides better performance than
AFHC in realistic settings when prediction can be inaccurate in the lookahead
window. For example, Figure 4.1(b) highlights that RHC can outperform AFHC by
an arbitrary amount if the predictions are noisy. Specifically, if we make predictions
accurate for a small window y and then inaccurate for the remaining (w — y) steps
of the lookahead window, AFHC is affected by the inaccurate predictions whereas
RHC only acts on the correct ones. The tradeoff between the worst-case bounds
and average-case performance across AFHC and RHC is also evident in the results

shown in Figure 3 of [56].

The contrast between Figure 4.1a and 4.1b highlights that, at this point, it is unclear
when one should use AFHC/RHC. In particular, AFHC is more robust but RHC
may be better in many specific settings. Further, the bounds we have described so
far say nothing about the impact of noise on the performance (and comparison) of

these algorithms.

A general class of algorithms
The contrast between the performance of receding horizon control (RHC) and

averaging fixed horizon control (AFHC) in worst-case and practical settings is a

INote that this result assumes that there exists eg > 0, s.t. hi(x,y) = eg - x, Vx, y, and the switching cost is
B (xr — x;_1)* where (x)* = max(x, 0).
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Figure 4.1: Total cost of RHC and AFHC, normalized by the cost of the offline
optimal, versus: (a) prediction window size, (b) number of steps of perfect prediction
with w = 10. Note (a) and (b) were produced under different cost settings, see
Appendix 4.A.

consequence of the fact that RHC is entirely “forward looking” while AFHC keeps
an “eye on the past”. However, both algorithms are extreme cases in that RHC does
not consider any information that led it to its current state, while AFHC looks back

at w FHC algorithms — every set of predictions that led to the current state.

One way to view this difference between RHC and AFHC is in terms of commitment.
In particular, AFHC has FHC algorithms that commit to the w decisions at each
timestep and then the final choice of the algorithm balances these commitments by

averaging across them. In contrast, RHC commits only one step at a time.

Building on this observation, we introduce the class of Committed Horizon Control
(CHC) algorithms. The idea behind the class is to allow commitment of a fixed
number, say v, of steps. The minimal level of commitment, v = 1, corresponds to
RHC and the maximal level of commitment, v = w, corresponds to AFHC. Thus,

the class of CHC algorithms allows variation between these extremes.

Formally, to define the class of CHC algorithms we start by generalizing the class of
FHC algorithms to allow limited commitment. An FHC algorithm with commitment
level v uses a prediction window of size w but then executes (commits to) only the
firstv € [1, w] actions which can be visualized by Figure 4.2. To define this formally,
let

Ye={i:i=k modv}in[-v+1,T]fork=0,...,v—1.

Fixed horizon control with lookahead window w and commitment level v, FHC®) (v, w),

is defined in the following manner. For notational convenience, we write x*) =
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ey

XEHCrw)” Note that, for k > 1, the algorithm starts from 7 = k — v rather than 7 = k

Algorithm 4.4 FHC with Limited Commitment

Forall t <0, set xl(vkllet =0.
At timeslot 7 € W (i.e., before y,,; is revealed), forallt € {t+ 1,...,7 + v},

use (4.8) to set
A®) = xrl (xﬁ"), y. |T) . 4.12)

in order to calculate x( )

We can see that FHC with limited commitment is very
similar to FHC as both use (4.8) to plan w timesteps ahead, but here only the first v

steps are committed to action.

Figure 4.2: Fixed Horizon Control with commitment level v: optimizes once every
v timesteps for the next w timesteps and commits to use the first v of them.

CHC(v,w), the CHC algorithm with prediction window w and commitment level v,
averages over v FHC algorithms with prediction window w and commitment level v.
Figure 4.3 provides an overview of CHC. For conciseness in the rest of the chapter,

we will use xl(k) to denote the action decided by FHC®)(v, w) at time 7.

Figure 4.3: Committed Horizon Control: at each timestep, it averages over all v
actions defined by the v FHC algorithms with limited commitment.

Algorithm 4.5 Committed Horizon Control

At each timeslot 7 € Wy, use FHC®) (v, w) to determine x( ) .o 5’3,

timeslott € 1,...,T, CHC(v, w) sets

and at

v—1
1
xcres = >, (4.13)
k=0
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RHC and AFHC are the extreme levels of commitment in CHC policies and, as we
see in the analysis that follows, it is often beneficial to use intermediate levels of

commitment depending on the structure of prediction noise.

4.3 Optimal commitment level

We now present the main technical results of this chapter, which analyze the per-
formance of committed horizon control (CHC) algorithms and address several open
challenges relating to the analysis of receding horizon control (RHC) and averag-
ing fixed horizon control (AFHC). In this section we characterize the average case
performance of CHC as a function of the commitment level v of the policy and
properties of the prediction noise, i.e., the variance of prediction noise e(s) and
the form of the correlation structure, f(s). Concentration bounds are discussed in

Section 4.4. All proofs are presented in Appendix 4.B.

Our main result establishes bounds on the competitive difference of CHC under
noisy predictions. Since CHC generalizes RHC and AFHC, our result also provides
the first analysis of RHC with noisy predictions and further enables a comparison

between RHC and AFHC based on the properties of the prediction noise.

Previously, only AFHC has been analyzed in the case of OCO with noisy predictions
[22]. Further, the analysis of AFHC in [22] depends delicately on the structure of
the algorithm and thus cannot be generalized to other policies, such as RHC. Our
results here are made possible by a novel analytic technique that transforms the
control strategy employed by OPT, one commitment length at a time, to the control
strategy employed by FHC®)(v,w). At each intermediate step, we exploit the
optimality of FHC® (v, w) within the commitment length to bound the difference
in costs; the sum of these costs over the entire transformation gives a bound on
the difference in costs between OPT and FHC® (v, w). We then exploit Jensen’s
inequality to extend this bound on competitive difference to CHC.

Theorem 4.1 below presents our main result characterizing the performance of CHC
algorithms under noisy predictions for functions that are a-Ho6lder continuous in
the second argument; in particular, @ = 1 corresponds to the class of function that

is Lipschitz continuous in the second argument.

Theorem 4.1. Assuming that the prediction error follows (2.6), then for h that is
a-Holder continuous in the second argument, we have

XTAD  2GT &
Ecost(CHC) < Ecost(OPT) + BD —Zn fll . (4.14)
1% 1%
k=0
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Note that, while Theorem 4.1 is stated in terms of the competitive difference, it can
easily be converted into results about the competitive ratio and regret as explained

in Section 4.1.

There are two terms in the bound on the competitive difference of CHC: (i) The first

term ZT# can be interpreted as the price of switching costs due to limited com-

mitment; this term decreases as the commitment level v increases. (ii) The second

2(;7 ZZ;(I) Il fx||“ represents the impact of prediction noise on the competitive

term
difference and can be characterized by || fx|| (defined in (4.3)), which is impacted by
both the variance of e(s) and the structural form of the prediction noise correlation,

f(s).

Theorem 4.1 allows us to immediately analyze the performance of RHC and AFHC
as they are special cases of CHC. We present our results comparing the performance
of RHC and AFHC by analyzing how the optimal level of commitment, v, depends

on properties of the prediction noise.

In order to make concrete comparisons, it is useful to consider specific forms of
prediction noise. Here, we consider four cases: (i) i.i.d. prediction noise, (ii)
prediction noise with long range correlation, (iii) prediction noise with short range
correlation, and (iv) prediction noise with exponentially decaying correlation. All
four cases can be directly translated to assumptions on the correlation structure,
f(+). Recall that many common predictors, e.g., Wiener and Kalman filters, yield f

that is exponentially decaying.

i.i.d. prediction noise. The assumption of i.i.d. prediction noise is idealistic since
it only happens when the forecast for y, is optimal based on the information prior
totimer forallt = 1,...,T [43]. However, analysis of the i.i.d. noise is instructive
and provides a baseline for comparison with more realistic models. In this case,
Theorem 4.1 can be specialized as follows. Recall that E[e(s)e(s)'] = R., and
tr(R,) = 2.

Corollary 4.2. Consider i.i.d. prediction error, i.e.,

I, s=0
f(s) =

0, otherwise.
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If h satisfies is a-Holder continuous in the second argument, then the expected
competitive difference of CHC is upper bounded by

2TBD
Ecost(CHC) <Ecost(OPT) + B
%

+2GT ",

which is minimized when v* = w.

This can be proved by simply applying the form of f(s) to (4.14). Corollary
4.2 highlights that, in the i.i.d. case, the level of commitment that minimizes the
competitive difference always coincides with the lookahead window w, independent
of all other parameters. This is intuitive since, when prediction noise is i.i.d.,
increasing commitment level does not increase the cost due to prediction errors.
Combined with the fact that increasing the commitment level decreases the costs

incurred by switching, we can conclude that AFHC is optimal in the i.i.d. setting.

Long range correlation. In contrast to i.i.d. prediction noise, another extreme case
is when prediction noise has strong correlation over a long period of time. This is
pessimistic and happens when past prediction noise has far-reaching effects on the
prediction errors in the future, i.e., the current prediction error is sensitive to errors
in the distant past. In this case, prediction only offers limited value since prediction

errors accumulate. For long range correlation, we can apply Theorem 4.1 as follows.

Corollary 4.3. Consider prediction errors with long range correlation such that

¢, s<L

Il =

0, s>1L,

where L > w. If h is a-Holder continuous in the second argument, the expected
competitive difference of CHC is upper bounded by
2TBD(a +2) —4GTc%0® _,
v
a+2
2*IGTc
a+?2

Ecost(CHC) — Ecost(OPT) <

BD 1+2 — . o _BD 2 _ .
Ifw > (1(2W) 2 + 2 then v = w; lfW < Pl then v* = 1, otherwise v*

is in between 1 and w.

Corollary 4.3 highlights that, in the case of long range correlation, the level of

commitment that minimizes the competitive difference depends on the variance o2,

the switching cost 3, the smoothness G, @, and diameter of the action space D.
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Figure 4.4: Illustration of Corollary 4.3, for long range dependencies. (a) shows
the time averaged expected competitive difference as a function of the commitment
level, and (b) shows the optimal commitment level as a function of «.

The term Gﬁ;L()T = can be interpreted as a measure of the relative importance of the
switching cost and the prediction loss. If = GC(,(T(, = m € O(1), i.e., the one step loss

due to prediction error is on the order of the switching cost, then v* = 1 and RHC
LL = a2w)'*5 +2 € Q(w), then v* = w

and AF HC optimizes the performance bound. Otherwise, v* € (1, w).

optimizes the performance bound; if =%—

We illustrate these results in Figure 4.4 which plots the competitive difference as
a function of the commitment level for various parameter values. The case for

the dashed line satisfies Gﬁ b

Geage > a(2w)'*2 + 2 and shows competitive difference

decreases with increasing levels of commitment. Here, the window size is 100,
and thus AFHC minimizes the competitive difference, validating Corollary 4.3.
The dot-dashed line satisfies Gf (,DU — < a—2|—2 and shows the increase in competitive
difference with commitment, highlighting that RHC is optimal. The solid line does
not satisfy either of these conditions and depicts the minimization of competitive
difference at intermediate levels of commitment (marked with a circle). Figure 4.4b
illustrates the relationship between @ and the optimal commitment level v* (marked
with a circle that corresponds to the same v* as in Figure 4.4a). As « increases, the
prediction loss increases, and thus the optimal commitment level decreases to allow

for updated predictions.

Short range correlation. Long range correlation is clearly pessimistic as it assumes
that the prediction noise is always correlated within the lookahead window. Here,
we study another case where prediction noise can be correlated, but only within

a small interval that is less than the lookahead window w. This is representative
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of scenarios where only limited past prediction noises affect the current prediction.

For such short range correlation, Theorem 4.1 gives us:

Corollary 4.4. Consider prediction errors with short range correlation such that

¢, sS<L
I f()lF =

0, s>1,

where L < w. If h is a-Holder continuous in the second argument, the expected

competitive difference of CHC is upper bounded by:

ifv>1L
2TBD
Ecost(CHC) — Ecost(OPT) < P +2GT(co)*(L + 1)*/?
v
2GT @
_ 26T (1w 1L - 2) + 1):
vV a+?2
ifv<L
2TBAD

Ecost(CHC) — Ecost(OPT) <
AGT c®o”

(a+2)/2 _
+ @+ 2) (v+1) 1).

If BD H(L), where H(L) = L((L + )% (aL - 2) + 1), then v* = w; if

Gce¥o@ a+2
D ) e
Gf(,g,, < min(H(L), ﬁ), then v* = 1, otherwise v* is in between 1 and w.

Corollary 4.4 shows that the structure of the bound on the competitive difference
itself depends on the relative values of v and L. In terms of the optimal commitment
% comes into

play; however, unlike Corollary 4.3 (where L > w), the optimal commitment level

level, Corollary 4.4 shows that, similar to Corollary 4.3, the term

now also depends on the length of the interval, L, within which prediction errors are
8D

Ge¥o@

loss and L are small compared to the switching cost, then v* = w and thus AFHC

correlated. Note that H(L) is increasing in L. If

> H(L), i.e., the prediction

optimizes the performance bound. On the other hand, if the prediction loss and L
are large compared to the switching cost, then v* = 1, and thus RHC optimizes
the bound; otherwise, v* lies is between 1 and w, and thus intermediate levels of
commitment under CHC perform better than AFHC and RHC.

Note that when prediction noise is i.i.d., we have L = 0 and H(L) < 0; hence
BD
Ge¥o@

Corollary 4.2.

we have > H(L) and thus v* = w, which corresponds to the conclusion of
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Figure 4.5: Illustration of Corollary 4.4, for short range correlations. (a) shows
the time averaged expected competitive difference as a function of the commitment
level, and (b) shows the optimal commitment level as a function of «.

We illustrate these results in Figure 4.5a, which plots the competitive difference as a

function of the commitment for various parameter values. The dashed line satisfies
8D

Gc(l/o-(l

of commitment. The competitive difference is lowest when the commitment level

> H(L) and shows the drop in competitive difference with increasing levels

is 100, which is also the window size, thus validating the optimality of AFHC as
per Corollary 4.4. The dot-dashed line satisfies % < min(H(L), ﬁ) and shows
the increase in competitive difference with commitment, highlighting that RHC
is optimal. The solid line does not satisfy either of these conditions and depicts
the minimization of competitive difference at intermediate levels of commitment.
Figure 4.5b illustrates the relationship between « and the optimal commitment level

v*. As « increases, loss due to prediction noise increases; as a result, v* decreases.

Exponentially decaying correlation. Exponentially decaying correlation is per-
haps the most commonly observed model in practice and is representative of pre-
dictions made via Wiener [84] or Kalman [48] filters. For clarity of illustration we
consider the case of @ = 1 here. In this case, Theorem 4.1 results in the following

corollary.

Corollary 4.5. Consider prediction errors with exponentially decaying correlation,

i.e., there exists a < 1, such that

ca®, s>0

1)l =

0, s < 0.

If h is 1-Holder continuous, then the expected competitive difference of CHC is
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upper bounded by
2TBD 2GT
Ecost(CHC) — Ecost(OPT) < pD | 1 c‘;
—-a
a*(1 = a*)GTco
v(1 — a?)?
When % > 2(%2112) the commitment that minimizes the performance bound is
v* =w, i.e., AFHC minimizes the performance bound. When % < —2(?;)’ vi=1,

i.e., RHC minimizes the performance bound.

Corollary 4.5 shows that when the prediction noise o and the correlation decay a are
small, the loss due to switching costs is dominant, and thus commitment is valuable;
on the other hand, when o~ and a are large, then the loss due to inaccurate predictions
is dominant, and thus a smaller commitment is preferable to exploit more updated

predictions.

We illustrate these results in Figure 4.6a, which plots the competitive difference as a

function of the commitment for various parameter values. The dashed line satisfies

BD &
Geo = 2(1-a?)

of commitment. The competitive difference is lowest when the commitment level is

and shows the drop in competitive difference with increasing levels

100, which is also the window size, thus validating the optimality of AFHC as per

Corollary 4.5. The dot-dashed line satisfies % > z(f_zm) and shows the increase

in competitive difference with commitment, highlighting that RHC is optimal. The

solid line does not satisty either of these conditions and depicts the minimization of
competitive difference at intermediate levels of commitment. Figure 4.6b illustrates
the relationship between a and the optimal commitment level v*. As a increases,
correlation decays more slowly, and thus the loss due to prediction noise becomes

dominant; as a result, v* decreases.

Strong convexity. All of our results to this point depend on the diameter of the
action space D. While this is common in OCO problems, e.g., [47, 90], it is not

desirable.

Our last result in this section highlights that it is possible to eliminate the dependence
on D by making a stronger structural assumption on s — strong convexity. In
particular, we say that A(-) is m—strongly convex in the first argument w.r.t. the

norm of the switching cost ||-|| if Vx1, x2, y,

hx1,y) = b y) 2 (@shxa y) - (0 = x) + 3 [l =l
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Figure 4.6: Illustration of Corollary 4.5, for exponentially decaying correlations.
(a) shows the time averaged expected competitive difference as a function of the
commitment level, and (b) shows the optimal commitment level as a function of the
decay parameter, a.

Strong convexity is used in the online learning literature to obtain performance
bounds that are independent of the diameter of action space, see, e.g., [41, 76].

Under the assumption of strong convexity, we obtain the following.

Theorem 4.6. If h is m-strongly convex in the first argument with respect to ||-|| and

a-Holder continuous in the second argument, we have

2ﬁ2T v—1 .,
+2GT )" |Ifill”.
k=0

Ecost(CHC) — Ecost(OPT) <
my

Theorem 4.6 is useful when the diameter of the feasible set D is large or unbounded;
when D is small, we can apply Theorem 4.1 instead. As above, it is straightforward
to apply the techniques in Corollaries 4.2 — 4.5 to compute v* for strongly convex h

under different types of prediction noise?.

4.4 Concentration bounds

Our results to this point have focused on the performance of CHC algorithms in
expectation. In this section, we establish bounds on the distribution of costs under
CHC algorithms. In particular, we prove that, under a mild additional assumption,
the likelihood of cost exceeding the average case bounds proven in Section 4.3

decays exponentially.

ZWe only need to change 8D with B2 /m in the bounds of the corollaries to draw parallel conclusions.
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For simplicity of presentation, we state and prove the concentration result for CHC

2 and

when the online parameter y is one-dimensional. In this case, R, = o
the correlation function f : N — R is a scalar valued function. The results
can be generalized to the multi-dimensional setting at the expense of considerable

notational complexity in the proofs.

Additionally, for simplicity of presentation we assume (for this section only) that
{e(t)}tT:1 are uniformly bounded, i.e., Je > 0, s.t. V¢, |e(t)] < €. Note that,
with additional effort, the boundedness assumption can be relaxed to e(z) being
subgaussian, i.e., E[exp(e(t)?/€?)] < 2, for some € > 0.3

T
=1’

function of the prediction error e(¢). To state our concentration results formally, let

Given {J;}._,, the competitive difference of CHC is a random variable that is a

ViT be the upper bound of the expected competitive difference of CHC in (4.14),

. 2TBD
e, VT = ZE2 L 6T wv | £,

Theorem 4.7. Assuming that the prediction error follows (2.6), and h is a-Holder

continuous in the second argument, we have

P(cost(CHC) — cost(OPT) > ViT + u)

—ula? )
b

=exp (21+2“G282TF(V)

for any u > 0, where F(v) = (% ZZ;(I) V- k)“|f(k)|“)2 .

This result shows that the competitive difference has a sub-Gaussian tail, which
decays much faster than the normal large deviation bounds obtained by bounding
moments, i.e., Markov Inequality, the rate of decay is dependent on the sensitivity
of A to disturbance in the second argument (G, @), the size of variation (&), and the
correlation structure (F(v)). This is illustrated in Figure 4.7, where we show the
distribution of the competitive difference of CHC under different prediction noise
correlation assumptions. We can see that, for prediction noise that decays fast (i.i.d.
and exponentially decaying noise with small a) in Figure 4.7a, the distribution is
tightly concentrated around the mean, whereas for prediction noise that are fully
correlated (short range correlation and long range correlation) in Figure 4.7b, the

distribution is more spread out.

3This involves more computation and worse constants in the concentration bounds. Interested readers are
referred to Theorem 12 and the following remark of [14] for a way to generalize the concentration bound.
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If we consider the time-averaged competitive difference, or the regret against the

offline optimal, we can equivalently state Theorem 4.7 as follows.

Corollary 4.8. Assuming that the prediction error follows (2.6), and h is a-Holder
continuous, then probability that the competitive difference of CHC exceeds V| can
be bounded by

P (% [cost(CHC) — cost(OPT)] > Vi + u)

< exp (21+20G282“F(V)/T) ’

2
where F(v) = (% ZZ;(I)(V - k)|f(k)|") . Assuming f(s) < Cfors =0,...,v, then
limy_ F(v)/T = 0 if either v € O(1), or f(s) < cn® for some n < 1.

Corollary 4.8 shows that, when either the commitment level v is constant, or the
correlation f(s) is exponentially decaying, the parameter of concentration F(v)/T
for the regret of CHC tends to 0. The full proof is given in Appendix 4.B. To prove
this result on the concentration of the competitive difference, we make heavy use of
the fact that 4 is @-Holder continuous in the second argument, which implies that
the competitive difference is a-Holder continuous in e. This allows application of
the method of bounded difference, i.e., we bound the difference of V(e) where one
component of e is replaced by an identically-distributed copy. More specifically, we

use the following lemma, the one-sided version of one due to McDiarmid:

Lemma 4.9 ([64], Lemma 1.2). Let X = (X4, ..., X;,) be independent random vari-
ables and Y be the random variable f(Xy, ..., X,), where function f satisfies| f(x)—
f(x)I < ck whenever x and x,_differ in the kth coordinate. Then for any t > 0,
P(Y —BY > 1) < exp( ~2r? )

n 2
k=1 G

4.5 Concluding remarks

Online convex optimization (OCO) problems with switching costs and noisy pre-
dictions are widely applicable in networking and distributed systems. Prior efforts
in this area have resulted in two promising algorithms — Receding Horizon Control
(RHC) and Averaging Fixed Horizon Control (AFHC). Unfortunately, it is not ob-
vious when each algorithm should be used. Further, thus far, only AFHC has been
analyzed in the presence of noisy predictions, despite the fact that RHC is seemingly

more resistant to prediction noise in many settings.
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Figure 4.7: The cumulative distribution function of average-case bounds under
different correlation structures: (a) i.i.d prediction noise; exponentially decaying,
a = 2/3; (b) long range; short range, L = 4. Competitive differences simulated
with random realization of standard normal e(¢) 1000 times under the following
parameter values: 7 = 100,v = 10,D = 1,G =0.1,a = 1,c = 1.

In this chapter, we provide the first analysis of RHC with noisy predictions. This
novel analysis is made possible by the introduction of our new class of online al-
gorithms, Committed Horizon Control (CHC), that allows for arbitrary levels of
commitment, thus generalizing RHC and AFHC. Our analysis of CHC provides
explicit results characterizing the optimal commitment level as a function of the
variance and correlation structure of the prediction noise. In doing so, we character-
ize when RHC/AFHC is better depending on the properties of the prediction noise,
thus addressing an important open challenge in OCO.

Our focus in this Chapter has been on the theoretical analysis of CHC and its
implications for RHC and AFHC. The superiority of CHC suggests that it is a
promising approach for integrating predictions into the design of systems, especially
those that operate in uncertain environments. Going forward, it will be important
to evaluate the performance of CHC algorithms in settings where RHC and AFHC
have been employed, such as dynamic capacity provisioning, geographical load

balancing, and video streaming.

4.A Experimental setup for Fig. 4.1

Setting for Figure 4.1(a): This example corresponds to a simple model of a data
center. There are (w+ 1) types of jobs and (w+2) types of servers available to process
these jobs. Each server has a different linear cost {a(z),b,c : 0 < a(t) < b < ¢}
(low, medium, high respectively) depending on the job type. The low cost is
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a monotonically increasing function of time that asymptotically approaches the
constant medium cost (i.e. a(t) = a + (b - a)%, where 0 < a < b). The switching
cost 8 only applies when a server is turned on (shut down costs can be included in
the turning on cost) and has a magnitude greater than the difference between the
medium and low costs (i.e. 8 > b—a). The high cost is constant but greater than the
difference between the medium and low costs multiplied by the prediction window
size plus the switching cost. (i.e. ¢ > (b — a)w + ). One special server (server
0) can process all jobs with medium cost. Label all other servers 1 through (w + 1)
and all job types 1 through (w + 1). Let server s € {1, ...,w + 1} be able to process
job type s with low cost, job type s — 1 with high cost, and all other job types with

medium cost.

We assume perfect prediction within the prediction window, w. The trace that forms
Figure 4.1(a), is one in which the whole work load is only with one job type at each
timestep starting with job type 1 and sequentially cycles through all job types every
(w + 1) timesteps.

This forces RHC to switch every timestep and FHC to switch every w timesteps to

avoid a future high cost but take advantage of a low cost at the current timestep.

The offline optimal puts all of the workload on server 0 that processes all jobs with

medium cost and so never incurs a switching cost after the first timestep.

RHC and AFHC try to take advantage of the low cost but the trace tricks them with
a high cost one timestep beyond the prediction window. Switching to server O is
always slightly too expensive by (b — a)% within the prediction window. The values
used in Figure 4.1(a) are as follows: cycling workload of size 1 for 100 timesteps,
a=09,b=1,=2,c=01(w+1)+3.

Setting for Figure 4.1(b): Similar to Figure 4.1(a), the setting in which this example
was constructed corresponds to a simple model of a data center. The key difference
is that predictions are noisy. There are (w + 1) types of jobs and (w + 1) types
of servers available to process these jobs. Each server has a different linear cost
{a,c : 0 < a < c} (low, high respectively) depending on the job type. The switching
cost B only applies when a server is turned on (shut down costs can be included in
the turning on cost) and has a magnitude less than the difference between the high
and low cost (i.e. B < ¢ —a). Label all servers 1 through (w + 1) and all job types 1
through (w + 1). Let server s € {1, ...,w + 1} be able to process job type s with low
cost, and all other job types with high cost.
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We assume perfect prediction within only the first y timesteps of the prediction
window, w. The trace that forms Figure 4.1(b), is one in which the whole work load
is only with one job type at each timestep starting with job type 1 and sequentially
cycles through all job types every (w + 1) timesteps. Error in the last w —y timesteps
of the prediction window is produced by making those predictions be equal to the
prediction of the last perfect prediction (i.e. the y-th timestep within the prediction

window).

RHC equals the offline optimal solution in this setting which is to switch the whole
workload at every timestep to the server with the unique low cost. AFHC on the
other hand puts (w — y)/w of the workload on servers with high cost and only y/w
of the workload on the server with the unique low cost. The values used in Figure
4.1(b) are as follows: cycling workload of size 1 for 30 timesteps, a = 1, ¢ = 6,
B =0.1.

4.B Proof of analytic results

We first introduce some additional notation used in the proofs. For brevity, for any
vector x we write x; ;j = (x;,...,x;) forany i < j. Let x* denote the offline optimal
solution to (4.5), and let the cost of an online algorithm during time period [71, #;]

with boundary conditions xg, xg and with online data y;, ;, be

[§)
g (s x5 x5 ) = > A, yi) + B[, x|

=t

9]
+ Z Bllxi—1, x|l + B8 ”ng’ XE” .
t=t1+1
If xg is omitted, then by convention xg = x;, (and thus ||x,2 - xE” = 0). If xg is
omitted, then by convention xs = x;—;. Note that g ;,(x) depends only on x; for
h—-1<i<n.

Proof of Theorem 4.1

To characterize the suboptimality of CHC in the stochastic case, we first analyze the
competitive difference of fixed horizon control with commitment level v, FHC*(v).
Without loss of generality, assume that £ = 0. Subsequently we omit k and v
in FHC for simplicity. Construct a sequence of T-tuples (¢!, &2, ..., M), where
My =#{te[1,T] |t mod v =1} < [T/v], such that £! = x* is the offline optimal
solution, and & = xppc, for all + < 7v + 1 hence, EMU = xppe. At stage T, to

calculate ¢™*!, apply FHC to get (Fryi1, ..., Xryrw) = XT(£7, Y.rv), and replace



66

T

Totlir+ 1)y with X7y 1:(r+1) tO get e,

+1 ~ ~
M = (E L Brvets o K €t €D

By examining the terms in &7 and £7*!, we have

g€ y) - gir(€Ty)

=—B ) xEkT+1)V+1 - x(*r+l)v + Hx(*rﬂ)vﬂ — X1y
- ﬁ | x:v+1 - ‘f‘:v” + ﬁ ||)ZTV+1 - é::v”
(t+1)v
= > (hy) + Bl = x)
t=tv+1
(t+1)v
+ > () +BlIE - Fl). (4.15)
t=tv+1
By construction of (Xry+1, - - -, X(r+1)v), itis the optimal solution for gry +1,(r+1)v (X3 §7,5 Kr+1yv+15 Vi)
hence
(t+1)v
D (e yie) + BlIE = Fal)
t=tv+1

+ ﬁ ”XTVH - é:;'-\/” + ,3 ||i(r+1)v+1 - X(T+1)v||

(t+1)v

< >y (O yien) + B % =2
t=tv+l1
+ Bl = LM+ B e = |

Substituting the above inequality into (4.15) and by triangle inequality, we have

g€ y) - g1r(€TY)

(t+1)v

£ 1R yige) = B3y

t=Tv+1

Szﬁ”x(*‘r+l)v+l - X(T‘H)V‘Fl

(t+1)v

+ 1 y0) = B Yie)|

t=rv+1
(t+1)v

<2BD+2G D" |y = yuro|ls - (4.16)

t=tv+1
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Summing these inequalities from 7 = 0 to 7 = M; and noting that &M = XFHC!(v)
and fl = x*, we have

M, (t+1)v
cost(FHC'(v)) <cost(OPT) + 2M,8D + 2G Z Z ||yz - ymvllg

7=0 t=1v+1

T
=cost(OPT) + 2Mi 8D +2G D [yt = yiyr-

t=1

(4.17)

where ¢k(t) = argminyey, u<; |t — u|. For k =1, ¢'(t) = u whenever u = 7v
and ¢t € [u,u +v — 1] for some 7. We only have M; terms of the switching cost

[«

since (M} + 1)v + 1 > T. By the same argument, we have

" o
(r+1yp+1 — Mr+lv+l

T
cost(FHC*(v)) < cost(OPT) + 2M D + 2G Z [ve =Ygk ll5 -
t=1

(k.v)

Recall that xcpc, = %22:1 XpHC

by convexity of the cost function and Jensen’s

inequality, we have

v—1
1
cost(CHC) < — Z cost(FHCK(v))
V=0
1

||yt - ytlt—aﬁk(t)”g

2 M, BD 2G &=
<cost(OPT) + —kﬁ >

1%

t=1 k=0
21D 2G LS o
SCOSt(OPT) + ﬁ T Z Z ||y, - y,|,_¢k(t)||2
t=1 k=0
2XTBD  2G < '
<cost(OPT) + /3 TZ llye = yepe— (4.18)
t=1 k=0

where the third inequality is because ZZ;%) M = T since by definition My is the

number of elements in [1,7] that is congruent to k& modulus v; and the fourth
inequality is because for all ¢, t — ¢*(¢) always range from 1 to v when k goes from
Otov—1.

Finally, we show that E || Vo — yT|T_(k+1)||; < || fx|I* to finish the proof. Note that for
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a = 2, by (2.6), we have

E[ve = ez = B ik fx = s)e(s) 2
)
=Etr ( Zk‘io e(t = s1) f(s)! f(s2)e(r — Sz))
=tr ( Zk]_O f(s)T f(s2)Be(r = sp)e(r — s1>T)
=tr (Re io f(s)Tf(s)) = [l fill®, (4.19)

where the second equality is due to cyclic invariance of trace and linearity of
expectation, and the third equality is due to the fact that e(s) are uncorrelated. When

a<2 F(x)= x%/2 is a concave function, hence by Jensen’s inequality,

Elye = veir-esnlls = EF(lye = yepe-esnl)
<F(E|lyr = yepecenl3) = el -

Proof of Corollary 4.3
Taking expectation over the prediction error and assuming long range correlation,

we have forall k <v <w

k k
1fill* = ) (R f(s) f(5) = D (R, f(9))
s=0 s=0

k
< Z(‘
s=0

where the inequality is due to Cauchy-Schwarz and || fx|| = Vk + 1co. To compute

RZ| @2 =k + D,

competitive difference of CHC, note that

e Ul v+1
Z ||fk||a/ = Z( Vk + 1CO')a < cag'a‘/ kCK/de
k=0 k=0 1

20 g o
- ;fz (v+1)T = 1), (4.20)
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Thus, by Theorem 4.1,

2TBD 26T X
Fost(CHC) — Ecost(OPT) < L2 Z(\/k + leo)®
v

< 2TBD  4GTc%oc“

((V + 1)1+(l/2 _ l)

v v(a +2)
_2TBD(@ +2) ~4GTc?a® _; 4GTc"0? ) (V + 1)1+a/2
@+2 a+2 Vv
2T,8D(a/ +2)—4GTc0® ) B GTe"o )
1% + —v S
a+2 a+2

where the last inequality is because (v+1)/v < 2forv > 1. If BD(a+2) < 2Gc%0?,
BD

Ge¥og® — a/+2’

hence the commitment level that minimizes the performance guarantee is v* = 1.

which implies then the right hand side is an increasing function of v,

On the other hand, if SD(a + 2) > 2Gc%c?, then let A = W, B =
% then the right hand side is F(v) = 2T(Av~! + Bv®/?), by examining
the gradient F'(v) = 2T(—Av=2 + £Bv=17%/2)) since F'(v) > 0 iff v?F'(v) > 0
and v2F’(v) is an increasing function in v, we can see that when v < (3—2)2/ (@+2)
F(v) < 0 and F(v) is a decreasing function, when v > (i_g)z/(wz)’ F(v) > 0 and
F(v) is an increasing function, hence when v = (24)%/(“+2) F(y) = 0 is the global

minimum point of F(v).

Therefore, when (i—’é

BD

Gc¥o?

)2/(a+2)

> w, we have v* = w, this happens when >

a(2w)'*7 + 2. When

Gc"a’" a+2’
BD(a+2)-2Gc¥ o )2/ (@+2)

22+a/2 G g

€ ( a(2w)' 3 + 2) v* is between 1 to w, in this

case, v' = (
Proof of Corollary 4.4

Taking expectation over the prediction error, when k < L, similar to the proof of
Corollary 4.3, || fell> < (k + 1)c?02. When k > L, ||fill* < (L + 1)c2o2. Thus if
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v > L, we have

v—1 L-1 v—1
Z AN AW A
k=0 k=L

2(00')0‘

((L 1)(%2 -+ @w-=L)co)*(L+ l)a/Z

:v(CO')“(L + 1)/

(Ccf)

((L 1L+ 1) = (@ +2)L) - 1)

:v(CO')”(L +1)2/?

(CO’)“

((L + 1)L - 2) + 1)

where the first inequality if by (4.20). Hence, by Theorem 4.1,

Ecost(CHC) — Ecost(OPT) <

2T D 2GT
£ Z Lfell®

+2GT(co)*(L + 1)*/?

2GT (c0')"
v

<

2TBD
1%

((L D@L -2) + 1).

The right hand side can be written as 2T(M+C ),where A = 8D, B = G(co)*H(L),C =
Gleo)*(L +1)*/? and H(L) = L5 ((L + D¥(aL —2) + 1) When A > B, then the
right hand side is a decreasing function in v, hence v* = w; this happens when

Gf (,l()ﬂ, > H(L). When A < B, then the right hand side is an increasing function

in v, hence we want v* to be small, i.e., v < L, this happens when GB%_Q < H(L).
Whenv < L, ZZ;E) I fell® < M((v +1)1#2 — 1), hence

a+2

2TBD 2GT
Ecost(CHC) — Ecost(OPT) < 'B Z I fell®
< 2TBD(a + 2) —4GTc*c® N AGT (co )

1+a/2
= " +2) @) (DT,

It Gf F,DUQ <= +2, then the right hand side is an increasing function in v, hence v* = 1.
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Proof of Corollary 4.5

Taking expectation over the prediction error, assuming that there exists a < 1, such
that for all s, || f(s)||r < ca®, we have

1fell? Ztr(R £ f(9) = Z<R‘/2 F(s))?

s=0

k
1/2 1-a
RP| I@)1p? = ) ota® = o

s=0

where the inequality is due to Cauchy-Schwarz, hence for /4 that is G-Lipschitz in
the second argument, we have || fi || < m(1—1a_—2a(k2+1>/2), where the inequality is because
V1 - g2 > (1 _ aZ)’ and 1 — a2(k+1) <1- a2(k+1) + a4(k+1)/4 — (1 _ a2(k+1)/2)2’

hence,

Ecost(CHC) — Ecost(OPT)

_2pD 26T vj co(1 — a®k+D /)

_ 2
% Vo= 1-a

4
S2TﬁD N 2GTco GTco ZQZk

— 2 _ 42
v l-a v(1l a)k=1

<2T,/3D N 2GTco GTco a*(1-a*)
T 1-a2 v(1-d?) 1-a%

Let A = 2TBD, B = 451¢<@ GTW and C = 2T then

A  B(l-
Ecost(CHC) — Ecost(OPT) < — — g +C
v

_(A=B)+Ba®
%

+C.

Therefore when A > B, (A—B)+Ba®’ > 0, and the RHS is a decreasing function in v,

hence v* = w, and this happens when 278D > <5< GT“’ which implies Gclzr > 2(1a2a2)

On the other hand, if A < B — Ba, then (A — B) + Ba®* < A- B+ Ba < 0, and the
right hand side is an increasing function in v, hence v* = 1, and this happens when

207 L. . 28D 2
2TBD < %(1 — a), which implies % < ﬁ
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Proof of Theorem 4.6

The proof follows in the same fashion as that of Theorem 4.1. Recall that we have

g€ y) - qir(Eny)

(t+1)v
<28t = Tt + D 1 ) = BT, )
t=tv+1
(t+1)v
+ > R i) = h(E yige)
t=tv+1
(t+1)v
<281yt = Ferrw|+26 Y = vl (4.21)
t=tv+1

Since h is m-strongly convex, gr,+1,(r+1)» is also m-strongly convex, hence

~ R .
g‘rv+1,(T+1)v(x7v+l:(r+l)va é:n;a X(r+1)v+15 y~|Tv)
* T L= .
Sg‘rv+1,(‘r+1)v(xﬂ,+1;(T+1)v+1 > ‘f—rva X(r+1)v+1s y~|‘rv)

- ag‘rv+1,(T+1)v(i‘rv+1:(‘r+l)v) : (xf:v:('r+1)v - ifv:(r+1)v)

(t+1)v

-5 2|

t=tv+1

* ~ 112
Xy —x,” .

By the optimality of X, .(r+1), minimizes the cost function gz, 1 (z+1)v(X; 7,3 Xz 1)v+15 Vo)
we have the first order condition

6g‘rv+l,('r+l)v()z‘rv+1:(‘r+l)v) ’ (x:v+1:(‘r+1)v - i‘rv+l:(‘r+l)v) > 0,

hence

(t+1)v

Z (h()f;, yl|TV) + B 11X — X1 ”)

t=tv+1

+ ﬂ ||)?Tv+1 - frTv” + :8 ||)Z(T+1)v+1 - )Z(r+1)v||

(t+1)v m )
< 7 (He e + Bl = 5= 5 e - )

t=tv+1

+ﬁ | x:v+l - é577'-V|| +ﬁ Hi(‘r+l)v+l - x(*T+1)V :
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Substituting the above inequality into (4.21) and summing over 7, we have

M
cost(FHC!(v)) — cost(OPT) = Z gl,T(fTH; y)—gir(€"y)

7=0
(‘r+1)v
<2p Z ’ Xiratysl ~ Xatlv+l Z Z = |15
7=0t= TV+1
M (t+1l)y
+ ZGZ Z ”yt - yt|‘rvl|g
7=0 t=7v+1
M i _ my . . 2
< Z (218 ||x1'v+1 - xTV+1|| - E ||XTV+1 - xTV+1|| )
7=1
M (t+1)v
+ ZGZ Z ||yt - yt|‘rvl|g
7=0 t=1v+1
(a)2,8 M
2GZ”)’I Yili-¢! (Z)”
where (a) is because for any ¢,
- )anz
,3 2,32
SEYRE T

Summing over k from O to v — 1 as in (4.18) and taking expectation on both sides
as in (4.19) finishes the proof.

Proof of Theorem 4.7

By the proof of Theorem 4.1 and assuming one dimensional setting, we have

T v-1
cost(CHC) — cost(OPT) < ’BTD 26 Z Z |yT - y‘r|T—k|a

=1 k=0
T (07
2 TD 2G
'8 Z Z Z f(Tt—s)e(s) (4.22)
v 7=1 k=1 [s=17—k+1
which is a function of the randomness of prediction noise e = (e(1), ..., e(T)), let
T a
2,8TD 2G
I(e) := Z Z Fx = s)e(s)
7=1 k=1 [s=1—k+1

be the upper bound of the competitive difference of CHC in terms of the random

variables e(1),. .., e(T). For every i, let (i)’ be an independent and identical copy
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of e(i), and let e = (e(1),...,e(i — 1),e(i),e(@ + 1),...,e(T)) be the vector that

differ from e by the replacing the ith coordinate with an identical copy of e(i), then

let ;5 be the kronecker delta, we have

T v T @
) - ()] < TGZ 3 Gif(r - )e(s)
=1 k=1 |s=r—k+1
T v a
-TY Z; Bio (7 = $)e{()
2G T v T @
<29 615 (7 = 5)(e(s) - €}(5))
v =1 k=1 s:12k+l

where the last inequality is due to the fact that F(x) = x“ is a @-Holder continuous

with constant 1, hence Vx, y, |[x* — y*| < |x — y|*. Therefore,

[1(e) - 1(€})] <—ZZ

=1 k=

a

Z 5isf (= 5)(e(s) = €/(s))

s=1t—k+1

v T

(a)2G Z Z Z Sis| f(T = 5)|"]e(s) — el(s)|*

k=1 1=1 s=1—k+1

v k-1
02 et - ol Z INFG
=1 s=0
1+a a vl
Y ER O (4.23)
s=0

where (a) is because for all @ < 1, (Zf‘zl la;i])* < Zf‘:l |a;|*, to prove this, note that

we only need to show that
Vx,y > 0,(x +y)* < x¥ +y? 4.24)

and iterate this inequality k times. To prove the above, note that when x = 0 or
y = 0 or @ = 1, the inequality is trivially true. Otherwise, wlog assume x > Yy,
and let r = y/x < 1. (4.24) is equivalent to (1 +1)* < 1 + ¢?, this is true by

examining the function F(¢) = 1 + t* — (1 + ¢)%, note that F(0) = 0, and for @ < 1,
F(tY = a(t® ' =(1+1)* 1) > 0, since a* hence F(¢) > 0 for all #, which proves ().
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(b) is because let s = 7 — s, then

v T T

DD Sulfr - 9)Ilels) - €s)|°

k=1 v=1 s=1—k+1
v T k-1
= 3 il F (I e(r = 5') = ej(x = )|
k=1 =1 s'=0
v k-1
()1 Z% e =) = ej(x = )"
k=1 s'=0

v k-1

=le(i) = ejOI* > > IFI".
k=1 s'=0

Let ¢; = 21*2Ge® ZZ;(') w, then by (4.23), |l(e) — l(elf)|2 < cl.z, by Lemma

4.9, we have

P(cost(CHC) — cost(OPT) > ViT + u)

< —2u? —u?
S X = ¢&X
p Zszl 0.2 p 21+2(1/G282a/TF(V)

WhereF(v)=( N ( = k)| f(k)|* )

Proof of Corollary 4.8
By Theorem 4.7,

P (%[COSt(CHC) —cost(OPT)] > V| + u)

=P (cost(CHC) — cost(OPT) > VT + uT)

< —2u —u?
< X =X .
p ZiT:I ci2 p 21+2“G282aF(v)/T

If v € O(1), then F(v) is bounded since f(s) is bounded, hence F(v)/T — 0 as

T — oo.

Otherwise, if f(s) < cn® forn < 1, denote a = 1, then

v—1 v—1 . v—1 d
Z(v—k)lf(k)l <c (vZa —a d_ )
k=0 k=0 k=0

a( 1-a" d (l—av)) LV —a+1)+a"!
=c" v

T —ap



then

v=1 2
FO) = (1 >0 k)lf(k)l") <
k=0

< C(X + Ca/na'
S\ =722 (1 =7y

Thus in this case F(v)/T — 0asT — oo.

|

C(Z(V _ na/(v + 1) + na(v+1)) 2

(1 -a)?v

2
) € 0(1).
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Chapter 5

AN APPLICATION

5.1 Smart energy system

The electricity grid is at the brink of change. On the generation side, the penetration
of wind and solar in the energy portfolio is on the rise due to environmental concerns.
And, on the demand side, many smart appliances and devices with adjustable
power consumption levels are entering the market. The combination of these two
changes makes generation less controllable and load less predictable, which makes

the traditional “generation follows load”” model of control much more difficult.

Fortunately, while smart devices make demand forecasting more challenging, they
also provide an opportunity to mitigate the intermittency of wind and solar generation
from the load side by allowing for demand response. There are two major categories
of demand response: direct load control (DLC) and price-based demand response.

See [3] for a discussion of the contrasts between these approaches.

In this chapter we focus on direct load control with the goal of using demand
response to reduce variations of the aggregate load. This objective has been studied
frequently in the literature, e.g., [30, 77], because reducing the variations of the
aggregate load corresponds to minimizing the generation cost of the utilities. In
particular, large generators with the smallest marginal costs, e.g., nuclear generators
and hydro generators, have limited ramp rates, i.e., their power output cannot be
adjusted too quickly. So, if load varies frequently, then it must be balanced by more
expensive generators (i.e., “peakers”) that have fast ramp rate. Thus, if the load
variation is reduced, then the utility can use the least expensive sources of power

generation to satisfy the electricity demand.

Model predictive deferrable load control

There is a growing body of work on direct load control algorithms, which includes
both simulation-based evaluations [1, 42, 65] and theoretical performance guaran-
tees [27, 62]. The most commonly proposed framework for algorithm design from

this literature is, perhaps, model predictive control.

Model predictive control (MPC) is a classical control algorithm, e.g., see [68] for

a survey. MPC can be applied to settings where unknown disturbances to the
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system are present through the robust control paradigm or the certainty equivalence
principle, e.g., see [11, 18, 52]. In the context of direct load control, many variations
have been proposed. Scalability and performance in the presence of uncertainty are
essential to MPC algorithms for direct load control. At this point, there exist
model predictive deferrable load control algorithms that can be fully distributed

with guaranteed convergence to optimal deferrable load schedules, e.g., [30].

However, to this point, the evaluation of model predictive deferrable load control
has focused primarily on average-case analysis, e.g., [24, 71], or worst-case analysis,
e.g., [23, 55]. While such analysis provides important insights, there is still much
to learn about the performance of model predictive deferrable load control.

For example, it is likely that an algorithm has good average performance but bad
worst case performance, and vice versa. What is really needed is a distributional
analysis that tells us about the “typical” performance, which can say, e.g., that the
load variation will be less than the desired level 95 percent of the time. But, to
this point, no results on the distribution of the load variation under model predictive

deferrable load control exist.

5.2 Real-time deferrable load control

This chapter studies the design and analysis of real-time control algorithms for
scheduling deferrable loads to compensate for the random fluctuations in renewable
generation. In the following we present a model of this scenario that serves as the
basis for our algorithm design and performance evaluation. The model includes re-
newable generation, non-deferrable loads, and deferrable loads, which are described
in turn. The key differentiation of this model from that of [27] is the inclusion of

uncertainties (prediction errors) on future renewable generation and loads.

Throughout, we consider a discrete-time model over a finite time horizon. The time
horizon is divided into T time slots of equal length and labeled 1, . .., T. In practice,

the time horizon could be one day and the length of a time slot could be 10 minutes.

Renewable generation like wind is stochastic and difficult to predict. Similarly,

non-deferrable load including lights are hard to predict at a low aggregation level.

Since the focus is on scheduling deferrable loads, we aggregate renewable generation
and non-deferrable load into one process termed the base load, b = {b(T)}Z:1 , which
is defined as the difference between non-deferrable load and renewable generation,

and is a stochastic process.
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To model the uncertainty of base load, we use a causal filter based model described as

follows, and illustrated in Figure 5.1. In particular, the base load at time 7 is modeled

T

as a random deviation 6b = {6b(7)}!_, around its expectation b = {b(t)}!_,. The

process b is specified externally to the model, e.g., from historical data and weather
report, and the process 0b(7) is further modeled as an uncorrelated sequence of

identically distributed random variables e = {e(T)}Z:1 with mean O and variance

[0¢]
T=—00

o2, passing through a causal filter. Specifically, let f = {f(7)} denote the

impulse response of this causal filter and assume that f(0) = 1, then f(7) = O for

7 < 0and .
ob(r)= Y e(s)f(r=s), T=1,..,T.
s=1
At time t = 1,...,T, a prediction algorithm can observe the sequence e(s) for

s =1,...,t, and predicts b as!

mﬁ):éﬁ)+§5a@f@—s) r=1,...,T. (5.1)
s=1

Note that b,(7) = b(t) for T = 1,...,t since f is causal.

expectation
b

base load
b

uncorrelated causal filter deviation
e f ob

Figure 5.1: Diagram of the notation and structure of the model for base load, i.e.,
non-deferrable load minus renewable generation.

This model allows for non-stationary base load through the specification of b and a
broad class of models for uncertainty via f and e. In particular, two specific filters

f that we consider in detail later in the chapter are:

1. A filter with finite but flat impulse response, i.e., there exists A > 0 such that

1 if0<r<A
fo) =

0 otherwise;

2. A filter with an infinite and exponentially decaying impulse response, i.e.,
there exists a € (0, 1) such that
a iftr>0

f@) =

0 otherwise.

IThis prediction algorithm is a Wiener filter [17].
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These two filters provide simple but informative examples for our discussion in
Section 5.4.

To model deferrable loads we consider a setting where N deferrable loads arrive
over the time horizon, each requiring a certain amount of electricity by a given
deadline. Further, a real-time algorithm has imperfect information about the arrival

times and sizes of these deferrable loads.

More specifically, we assume a total of N deferrable loads and label them in in-
creasing order of their arrival times by 1,..., N, i.e., load n arrives no later than
loadn+1forn=1,..., N — 1. Further, we define N(¢) as the number of loads that
arrive before (or at) time z forz = 1, ..., T and fix N(0) def 0. Thus, load 1, ..., N(¢)
arrive before or at time ¢t forr = 1,...,7 and N(T) = N.

For each deferrable load, its arrival time and deadline, as well as other constraints
on its power consumption, are captured via upper and lower bounds on its possible
power consumption during each time. Specifically, the power consumption of

deferrable load n at time ¢, p,(¢), must be between given lower and upper bounds

]_Jn(t) and p, (1), i.e.,
]_7n(t) <p,(t) <p,t), n=1,...,N,t=1,...,T. (5.2)

These are specified externally to the model. For example, if an electric vehicle plugs
in with Level II charging, then its power consumption must be within [0, 3.3]kW.
However, if it is not plugged in (has either not arrived yet or has already departed)
then its power consumption is OkW, i.e., within [0, O]kW. Further, we assume that a

deferrable load n must withdraw a fixed amount of energy P, by its deadline, i.e.,
T
D @) =Py n=1..,N. (5.3)
=1

Finally, the N deferrable loads arrive randomly throughout the time horizon. Define

N(t)

an= Y P, (5.4)
n=N(t-1)+1
as the total energy request of all deferrable loads that arrive at time z fort = 1,...,7.

We assume that { a(t)}thl is a sequence of independent identically distributed random
variables with mean A and variance s2. Further, define

T

A= D al) (5.5)

T=t+1



81
as the total energy requested after time ¢ fort = 1,...,7T.

In summary, at time ¢ = 1,...,7, a real-time algorithm has full information about
the deferrable loads that have arrived, i.e., P D, and P, for n = 1,...,N(z),
and knows the expectation of future deferrable load total energy request E(A(?)).
However, a real-time algorithm has no other knowledge about deferrable loads that

arrive after time z.

We can now formally state the deferrable load control problem that is the focus
of this thesis. Recall that the objective of real-time deferrable load control is to

compensate for the random fluctuations in renewable generation and non-deferrable

T

;—1» Which is defined as

load in order to “flatten” the aggregate load d = {d(t)}

N
d(t) = b(t) + Z ), t=1,...T. (5.6)
n=1

In this thesis, we focus on minimizing the sample path variance of the aggregate

load d, V(d), as a measure of “flatness” that is defined as

T

T 2
V(d) = % Z (d(t) - % Z d(T)) . (5.7)
=1

=1

We can now formally specify the optimal deferrable load control (ODLC) problem

that we seek to solve:

_ 1 < 1 < ’
ODLC: min - ; (d(t) -7 ; d(T)) (5.8)

over  pu(t),d(t), Vn,t
N
st d(f) = b@t) + Z pat),  VE;
n=1

Izn(t) < pa(t) < p,(t), Vnt;
T

an(t) =P, Vn.
=1

In the above ODLC, the objective is simply the sample path variance of the aggregate
load, V(d), and the constraints correspond to equations (5.6), (5.2), and (5.3),
respectively. We chose V(d) as the objective for ODLC because of its significance
for microgrid operators [39]. However, additionally, [27] has proven that the optimal
solution does not change if the objective function V(d) is replaced by f(d) =

thl U(d(t)) where U : R — R is strictly convex. Therefore, we can use V(d)

without loss of generality.
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5.3 Model predictive algorithm
Given the optimal deferrable load control (ODLC) problem defined in (5.8), the first
contribution of this thesis is to design an algorithm that solves ODLC in real-time,

given uncertain predictions of base and deferrable loads.

There are two key challenges for the algorithm design. First, the algorithm has access
only to uncertain predictions at any given time, i.e., at time ¢ the algorithm only
knows deferrable loads 1 to N(¢) rather than 1 to N, and only knows the prediction b,
instead of b itself. Second, even if there was no uncertainty in predictions, solving
the ODLC problem requires significant computational effort when there are a large

number of deferrable loads.

Motivated by these challenges, in this section we design a decentralized algorithm
with strong performance guarantees even when there is uncertainty in the predictions.
The algorithm builds on the work of [27], which provides a decentralized algorithm
for the case without uncertainty in predictions. We present the details of the
algorithm from [27] in Section 5.3 and then present a modification of the algorithm

to handle uncertain predictions in Section 5.3.

Load control without uncertainty

We start with the case where the algorithm has complete knowledge (no uncertainty)
about base load and deferrable loads. In this context, the key algorithmic challenge
is to solve the ODLC problem in (5.8) via a decentralized algorithm. Such a
decentralized algorithm was proposed in [27], and we summarize the algorithm and

its analysis here.

Algorithm definition: The algorithm from [27] is given in Algorithm 5.1. It is
iterative and the superscripts in brackets denote the round of iteration. In each
iteration k > 0, there are two key steps: Step (ii) and (iii). In Step (ii), the utility
calculates the average load g'*) and broadcasts it to all deferrable loads. Note that
the utility only needs to know the reported schedule p5,k>, the base load b, and the
number of deferrable loads N. It does not need to know the constraints of the
deferable loads. In Step (iii), each deferrable load n updates pﬁ,’”l) by solving a
convex optimization. The objective function has two terms. The first term can be
interpreted as the electricity bill if the electricity price was set to g*). The second

term vanishes as iterations continue.

Algorithm convergence results: Importantly, though Algorithm 5.1 is iterative,

it converges very fast. In fact, the simulations in [27] stop the iterations after 15
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Algorithm 5.1 Deferrable load control without uncertainty

Require: The utility knows the base load b and the number N of deferrable loads.
Each load n € {1,..., N} knows its energy request P, and power consumption
bounds p,, and P The utility sets K, the number of iterations.

Ensure: Deferrable load schedule p = (py, ..., pn).

(i) Set k < 0 and intitialize the schedule p(k) as
pP@)—0, t=1,....,T, n=1,...,N.

(ii) The utility calculates the average load g*) = d®)/N,
! ZN (k)
(k) — k _
g (1) « ¥ (b(t)+n:1pn (l)), t=1,....T,

and broadcasts g to all deferrable loads.

(iii) Each load n updates a new schedule pflk“) by solving

T 2
min Y600+ (o) - 0)

over  pu(1),...,pu(T)
s.t. ]_)n(‘l') < pa(t) < p,(7), VT35
T

> pul@) = P,
7=1

and reports pfj”l) to the utility.

(iv) Setk «— k+ 1. If k < K, go to Step (ii).

rounds (i.e., K=15) in all cases because convergence is already achieved. Further,
Algorithm 5.1 provably solves the ODLC problem given in (5.8) when there is no
uncertainty, i.e., when N(¢) = N and b, = bfort = 1,...,T [27]. More precisely, let
O denote the set of optimal solutions to (5.8), and define d(p, O) := minpco ||p — Pl|

as the distance from a deferrable load schedule p to optimal deferrable load schedules

0.

Proposition 5.1 ([27]). When there is no uncertainty, i.e., N(t) = N and b; = b for
t=1,...,T, the deferrable load schedules p*) obtained by Algorithm 5.1 converge
to optimal schedules to ODLC, i.e., d(p(k), 0) > 0as k — oo.
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A particular class of optimal solutions will be of interest to us later in the chapter,
so we define them here. Specifically, we call a feasible deferrable load schedule
p = (p1,...,pn) valley-filling, if there exists some constant C € R such that
SN pa(t) = (C = b))t fort = 1,...,T.

Proposition 5.2 ([27]). If a valley-filling deferrable load schedule exists, then it
solves ODLC. Further, in such cases, all optimal schedules to ODLC have the same
aggregate load.

Note that valley-filling schedules tend to exist if there is a large number of deferrable

loads, in such settings optimal solutions to ODLC are valley-filling.

Load control with uncertainty

Algorithm 5.1 provides a decentralized approach for solving the ODLC problem;
however it assumes exact knowledge (certainty) about base load and deferrable
loads. In this subsection, we adapt Algorithm 5.1 to the setting where there is
uncertainty in base load and deferrable load predictions, while maintaining strong
performance guarantees. In particular, in this subsection we assume that at time ¢,
only the prediction b; is known, not b itself, and only information about deferrable

loads 1 to N(¢) and the expectation of future energy requests E(A(¢)) are known.

Algorithm definition: To adapt Algorithm 5.1 to deal with uncertainty, the first
step is straightforward. In particular, it is natural to replace the base load b by its

prediction b, in Algorithm 5.1 to deal with the unavailability of b.

However, dealing with unavailable future deferrable load information is trickier. To
do this we use a pseudo deferrable load, which is simulated at the utility, to represent
future deferrable loads. More specifically, let ¢ = {g(7)}!_, with g(¢) = 0 denote the
power consumption of the pseudo load, and assume that it requests E(A(f)) amount

of energy, i.e.,
T
D a(r) = B(A®)). (5.9)

We also assume that g is point-wise upper and lower bounded by some upper and

lower bounds ¢ and ¢, i.e.,

Q(T) <q(t)<q(r), 7v=t...,T. (5.10)

Note that g(t) = ¢(t) = 0. The bounds g and g should be set according to historical
data. Here, for simplicity, we consider them to be ¢(7) = 0 and g(7) = oo for
T=t+1,...,T.
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Given the above setup, the utility solves the following problem at every time slot

t =1,...,T, to accommodate the availability of only partial information.
T | T 2
ODLC-t: mi dit) - —— d 5.11
min Z () T_M; (s) (5.11)

over  pu(7),q(1),d(t), n<N(@),7>t
N(1)

st d@)=b()+ ) pa()+q(0), 721
n=1

Bn(T) < pu(1) <p,(r), n<N(@), T2t

T
D pa(r) = Pult), 1 < NQ);

40 < q(r) <G, =5

T
> a(r) = B(AQ)),

where P,(t) = P, — ZIT_:II pa(7) is the energy to be consumed at or after time ¢, for
n=1,...,N@t)andt =1,...,T.

Now, adjusting Algorithm 5.1 to solve ODLC-t gives Algorithm 5.2, which is real-
time and shrinking-horizon. Note that if base load prediction is exact (i.e., by = b
fortr =1,...,T) and all deferrable loads arrive at the beginning of the time horizon
(i.e.,, N(t) = Nfort =1,...,T), then ODLC-1 reduces to ODLC and Algorithm 5.2
reduces to Algorithm 5.1.
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Algorithm 5.2 Deferrable load control with uncertainty

Require: Prediction of base load b; and the number N(#) of deferrable loads. Future
energy request P,(¢) and power consumption bounds p, and p .

—n
Ensure: At time ¢, output the power consumption p,(t) for deferrable loads
I,...,N(t). Attimeslotr =1,...,T:

(i) Set k « 0. Each deferrable load n € {1,..., N(¢)} initializes its schedule
PV (O, as

Kty ifn<NE-1
py)(ﬂ%{pn (@ ifnsNa-h

0 ifn>N@t-1)"

where p;K) is the schedule of load n in iteration K at time t — 1.

(ii) The utility solves

2

T N(t)
min Z (b,(T) + Z pﬁ,")(r) +4q(7)
n=1

7=t

over q(t),...,q(T)
st. q(r)<q(r)<q(r), T2

T
D a(r) =E(A©)

to obtain a pseudo schedule {q(k)(r)}Z:l. The utility then calculates the
average aggregate load per deferrable load g as

N(t)
Oy L (k) *)
90 < 5 (bt(r)+;pn () +q (r))

fort =1t¢,...,T, and broadcasts {g(k)(T)}Zzt to all deferrable loads.

(iii) Each deferrable load n = 1,..., N(t) solves

T 2
min > gV@pue) + 5 (pule) - AP0))

over  pu(t),...,pn(T)
st p (M <pa() <py(r), T2
T

D pal®) = Pol),

to obtain a new schedule { pﬁl’””(r)};, and reports to the utility.

(iv) Setk «— k+ 1. If k£ < K, go to Step (ii).

(v) Set pu(t) « pX(t) and P,(t + 1) — Py(t) — pa(t).
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Algorithm convergence results: We provide analytic guarantees on the conver-
gence and optimality of Algorithm 5.2. In particular, we prove that Algorithm 5.2
solves ODLC-t at every time slot 7. Specifically, let O(¢) denote the set of optimal
schedules to ODLC-t, and define d(p, O(t)) := mins 4)c0() llp — Pll as the distance
from a schedule p to optimal schedules O(¢) at time ¢, forr = 1,...,T.

Theorem 5.3. At timet = 1,...,T, the deferrable load schedules p(k) obtained by
Algorithm 5.2 converge to optimal schedules to ODLC-t, i.e., d(p™®, O(t)) — 0 as

k — oo.

The theorem is proved in Appendix 5.A. Though iterative, Algorithm 5.2 converges
fast, similar to Algorithm 5.1. In the simulations, setting K = 15 is enough for all

test cases.

Similar to Proposition 5.2, “t-valley-filling” provides a simple characterization of
the solutions to ODLC-t. Specifically, attimes = 1, ..., T, a feasible schedule (p, g)
is called 7-valley-filling, if there exists some constant C(¢) € R such that

N(t)
9(1)+ ) pa(t) = (C(0) = b(T))", T=1,....T. (5.12)

n=1
Given this definition of t-valley-filling, the following corollary follows immediately

from Proposition 5.2.

Corollary 5.4. At time t = 1,...,T, a t-valley-filling deferrable load schedule, if
exists, solves ODLC-t. Furthermore, in such cases, all optimal schedules to ODLC-t

have the same aggregate load.

This corollary serves as the basis for the performance analysis we perform in Section
5.4. Remember that t-valley-filling schedules tend to exist in cases where there are

a large numbers of deferrable loads.

5.4 Performance analysis

Average-case Analysis

To this point, we have shown that Algorithm 5.2 makes “optimal” decisions with
the information available at every time slot, i.e., it solves ODLC-t at time ¢ for
t = 1,...,T. However, these decisions are still suboptimal compared to what
could be achieved if exact information was available. In this section, our goal is to
understand the impact of uncertainty on the performance. In particular, we study

two questions:
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(i) How do the uncertainties about base load and deferrable loads impact the

expected sample path load variance obtained by Algorithm 5.2?

(ii) What is the improvement of using the real-time control provided by Algorithm

5.2 over using the optimal static control?

Our answers to these questions are below. Throughout, we focus on the special,
but practically relevant, case when a t-valley-filling schedule exists at every time
t =1,...,T. As we have mentioned previously, when the number of deferrable
loads is large this is a natural assumption that holds for practical load profiles. The
reason for making this assumption is that it allows us to use the characterization of
optimal schedules given in (5.12). In fact, without loss of generality, we further
assume C(t) > by(t) for r = ¢,...,T, under which (5.12) implies
N(t)

d(t) = C(t) = Z by() + E(A()) + Z Py(1) (5.13)

fort =1,...,T. Thus, equation (5.13) defines the model we use for the performance

analysis of Algorithm 5.2.

The expected load variance of Algorithm 5.2

We start by calculating the expected load variance, E(V), of Algorithm 5.2. The goal
is to understand how uncertainty about base load and deferrable loads impacts the
load variance. Note that, if there are no base load prediction errors and deferrable
loads arrive at the beginning of the time horizon, then Algorithm 5.2 obtains optimal
schedules that have zero load variance. In contrast, when there are base load
prediction errors and stochastic deferrable load arrivals, the expected load variance

is given by the following theorem.

To state the result, recall that { f(¢)};2_., is the causal filter modeling the correlation
def

of base load and define F(t) = Y!_ f(s)forr =0,...,T.

—00

Theorem 5.5. The expected load variance E(V) obtained by Algorithm 5.2 is
EV)== » - F? : 5.14
(V) = er Tzz (L= (5.14)
The theorem is proved in Appendix 5.A.

Theorem 5.5 explicitly states the interaction of the variability of base load prediction
(0) and deferrable load prediction (s) with the horizon length 7. Besides, it high-

lights the correlation of base load prediction error through F. More specifically,
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the expected load variance E(V) tends to O as the uncertainties in base load and

deferrable loads vanish, i.e., o0 — 0 and s — 0.

Corollary 5.6. The expected load variance E(V) — 0 as o — 0 and s — 0.

Another remark about Theorem 5.5 is that the two terms in (5.14) correspond to
the impact of the uncertainties in deferrable loads and base load respectively. In
particular, Theorem 5.5 is proved in Section 5.A by analyzing these two cases
separately and then combining the results. Specifically, the following two lemmas
are the key pieces in the proof of Theorem 5.5, but are also of interest in their own

right.

Lemma 5.7. If there is no base load prediction error, i.e., by = b fort =1,...,T,
then the expected load variance obtained by Algorithm 5.2 is

T 1
22[:2 ? - szlnT

E(V)=s T T

The lemma is proved in Appendix 5.A.

Lemma 5.8. If there are no deferrable load arrivals after time 1, i.e., N(t) = N for
t =1,...,T, then the expected load variance obtained by Algorithm 5.2 is

2 T-1

T s, T —t—1
E(V)_FZF(I)H_—I.
t=0

The lemma is proved in Appendix 5.A.

Lemma 5.7 highlights that the more uncertainty in deferrable load arrival, i.e., the
larger s, the larger the expected load variance E(V). On the other hand, the longer
the time horizon T, the smaller the expected load variance E(V).

Similarly, Lemma 5.8 highlights that a larger base load prediction error, i.e., a larger
o, results in a larger expected load variance E(V). However, if the impulse response
{f(@®)};2_. of the modeling filter of the base load decays fast enough with ¢, then
the following corollary highlights that the expected load variance actually tends to

0 as time horizon T increases despite the uncertainty of base load predictions.

Corollary 5.9. If there are no deferrable load arrivals after time 1, i.e., N(t) = N
fort = 1,...,T, and |f(t)] ~ OtV*®) for some & > 0, then the expected load
variance obtained by Algorithm 5.2 satisfies E(V) — 0as T — oo.

The corollary is proved in Appendix 5.A.
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Improvement over static control

The goal of this section is to quantify the improvement of real-time control via
Algorithm 5.2 over the optimal static (open-loop) control. To be more specific,
we compare the expected load variance E(V) obtained by the real-time control
Algorithm 5.2, with the expected load variance E(V’) obtained by the optimal
static control, which only uses base load prediction at the beginning of the time
horizon (i.e., b) to compute deferrable load schedules. We assume N(¢) = N for
t = 1,..., T inthis section since otherwise any static control cannot obtain a schedule
for all deferrable loads. Thus, the interpretation of the results that follow is as a
quantification of the value of incorporating updated base load predictions into the

deferrable load controller.

To begin the analysis, note that E(V) for this setting is given in Lemma 5.8. Further,
it can be verified that the optimal static control is to solve ODLC with b replaced
by b, and the corresponding expected load variance E(V’) is given by the following

lemma.

Lemma 5.10. If there is no stochastic load arrival, i.e., N(t) = N fort = 1,...,T,

then the expected load variance B(V") obtained by the optimal static control is
CTZ T-1

2
r =0

E(V') = (T(T “ 040 - Fz(t)) .

The lemma is proved in Appendix 5.A.

Next, comparing E(V) and E(V’) given in Lemma 5.8 and 5.10 shows that Algorithm
5.2 always obtains a smaller expected load variance than the optimal static control.

Specifically,

Corollary 5.11. [fthere is no deferrable load arrival after time 1, i.e., N(t) = N for
t=1,...,T, then

2 =1 -1

T
BV)-EW) =T Y 2SS (fm) ~ f) 2 0.

t=1 m=0 n=0

The corollary is proved in the extended version [31].

Corollary 5.11 highlights that Algorithm 5.2 is guaranteed to obtain a smaller
expected load variance than the optimal static control. The next step is to quantify

how much smaller E(V) is in comparison with E(V’).
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To do this we compute the ratio E(V")/E(V). Unfortunately, the general expression
for the ratio is too complex to provide insight, so we consider two representative
cases for the impulse response f(¢) of the causal filter in order to obtain insights.
Specifically, we consider examples (i) and (ii) from Section 5.2. Briefly, in (i) f(¢)
is finite and in (ii) f(¢) is infinite but decays exponentially in . For these two cases,

the ratio E(V’)/E(V) is summarized in the following corollaries.

Corollary 5.12. If there is no deferrable load arrival after time 1, i.e., N(t) = N for
t=1,...,T, and there exists A > 0 such that

o) - 1 f0<t<A

0 otherwise,

then

E(V)  In(T/A)

E(V')  T/A N
[+ e

The corollary is proved in the extended version [31].

Corollary 5.13. Ifthere is no deferrable load arrival after time 1, i.e., N(t) = N for
t=1,...,T, and there exists a € (0, 1) such that

) = a ift>0

0 otherwise,

then

E(V):l—a T L+0 InlnT '
E(V) 1+4+alnT InT

The corollary is proved in the extended version [31].

Corollary 5.12 highlights that, in the case where f is finite, if we define A = T/A
as the ratio of time horizon to filter length, then the load reduction roughly scales
as A/In(A). Thus, the longer the time horizon is in comparison to the filter length,
the larger expected load variance reduction we obtain from using Algorithm 5.2 as

compared with the optimal static control.

Similarly, Corollary 5.13 highlights that, in the case where f is infinite and expo-
nentially decaying, the expected load variance reduction scales with 7" as T/InT
with coefficient (1 —a)/(1 +a). Thus, the smaller a is, which means the faster f dies
out, the more load variance reduction we obtain by using real-time control. This is

similar to having a smaller A in the previous case.
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Worst-case analysis

The results surveyed above highlight that Algorithm 5.2 performs well on average;
however, itis often important to guarantee more than good average case performance.
For that reason, many results in the literature focus on worst case analysis, e.g.,
[11, 54, 57]. While no existing results apply directly to the setting of this thesis, it
is straightforward to see that the worst-case performance of Algorithm 5.2 is quite
bad.

To see this, let us consider a setting where the prediction error for generation, e, and

deferrable load, a, have bounded deviations from their means (0 and A respectively).

Definition 8. We say that prediction errors are bounded if there exist €| and €, such

that, at any timet = 1,...,T,

la(t) — A| < €, |e(?)| < e. (5.15)

In this situation, it is straightforward to see that the worst case performance of
Algorithm 5.2 can potentially be quite bad. For two real numbers a, b € R, define
aV b := max{a, b}.

Proposition 5.14. If a t-valley-filling solution exists fort = 1,2, ..., T, and predic-
tion errors are bounded by €| and e as in (5.15), then the worst-case load variance

sup, . V achieved by Algorithm 5.2 is

|
SupV: 612(1—?2;)
ae =l
2 T-1T-1
€ T
+ = —— — 1| |F(T)F(s)|.
NI ErCe R !
7=0 5=0

The worst-case performance is achieved when all prediction errors on the load
arrivals are equal to € while all prediction errors on the generation are equal to
€, in magnitude with the appropriate signs—the case where a(f) = A + € and
e(t) = e -sgn(F(T —t)) for all .

Corollary 5.15. Ifa t-valley-filling solution exists fort = 1,2, ..., T, and prediction
errors are bounded by €, and e as in (5.15), then the worst-case load variance

sup, . V achieved by Algorithm 5.2 is lower bounded as

T
1 1 InT
supVZef(l—?Z%) zelz(l—nT).

a.e k=1
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Interestingly, the form of Corollary 5.15 implies that, in the worst-case, Algorithm
5.2 can be as bad as having no control at all: the time averaged load variance behaves
like the worst one step load variance. Meanwhile, recall from Theorem 5.5 that the
average performance E(V) — 0 as T — oo. Therefore, while the the load variance

V has a small mean E(V), it can be quite large in the worst case.

Distributional analysis

The contrast between the worst-case analysis (Proposition 5.14) and average-case
analysis (Theorem 5.5) motivates the next main goal of this Chapter — to understand
how often the “bad cases,” where V takes large values, happen. That is, we want to

understand what typical variations of V under Algorithm 5.2 look like.

Concentration bounds

We start with analyzing the tail probability of V. Concretely, our focus is on
V, :==min{c € R | V < ¢ with probability 7},

which denotes the minimum value ¢ such that V < ¢ with probability n for € [0, 1].
Our main result provides upper bounds on V;,, for large values of n, for arbitrary of

prediction error distributions.

More specifically, we prove that with high probability, the load variance of Algorithm
5.2 does not deviate much from its average-case performance, i.e., we prove a

concentration result for model predictive deferable load control.

Theorem 5.16. Suppose a t-valley filling solution exists fort = 1,2,...,T, and
prediction errors bounded by € and e, as in (5.15). Then the distribution of the

load variance V obtained by Algorithm 5.2 satisfies a Bernstein type concentration,

iLe.,
—£2
P(V-EV >t) < , 5.16
( ) < exp (166%(213\/ n r)) (5.16)
where € = max(ey, €) and
T-1
InT 1 T—-t+1
LTSN PP S22
T T2 pry t+1
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The theorem is proven in Appendix 5.B.

To build intuition, the tail probability bound of V in (5.16) can be simplified for two

different regimes of ¢ as

-
exp (4862/1115‘,) , t<EV

P(V—EV > 1) <
exp (@) , t > EV.

(5.17)
Though looser than that in (5.16), the tail bound in (5.17) highlights that V has a
Gaussian tail probability bound when # < EV and an Exponential tail probability
bound when ¢ > EV.

Theorem 5.16 relates the tail behavior of V with the maximum prediction error €
and the error correlation F over time. It implies that the actual performance of
Algorithm 5.2 does not deviate much from its mean. To illustrate this, consider the
following example where the prediction on baseload is precise, since the parameter

A1 has a simple expression in this scenario.

Example 5.17. Suppose that the baseload prediction is precise, i.e., € = 0. Then

the average load variance is

8}

T
s r
E[V] = TZ —~s*nT/T
=2
and the tail bound in Theorem 5.16 can be simplified as

C'2 52
P(V -EV > CEV) < exp (—r 16 2) .
c €

Recall that constant s is the variance of a and constant € is the maximum deviation
of a from its mean. The above expression shows that, with high probability, V is at

most a constant ¢ + 1 times of its mean EV.

More generally, the quantity A; controls the decaying speed of the tail bound in
(5.16): the smaller Ay, the faster the tail bound P(V — EV > r) decays in ¢, and the
load variance V' achieved by Algorithm 5.2 concentrates sharper around its mean
EV. The following corollary highlights that A; tends to 0 as T increases, provided
that the error correlation f(¢) decays fast enough in z. Note that the condition on f

is the same for Corollary 5.18 and Theorem 5.5.

Corollary 5.18. Under the assumptions of Theorem 5.16, if the error correlation
f~ O(t'%'“)for some a > 0, then 1 — 0as T — oo.
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A detailed proof of Theorem 5.16 is included in the Appendix; however it is useful

to provide some informal intuition for the argument used.

In general, tail probability bounds can be obtained by controlling the moments of
a random variable. For example, the Markov inequality gives inverse linear tail
probability bound using the first moment, and the Chebyshev inequality provides
inverse quadratic tail probability bound using the second moment. However, the
bound we obtained in Theorem 5.16 approaches O much faster for large ¢ than the
aforementioned Markov and Chebyshev bounds. This is done by controlling the

moment generating function of V using the convex Log-Sobolev inequality.

A challenge in controlling the moment generating function of V is that, the most
commonly used approach—the Martingale bounded difference approach [64]—only
obtains very loose tail probability bounds in our case. This is because V can change
dramatically when one of the sources a(t) or e(¢) of the randomness changes. Instead,
we exploit the fact that the gradient of V is bounded by a linear function of itself
(similar but slightly different from the “self-bounding” property defined in [15]).
Using this property together with Log-Sobolev inequality in the product measure
gives us a nice way to bound the entropy of V. After this we apply the Herbst’s

argument [53] to compute a good estimate on the concentration of V.

Bounds on the variance
To further understand the scale of typical load variance V under Algorithm 5.2, it
is useful to also study the variance. In addition, the form of the variance highlights

the impact of the tight concentration shown in Theorem 5.16.

Theorem 5.19. Suppose a t-valley-filling solution exists fort = 1,2,...,T, and
prediction errors are bounded by € and e, as in (5.15). Then the variance var(V)
of V obtained by Algorithm 5.2 is bounded above by

) 2
Var(V)§(4€1SlnT) +(4620'Z 2() t+1) . (5.18)

2
T r=

To interpret this result, let var(V) denote the upper bound on var(V) provided in

(5.18). Theorem 5.19 implies that EV and 4/var(V) scale similarly with 7. In
~in EV scales with T as Q(InT/T) while the first

t=2 t
term (4e;sInT/T)? in var(V) scales with T as Q ((InT/T)?), and the second terms

particular, the first term Z
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in EV and var(V) have the same relationship. Therefore, the standard deviation

+/var(V), which is upper bounded by +/var(V), is at most on the same scale as EV as
T expands. It immediately follows from the Chebyshev inequality that V can only

deviate significantly from E(V) with a small probability.

Corollary 5.20. Under the assumptions in Theorem 5.19, fort > 0,

P(|V —EV| > 1)

1 |(4esInT 2 dero = T-7+1 ’

- | — Fr(ry————| |. 5.19
‘ﬂ( T ) (TZTZ:(:)(T)T+1) >.19)

While the tail bound (5.16) in Theorem 5.16 scales at least exponentially in 7, the
Chebyshev inequality only provides a tail bound (5.19) that scales inverse quadrati-
cally in . Hence for large ¢, (5.16) provides a much tighter tail bound. However for
small values of 7, the tail bound (5.19) is usually tighter since the variance var(V) is
well estimated in (5.18).

Furthermore, the variance var(V) vanishes as T expands, provided that f(r) decays

sufficiently fast as ¢ grows, as formally stated in the following corollary.

Corollary 5.21. Under the assumptions of Theorem 5.19, if the error correlation

[~ O(t‘%_“)for some a > 0, then var(V) — 0 as T — oo.
Note that the condition on f parallels that in Theorem 5.5.

5.5 Simulation

In this chapter we use trace-based experiments to explore the generality of the
analytic results in the previous section. In particular, the results in the previous
section characterize the expected load variance obtained by Algorithm 5.2 as a
function of prediction uncertainties, and quantify the improvement of Algorithm
5.2 over the optimal static (open-loop) controller. However, the analytic results
make simplifying assumptions on the form of uncertainties and solution schedules
(equation (5.13)). Therefore, it is important to assess the performance of the

algorithm using real-world data.

Experimental setup
The numerical experiments we perform use a time horizon of 24 hours, from 20:00
to 20:00 on the following day. The time slot length is 10 minutes, which is the

granularity of the data we have obtained about renewable generation.
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Figure 5.2: TIllustration of the traces used in the experiments. (a) shows the average
residential load in the service area of Southern California Edison in 2012. (b) shows the
total wind power generation of the Alberta Electric System Operator scaled to represent
20% penetration. (c) shows the normalized root-mean-square wind prediction error as a
function of the time looking ahead for the model used in the experiments.

Base load Recall that base load is a combination of non-deferrable load and
renewable generation. The non-deferrable load traces used in the experiments come
from the average residential load in the service area of Southern California Edison
in 2012 [78]. In the simulations, we assume that non-deferrable load is precisely
known so that uncertainties in the base load only come from renewable generation.
In particular, non-deferrable load over the time horizon of a day is taken to be the
average over the 366 days in 2012 as in Figure 5.2a, and assumed to be known to
the utility at the beginning of the time horizon. In practice, non-deferrable load
at the substation feeder level can be predicted within 1-3% root-mean-square error
looking 24 hours ahead [25].

The renewable generation traces we use come from the 10-minute historical data for
total wind power generation of the Alberta Electric System Operator from 2004 to
2009 [4]. In the simulations, we scale the wind power generation so that its average
over the 6 years corresponds to a number of penetration levels in the range between
5% and 30%, and pick the wind power generation of a randomly chosen day as the
renewable generation during each run. Figure 5.2b shows the wind power generation

for four representative days, one for each season, after scaling to 20% penetration.

We assume that the renewable generation is not precisely known until it is realized,
but that a prediction of the generation, which improves over time, is available to the
utility. The modeling of prediction evolution over time is according to a martingale
forecasting process [37, 38], which is a standard model for an unbiased prediction

process that improves over time.
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Specifically, the prediction model is as follows: for wind generation w(7) at time
7, the prediction error w;(7) — w(7) at time ¢t < 7 is the sum of a sequence of
independent random variables n,(7) as
T
wi(T) = w(t) + Z ng(t), 0<t<t<T.
s=t+1
Here wy(7) is the wind prediction without any observation, i.e., the expected wind

generation w(7) at the beginning of the time horizon (used by static control).

The random variables n,(7) are assumed to be Gaussian with mean 0. Their variances

are chosen as 5

g

E(”?(T)) = 1

1<s<t<T,

where o > 0 is such that the root-mean-square prediction error \/E(W()(T) —w(T))?
looking 7' time slots (i.e., 24 hours) ahead is 0%—22.5% of the nameplate wind
generation capacity.? According to this choice of the variances of ny(7), root-mean-
square prediction error only depends on how far ahead the prediction is, in particular

as in Figure 5.2c. This choice is motivated by [34].

Deferrable loads For simplicity, we consider the hypothetical case where all
deferrable loads are electric vehicles. Since historical data for electric vehicle usage
is not available, we are forced to use synthetic traces for this component of the
experiments. Specifically, in the simulations the electric vehicles are considered to
be identical, each requests 10kWh electricity by a deadline 8 hours after it arrives,
and each must consume power at a rate within [0, 3.3]kW after it arrives and before

its deadline.

In the simulations, the arrival process starts at 20:00 and ends at 12:00 the next day
so that the deadlines of all electric vehicles lie within the time horizon of 24 hours.
In each time slot during the arrival process, we assume that the number of arriving
electric vehicles is uniformly distributed in [0.84, 1.24], where A is chosen so that
electric vehicles (on average) account for 5%—-30% of the non-deferrable loads.
While this synthetic workload is simplistic, the results we report are representative

of more complex setups as well.

Uncertainty about deferrable load arrivals is captured as follows. The prediction

E(A(z)) of future deferrable load total energy request is simply the arrival rate A

2 Average wind generation is 15% of the nameplate capacity, so the root-mean-square prediction
error looking 7" time slots ahead is 0%—150% the average wind generation.
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times the length of the rest of the arrival process 7” — t where T” is the end of the

arrival process (12:00), i.e.,

E(A@®) = AT —1), t=1,...,T.

Ift > T, i.e., the deferrable load arrival process has ended, then E(A(#)) = 0.

Baselines for comparison Our goal in the simulations is to contrast the perfor-

mance of Algorithm 5.2 with a number of common benchmarks to tease apart the

impact of real-time control and the impact of different forms of uncertainty. To this

end, we consider four controllers in our experiments:

@)

(ii)

(iii)

@iv)

Offtine optimal control: The controller has full knowledge about the base load
and deferrable loads, and solves the ODLC problem offline. It is not realistic
in practice, but serves as a benchmark for the other controllers since offline

optimal control obtains the smallest possible load variance.

Static control with exact deferrable load arrival information: The controller
has full knowledge about deferrable loads (including those that have not
arrived), but uses only the prediction of base load that is available at the
beginning of the time horizon to compute a deferrable load schedule that
minimizes the expected load variance. This static control is still unrealistic
since a deferrable load is known only after it arrives. But, this controller

corresponds to what is considered in prior works, e.g., [27, 28, 62].

Real-time control with exact deferrable load arrival information. The con-
troller has full knowledge about deferrable loads (including those that have
not arrived), and uses the prediction of base load that is available at the current
time slot to update the deferrable load schedule by minimizing the expected
load variance to go, i.e., Algorithm 5.2 with N(z) = N forz = 1,...,T. The
control is unrealistic since a deferrable load is known only after it arrives;

however it provides the natural comparison for case (ii) above.

Real-time control without exact deferrable load arrival information, i.e., Al-
gorithm 5.2. This corresponds to the realistic scenario where only predictions
are available about future deferrable loads and base load. The comparison

with case (iii) highlights the impact of deferrable load arrival uncertainties.
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The performance measure that we show in all plots is the “suboptimality” of the
controllers, which we define as

def V-V
T yopt

b

where V is the load variance obtained by the controller and VP is the load variance
obtained by the offline optimal, i.e., case (i) above. Thus, the lines in the figures

correspond to cases (ii)-(iv).

Experimental results

Our experimental results focus on two main goals: (i) understanding the impact of
prediction accuracy on the expected load variance obtained by deferrable load control
algorithms, and (ii) contrasting the real-time (closed-loop) control of Algorithm 5.2
with the optimal static (open-loop) controller. We focus on the impact of three key
factors: wind prediction error, the penetration of deferrable load, and the penetration

of renewable energy.

The impact of prediction error To study the impact of prediction error, we fix
the penetration of both renewable generation (wind) and deferrable loads at 10%
of non-deferrable load, and simulate the load variance obtained under different
levels of root-mean-square wind prediction errors (0%—22.5% of the nameplate
capacity looking 24 hours ahead). The results are summarized in Figure 5.3a. It
is not surprising that suboptimality of both the static and the real-time controllers
that have exact information about deferrable load arrivals is zero when the wind

prediction error is O, since there is no uncertainty for these controllers in this case.

As prediction error increases, the suboptimality of both the static and the real-time
control increases. However, notably, the suboptimality of real-time control grows
much more slowly than that of static control, and remains small (<4.7%) if deferrable
load arrivals are known, over the whole range 0%—-22.5% of wind prediction error.
At 22.5% prediction error, the suboptimality of static control is 4.2 times that of
real-time control. This highlights that real-time control mitigates the influence of

imprecise base load prediction over time.

Moving to the scenario where deferrable load arrivals are not known precisely, we
see that the impact of this inexact information is less than 6.6% of the optimal
variance. However, real-time control yields a load variance that is surprisingly

resilient to the growth of wind prediction error, and eventually beats the optimal
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Figure 5.3: Illustration of the impact of wind prediction error on suboptimality of
load variance.

static control at around 10% wind prediction error, even though the optimal static

control has exact knowledge of deferrable loads and the adaptive control does not.

As prediction error increases, the suboptimality of the real-time control with or
without deferrable load arrival information gets close, i.e., the benefit of knowing
additional information on future deferrable load arrivals vanishes as base load
uncertainty increases. This is because the additional information is used to overfit

the base load prediction error.

The same comparison is shown in Figure 5.3b for the case where renewable and
deferrable load penetration are both 20%. Qualitatively the conclusions are the same,
however at this higher penetration the contrast between the resilience of adaptive
control and static control is magnified, while the benefit of knowing deferrable
load arrival information is minified. In particular, real-time control without arrival
information beats static control with arrival information, at a lower (around 7%)
wind prediction error, and knowing deferrable load arrival information does not

reduce suboptimality of real-time control with 22.5% wind prediction error.

The impact of deferrable load penetration Next, we look at the impact of
deferrable load penetration on the performance of the various controllers. To do
this, we fix the wind penetration level to be 20% and wind prediction error looking
24 hours ahead to be 18%, and simulate the load variance obtained under different

deferrable load penetration levels (5%—30%). The results are summarized in Figure
5.4a.
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Figure 5.4: Suboptimality of load variance as a function of (a) deferrable load penetration
and (b) wind penetration. In (a) the wind penetration is 20% and in (b) the deferrable load
penetration is 20%. In both, the wind prediction error looking 24 hours ahead is 18%.

Not surprisingly, if future deferrable loads are known and uncertainty only comes
from base load prediction error, then the suboptimality of real-time control is very
small (<11.2%) over the whole range 5%—-30% of deferrable load penetration, while
the suboptimality of static control increases with deferrable load penetration, up

to as high as 166% (14.9 times that of real-time control) at 30% deferrable load
penetration.

However, without knowing future deferrable loads, the suboptimality of real-time
control increases with the deferrable load penetration. This is because a larger
amount of deferrable loads introduces larger uncertainties in deferrable load arrivals.
But the suboptimality remains smaller than that of static control over the whole range
5%-30% of deferrable load penetration. The highest suboptimality 25.7% occurs at
30% deferrable load penetration, and is less than 1/6 of the suboptimality of static

control, which assumes exact deferrable load arrival information.

The impact of renewable penetration Finally, we study the impact of renewable
penetration. To do this we fix the deferrable load penetration level to be 20%
and the wind prediction error looking 24 hours ahead to be 18%, and simulate the
load variance obtained by the 4 test cases under different wind penetration levels
(5%—25%). The results are summarized in Figure 5.4b.

A key observation is that if future deferrable loads are known and uncertainty only
comes from base load prediction error, then the suboptimality of real-time control

grows much slower than that of static control, as wind penetration level increases.
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As explained before, this highlights that real-time control mitigates the impact of
base load prediction error over time. In fact, the suboptimality of real-time control
is small (<15%) over the whole range 5%-25% of wind penetration levels. Of
course, without knowledge of future deferrable loads, the suboptimality of real-time
control becomes bigger. However, it still eventually outperforms the optimal static
controller at around 6% wind penetration, despite the fact that the optimal static

controller is using exact information about deferrable loads.

A case study

Theorems 5.16 and 5.19 provide theoretical guarantees that the load variance V
obtained by Algorithm 5.2 concentrates around its mean, if prediction errors are
bounded as in (5.15) and error correlation decays sufficiently fast (c.f. Corollary
2). Thus, they give the intuition that the expected performance of Algorithm 5.2
is a useful metric to focus on, and does indeed give an indication of the “typical”

performance of the algorithm.

However, our analysis is based on the assumption that a 7-valley-filling solution
exists, which relies on the penetration of deferrable load being high enough. This is
a necessary technical assumption for our analysis, and has been used by the previous

analysis of Algorithm 5.2 as well, e.g., [30].

Given this assumption in the analytic results, it is important to understand the
robustness of the results to this assumption. To that end, here we provide a case

study to demonstrate that this intuition is robust to the 7-valley-filling assumption.

In our case study, we mimic the setting of [30], where an average-case analysis of
Algorithm 5.2 is performed. In particular, we use 24 hour residential load trace
in the Southern California Edison (SCE) service area averaged over the year 2012
and 2013 [79] as the non-deferrable load, and wind power generation data from the
Alberta Electric System Operator from 2004 to 2012 [5]. The wind power generation
data is scaled so that its average over 9 years corresponds to 30% penetration level,
and pick the wind generation of a random day as renewable during each run. We
generate random prediction error in baseload and arrival of deferrable load similar
to [30].

Given this setting, we simulate 100 instances in each scenario and compare the
results with the Theorems 5.16. The results are shown in Fig. 5.5 where we plot
the cumulative distribution (CDF) of the load variance produced by Algorithm 5.2

under two different scenarios. Specifically, in Fig. 5.5a, we assume the prediction
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Figure 5.5: The empirical cumulative distribution function of the load variance under
Algorithm 5.2 over 24 hour control horizon using real data. The red line represents the
analytic bound on the 90% confidence interval computed from Theorem 5.16, and the black
line shows the empirical mean.

error in wind power generation is 30%, and in Fig. 5.5b, we assume the prediction
error is 10%. We plot the CDF on the same scale in both plots and additionally show
an analytic bound on the 90% confidence interval computed from Theorem 5.16.
For both cases, the results highlight a strong concentration around the mean, and the
analytic bound from Theorem 5.16 is valid despite the fact that the 7-valley-filling
assumption is not satisfied. Further, note that the analytic bound is much tighter

when prediction error is small, which coincides the statement of Theorem 5.16.

5.6 Concluding remarks

We have proposed a model predictive algorithm for decentralized deferrable load
control that can schedule a large number of deferrable loads to compensate for
the random fluctuations in renewable generation. At any time, the algorithm in-
corporates updated predictions about deferrable loads and renewable generation to
minimize the expected load variance to go. Further, by modeling the base load
prediction updates as a Wiener filtering process, we have conducted performance
analysis to our algorithm in average case analysis and distributional analysis. We de-
rived an explicit expression for the aggregate load variance obtained by the average
case performance of the algorithm, which quantitatively showed the improvement
of model predictive control over static control. Interestingly, the sub-optimality of
static control is O(T /In T') times that of real-time control in two representative cases

of base load prediction updates. Besides average case analysis, we have provided a
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distributional analysis of the algorithm and shown that the load variance is tightly
concentrated around its mean. Thus, our results highlight that the typical perfor-
mance one should expect to see under model predictive deferrable load control is
not-too-different from the average-case analysis. Importantly, the proof technique
we develop may be useful for the analysis of model predictive control in more gen-
eral settings as well. The qualitative insights from the analytic results were validated
using trace-based simulations, which confirm that the algorithm has significantly

smaller sub-optimality than the optimal static control.

The main limitation in our analysis (which is also true for the prior stochastic analysis
of model predictive deferrable load control) is the assumption that a ¢-valley-filling
solution exists. Practically, one can expect this to be satisfied if the penetration of
deferrable loads is high; however, relaxing the need for this technical assumption
remains an interesting and important challenge. Interestingly, the numerical results
we report here highlight that one should also expect a tight concentration in the case

where a t-valley-filling solution does not exist.

There remain many open questions on deferrable load control. For example, is it
possible to reduce the communication and computation requirements of the proposed
algorithm by assuming achievability of t-valley-filling? How to extend the algorithm
to a receding horizon implementation? Additionally, how to apply the technique

used here to incorporate prediction evolution for other demand response settings.

5.A Proof of average case results
In this section, we only include proofs of the main results due to space restrictions.

The remainder of the proofs can be found in the extended version [31].

Proof of Theorem 5.3
For brevity and without loss of generality, we prove Theorem 5.3 for t = 1 only.
Thus, we can abbreviate b, and N(¢) by b and N respectively without introducing

confusion.
For feasible p, g to ODLC-tand p = (py, ..., pn), define

T 2

N
L(p.q) = ) [b(@) + > pu(®) +q(1)] .
n=1

=1

Since the sum of the aggregate load ZL] d(t) is a constant, minimizing the ¢,

norm of the aggregate load is equivalent to minimizing its variance. Therefore, if
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subject to the same constraints, the minimizer of L is also the solution to ODLC-t.

According to the proof of Proposition 5.1 in [27], we have
L(p(k+1), q(k)) < L(p(k), q(k))

for k > 0, and the equality is attained if and only if p**1 = p®) and p*) minimizes
L(p, ¢'®) over all feasible p, i.e., (the first order optimality condition)

b+zp<k> . =) >0

forn = 1,..., N and all feasible p;,. According to Step (ii) of Algorithm 5.2, it is

straightforward that
L(p(k+1), q(k+1)) < L(p(k+l), q(k))

for k > 0, and the equality is attained if and only if g**! = ¢'®) and ¢*) minimizes
L(p**D, g) over all feasible g, i.e., (the first order optimality condition)

N
<b+ ZP;SHD + g, 4 - q(k)> >0

n=1

for all feasible ¢’. It then follows that
L(p(k+1), q(k+l)) < L(p(k), q(k))

and the equality if attained if and only if (p**D, g+ = (p0), ¢)), and

z k k
<b p( ) (k)’ pn p; )>
Z k

for all feasible p and g, i.e., (p®), ¢'¥)) minimizes L(p, ¢). Then by Lasalle’s Theorem
[85], we have d(p®), O(r)) — 0 as k — co. [

\%

0,

\%
()

Proof of Lemma 5.7
When b; = b and E(a(t)) = A fort = 1,...,T, the model (5.13) for Algorithm 5.2

reduces to
N(1)

d(t) = % Z b(7) + AT — 1) + Z P,(t) (5.20)
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fort=1,...,T. Then

N(1)

(T—t+l)d(t)—Zb(T)+/l(T—t)+ZP (t)

T N(t-1)

(T—t+2)d(t—1)= Z b(r)+ AT —t+ 1)+ Z Pyt —1)

T=1-1 n=1
fort = 2,...,T. Subtract the two equations and simplify using the fact that b(r —
D)+ SNV Pyt = 1) = Pat) = bz — 1) + SV (e — 1) = d(z ~ 1) and the
definition of a(t) to obtain

dt)—d(t—1) = T_;Hl(a(t)—/l)

for t = 2,...,T. Substituting r = 1 into (5.20), it can be verified that d(1) =
A+ ZZ:] b(t)/T + (a(1) — 2)/T, therefore

d(t) = A+ — Z b(z) + Z (a0 =)

fort =1,...,T. The average aggregate load is

1 T 1 T T
U= TZd(t) =+ (Zb(r)+2(a(r)—ﬂ)).
t=1 =1 =1

Therefore,

E(d(1) — u)2

2

= (Z  (a(0) - a)——Z(a(r) @)
2
- (Z T @) a)—— Z (a(r) = ﬂ))

T=t+1
t

s (t - 1)?
- TZ(Z(T T+ 1) T_t)
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fort = 1,...,T. The last equality holds because (a(t) — A) are independent for all

7 and each of them have mean zero and variance s2. It follows that

1 T
- Z E(d(t) - u)*

E(V) =
$2 [ < (‘r—l)2 L
- H(S N )
2 T 2 T
g
T

— )2 _
_ % Z tt) +;(Ttt)t)

- =2t -
T T

Proof of Lemma 5.8
In the case where no deferrable arrival after t = 1, i.e., N(t) = Nfort =1,...,T,
the model (5.13) for Algorithm 5.2 reduces to

T N

(T —t+ 1)d(t) = Z bi(t) + Z P(t) (5.21)
T=t n=1

forr =1,...,T. Substitute # by # — 1 to obtain

(T—1+2)d(t—1) = Z by 1(T)+ZP(f—1)

T=t—1
fortr =2,...,T. Subtract the two equations to obtain

(T =t + 1)d(t) — (T — 1+ 2)d(t — 1)
T

N
DefT=0-bt=1)=> palt—1)
n=1

7=t

e()F(T —1t)—d(t-1),

which implies
1
—dt-1)= —— e()F(T -
d(1) = d(t = 1) = ————=e()F(T = 1)

fort = 2,...,T. Substituting ¢ = 1 into (5.21) and recalling the definition of b, in
(5.1), it can be verified that

1 (& d 1
d(l):?(z; Z ) + e(DF(T - 1).
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Therefore,

T

d(t) = — (ZP Db T)) ZT OF(T ~7)

7=1

fortr =1,...,T. The average aggregate load is

1 N T _ 1 T
! (Z Py b(t)) L wora -,
n=1 =1 =1

Therefore,
E(d(t) — u)*
51 L1 ’
= E (2 me(T)F(T —1) - Z; Fe(OF(T - T))
= (Z T e(T)F(T T)
. 2
- Z —e(T)F(T - T))
T
T=t+1
D o 2
= T Pr-1)+ FXT -
T2 (Z Torripl @790 TZH:l T-7
for r = 1,...,T. The last equality holds because e(7) are uncorrelated random

variables with mean zero and variance o-2. It follows that

T
E(V) = % Z E(d(7) — u)>

T t_ T
Z Z(T_ +1)2F2(T— ) + Z F2(T—T))

T=t+1

’ﬂ|q

(r -1y

FAT —7)7———+ % Z(T ~ DFXT - 1)

Il
3|9
M'\] i

1

»]
I

2T1

2 - 2
PO = L PO

\S]

I
39
1~

Il
—

T

Proof of Theorem 5.5
Similar to the proof of Lemma 5.7 and 5.8, use the model (5.13) to obtain

t

d(t) = A+ — Z b(r)+ Y. ﬁ (e()F(T = 7) + a(t) - A)

=1
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fort=1,...,T and

T T
u:/l+%ZE(T)+Z%(e(T)F(T—T)+a(T)—/1).
=1 =1

Therefore,
E(d(t) — u)*
! 1 L s
= E (Z me(T)F(T - T) - Z fe(T)F(T - T))
= =1
! 1 T 1 2
+E (Z (a0~ ) - Z — (a() /1)) :
=1 7=1

The first term is exactly that in Lemma 5.8, and the second term is exactly that in
Lemma 5.7. Thus, the expected load variance is

2 T-1 2 T
T—-t-1 s 1
E 2~ "~ 2 E -
E(V) = Tz F=(t) 1 +T - |
=0 =2
Proof of Corollary 5.9

If | f(t)] ~ O(r~/>7®) for some @ > 0, then |f(r)] < Ct™'/>=® for some C > 0
and all + > 1. Without loss of generality, assume that 0 < @ < 1/2 and C >
(1 -=2a)/(1 +2a). Then F(0) = 1 and

Z )

fort = 1,...,T. The last inequality holds because C > (1 —2a)/(1+2a). Therefore
it follows from Lemma 5.8 that

o2 2 1= 1
720 (S)s+1

0' 2 1= 1

7 Z:; 2a/)2 s+ 1

A S Z 1

T T (1-2e)?4H s

o2 402 C? 402C?

< —+ + .
T (1-2a)*T (1-2a)T?

2C
IF(1)] = <1+ Z Crl/e < ——4l/2-e

1—2a

E(V)

IA

IA
HHQ

IA

Therefore, E(V) —» 0as T — oo. [



Proof of Lemma 5.10
The aggregate load d obtained by the optimal static algorithm is

N T
dity=2|> Put ) B(T)) —b(1) + b(1)
1 . nle _ =1 .
= - (Z Pot ) b(T)) + ) e(@)f(t-)
n=1 =1 =1
fort=1,...,T. Thus,
E(d() — u)>
T 2
- E (; e(t) (f(t —7) - %F(T - T)))

T
- ;-_EZTZJCZ(I — 1) =2Tf(t —7)F(T — 1) + FX(T - 1)
7=1

fort=1,...,T. It follows that

T
E(V') = % Z E(d() — u)>
t=1

2L , o2 & T
: TZZf(f—T)—?TZ:;F(T—T);f(I—T)

t=1 =1
0-2 L 2
v P EGESS
=1
0_2 T -1 T
S DI NACEEDI L)
t=1 =0 T=
0_2 T—ll ) O_ZIT—I )
= 7;)(T—T)f (1) - FZOF ()
0_2 T-1
- Z (T(T ~0f20) - Fz(t)) . n
t=0

5.B Proofs of distributional results

Proof of Proposition 5.14
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It has been computed in [30] that the load variance V obtained by Algorithm 5.2 is

composed of two parts:
V=Vi+V,,
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where

t

TZ T )(am )

- Z —(a(r) a)]

T= t+1

T
V1 = ?Z

=1

is the variance due to the prediction error on deferrable load and

Z ﬁe(r)F(T ~7)

2

- Z L@@ -

T= t+1

is the variance due to the prediction error on baseload. Now we compute the

worst-case V) and V, under the bounded prediction error assumption (5.15).

We start with computing the worst-case V. Let x(7) := a(t)—Afort = 1,2,...,T,



then

Vi
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The first term

1 T t 1 2
B T;;[T— 1 ()]
2 T t 1 t
+T;;T—T+1X()SZIT ¥
1 T T
- ?;;(T T+ 1) @

T T
+%§:§:?t%:TMﬂﬂ@

T
I @ v 1
PN v UL

where a A b := min{a, b} for a, b € R. Let the matrix A € R”*7 be given by

T
Aﬂ::_______
T—-1tAs+1
forr,s=1,2,...,T,1i.e.,
[r 1 T T
T T T T
r 1T T T
T T-1 T-1 T-1
A=|L L T T
=I\T T-1 T=2 T—2
r 1T T T
T T-1 T2 1
then
l 7 T
Vi=—=x |A-11") x,
T2
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where the vector x := (x(1), x(2), ..., x(T))". When prediction error is bounded as

in (5.15), one has |x(#)| < € for all ¢, and therefore

1
Vo= T—ZZ(ATS—I)x(T)X(s)
=1 s=
T T
1 TAs—1 2
2;;T TAs+1!

and the equality is attained if and only if x(#) = € for all ¢, or x(¢) = —¢; for all ¢.
Finally, we simplify the worst-case expression of V; as follows:

sup V;
a

1]
S -
'IM
~N

| |
N>
> | @
v ||
+ | =
[S="
il )

T
€ 1
Oy orei-an

T
1 1 InT
2
= l-= ) — 1-—].
€l ( D ( T )
k=1
We proceed to compute the worst-case V,. Using the same derivation, it can be
computed that
1
Vo= oy (A - 11T) y,
where
y = (1), yQ2), ..y,
y(t) = e)F(T-1), t=12...,T.

It follows that

1 T T
Vo = = > > (A = Dy(0)y(s)

2
r =1 s=1
ZT:ZT: s
< E2|F(T - 7)F(T - s)|
) 2
T py o T—TtAs+ 1

and that the equality is attained if and only if e(¢) = e - sgn(F(T — t)) for all ¢, or
e(t) = —e - sgn(F(T —t)) for all ¢. Finally, we simplify the worst-case expression of

V, as follows:

T T
1 TAs—1
= F(T —1)F(T —
sngz TZTEHEI T/\s+1€2|( T)F(T - s)|
2 T-1T7T-1
-2 — 1] |[F(1)F(s)|
T2 TVs+1 ’

7=0 5s=0
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To summarize, the worst-case load variance V obtained by Algorithm 5.2 is

€2 T
29 (—T S 1) F()F(s)].

The lower bound in the lemma can be obtained from the case where all prediction

errors of the load arrival is equal to d; /2, then

dZT

1 A
v S 5l
2 I T 2
:ﬁ;(ZT—T+1_T)
2

\Y

5

~ |-
1~

S— !

~ ~

|

&

N

[\

|
—

Proof of Theorem 5.16

The theorem relies on a variant of the Log-Sobolev inequality provided in the

following lemma.

Lemma 5.22 (Theorem 3.2, [53]). Let f : R" +— R be convex and X be supported
n[—d/2,d/2]", then

Elexp(f(X)).f(X)] — E[exp(f(X))]1log E[exp(f(X))]
2

—E[exp(f(X)IIVFCOI*]. (5.22)

If f is further “self-bounded”, then its tail probability can be bounded as in the

following lemma.
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Lemma 5.23. Let f : R" — R be convex and X be supported on [—d/2,d/2]". If

E[f(X)] = 0 and f satisfies the following self-bounding property
IVfII> < af +b,

then the tail probability of f(X) can be bound as

2
P{f(X)>1t} < exp(2b+at).

Proof. Denote the moment generating function of f(X) by

m(6) := Ee?™), 0 > 0.

(5.23)

(5.24)

The function 6 f : R" — R is convex, and therefore it follows from Lemma 5.22 that

2
E[e" 0] ~E[e| B[] < TE [ 0vA1P].

1
0m’(0) — m(6) Inm(6) < EeZdZE[e"f 11V £112].
According to the self-bounding property (5.23), one has

om’(6) — m(0) Inm() < %szzE[egf (af +b)]

- %ezdz [am’(6) + bm(9)] .

Divide both sides by 82m(6) to get

d [(1 ad? bd*
_ |l = = < —
70 [(0 > )lnm(@) <
Integrate both sides from O to s to get
1 ad? S
% o) | < =bd%s
0 2 g=0 2

for s > 0. Noting that m(0) = 1 and m’(0) = Ef = 0, one has

1 ad?
lim [= - =1 -
i (5~ 7 mm@ = o

and therefore 5
1 ad 1
———1 < —bd?
(s > ) nm(s) < 2bd s

(5.25)
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for s > 0. We can bound the tail probability P{ f > ¢} with the control (5.25) over

the moment generating function m(s).

In particular, one has

P{f>1}

P{esf > e“} < ¢Y'E [esf]
exp[—st + Inm(s)]

bd?s?
2 —asd?

< exp|—st+

for s > 0. Choose s = t/(bd” + ad’t/2) to get

_ 42
P{f > t} < exp (m) .

O

Proof of Theorem 5.16. It has been computed in [30] that the load variance V ob-
tained by Algorithm 5.2 is composed of two parts:

V=V+V,

where

t

Z T )<a<r> )

- Z —<a<T> A)]

T= t+1

’ﬂ |

is the variance due to the prediction error on deferrable load and

T

V2 = %Z

t=1

t

Z T(TT—;Tl—kl)e(T)F(T - T)
=1

ro 2
- Z —e(t)F(T - 1)
T
T=t+1
is the variance due to the prediction error on baseload.
Let x(1) :=a(r)—Afort =1,2,...,T, then
T [ ¢ T 2
Vi = - =
I

N - ’ﬂl

2
||Bx|[,
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where the T X T matrix B is given by

7—1
= —— T <t
B, = T(IT_T”) , l1<t,t<T.
-7 T>1

Similarly, the variance V, due to the prediction error on baseload can be written as
1 2
V2 = ge) = ZlICell3
where the T X T matrix C is given by

-1
Co = MF(T—T), Tt
T =

—1F(T - 1), T>1
for 1 <t,7 <T. Therefore, the load variance

1 2
V=Vi+W= ?HA)’HQ,

, yH

1
Z:=h(y):=V -EV = ?llAyllz—EV

where
B 0

0 C

Define a centered random variable

and note that the function % is convex. Let Apax be the maximum eigenvalue of
AAT /T, then

AAT

2
VA =

SIATAIE = Fn (5 av)
4 max
< T A (Ay) = Al A) + BV

According to the bounded prediction error assumption (5.15), one has |y| < €

componentwise. Then, apply Lemma 5.23 to the random variable Z to obtain

l2
P{Z >t} < -
{z>1 exP( 16/lmaxez(2]EV+t))

fort > 0, i.e.,

t2
P{V —-EV >t} < -
{ ) eXp( 16/lmaX62(2EV+t))
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for t > 0. Finally, the largest eigenvalue Ay, of AA” /T can be bounded above as

(AAT) (BBT) (CCT)
Amax < tr T =tr +tr

T T

T T-1
1 1 1 5 T —1t-1
_ 2 2‘_ +_§:
T(,:zt) T2 £ © r+1

T-1

InT 1 T-1r-1
— —§F2 =
Tt (1) 7 A,

which completes the proof of Theorem 5.16.

Proof of Theorem 5.19
The derivation of the theorem is based on the following two lemma, which separates

the cases when there is only one type of prediction error.

Lemma 5.24. [f there is no prediction error in the base load, then the variance of
the performance of Algorithm 5.2 is bounded by
InT ) >

Var(V) < 4dlzs2 ( T

(5.26)

Lemma 5.25. Ifthere is no prediction error in the deferrable load, then the variance

of the performance of Algorithm 5.2 is bounded by

2
Var(V)s4d§az( ZFz() ! +1) . (5.27)

t+1

Firstly we will prove Lemma 5.24, where we only consider prediction error in
deferrable load.

Proof of Lemma 5.24. Let x(t) = a(t) — A, then x(7) is centered, with variance s°.

Let x = (x(1),...,x(T)). From the results in [30] Lemma 1, we have

T [t T 2

1 1
V:fz Zh x(1) - Z fx(T)

t=1 \r=1 T=t+1
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Define an auxilary matrix B such that

T—1
g Tam TS
T — 1

-7 T>1.

Then we have .
Vi= fx(1).22)..... x(T) = ZIBx|l.

Therefore Vi = f(x) is a convex function, by convex Poincaré inequality, we have
Var(V) < diE[||Vf(x)|[*]. (5.28)
Whereas
4
B [IIVf@)I1P] = B (118" Bx117]

4
< ,ITz/lmaX(BTB)E [HBXHZ]

1 1
< 4tr(=B"B|E |=||Bx||?
T T

o]

lnT2
<457 —]| .
_S(T)

The last inequality is because

tr (BTB) -




122

Next we proof lemma 5.25 the case where we only consider the prediction error in
the base load.

Proof of Lemma 5.25. Lete = (e(1),...,e(T)), when there is no prediction error in

the deferrable load arrival, we have

T t

1 T-1
Vv =7 ;(; mF(T - 7)e(T)
3 L e
T=t+1 r .

If we define an auxilary matrix C such that

-1
Co - T(TT—T+1)F(T_T)’ T<t
T —

—%F(T—T), T >t

Then we have 1
V=gle(1).e(2).....e(T)) = —[|Cell.

Therefore V = g(e) is a convex function in e. By similar argument as Lemma 5.24

Var(V) < d3E[||Vg(e)||*]. (5.29)
Whereas
4
E[IIVg(e)l*] = =B [lICTCel?]

4
< ﬁ/lmax(CTC)E [||C€||2]

1 1
<d4r|=CTC|E|= 2
< r(TC C) [T||Ce|| ]
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The last equality is because

tr(CTC)

T T

= ZC/@

i=1 \k=1

LS (e k-1, S
_FH(;—(T_kH)ZF(T—k)Jrk;IF(T—k)
1= k-1, S 2
_ﬁ(;T_—MF(T—k)+kZ;(k—1)F(T—k)
1, k-1

= > FXT - k) O
TkZ:; T-k+1

Next, we bring the two results together to get a proof of Theorem 5.19.

Proof of Theorem 2. Let V| be the load variance without prediction error in base

load and V; be the load variance without prediction error in the deferrable load.

V=V+V.

By independence of x and e, the variance of V is bounded by

Var(V) = Var(V;) + Var(V,)

2
2 T-1
2disInT 2dyo 2 T—-t+1
< + F(t)———| . O
( T ) (T2 ; © r+1
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Chapter 6

CONCLUSION

Systems that constantly adapt to the state of environment or the need of customers
are prevalent and have huge impact in our lives, the Internet and power systems
are just two of the prominent examples. Online algorithms lie in the heart of these
systems that are increasingly being automated. Thus, it is important to understand
how to design good online algorithms. However, there is a divide between the
pessimistic theoretical analysis about the performance of online algorithms and
their success in practice, which suggests that the worst case analysis of prediction
error may be missing the bigger picture. The goal of this thesis has been to give a
better understanding of online algorithm through a general modeling of practical

prediction errors.

6.1 Theoretical contributions
To this end, we have proposed a general model for prediction errors (Chapter 2).

Using this model, this thesis has addressed the following theoretical challenge:

Simultaneous sublinear regret and constant competitive ratio. While previ-
ously shown that no online algorithm can achieve good performance for both regret
and competitive ratio under the adversarial prediction model [58]. We show that
AFHC can achieve simultaneous sublinear regret and constant competitive ratio,

under the practical assumption of prediction errors (Chapter 3).

Performance bound of MPC. While MPC enjoyed success in many applications,
the performance bound of MPC as a function of prediction error has been elusive.
In Chapter 4, we proved the performance bound of MPC as a special case of the

more general Committed Horizon Control algorithm (CHC).

6.2 Practical insights
This thesis also provides the following practical insights for the design of online

algorithms:
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The optimal use of prediction. Theorem 4.1 shows that the performance of
online algorithm depends on the following three factors: the correlation structure
of prediction errors, the size of per-step prediction noise, and the sensitivity of the
online cost function. The Corollaries following Theorem 4.1 discusses optimal use

of predictions under the various scenarios.

Bridging between average and worst case analysis. In Chapter 5, we showed that
the there is a sharp contrast between the performance guarantee of average case and
worst case analysis for the direct load control problem. Our distributional analysis
offered a way to understand the typical performance of online algorithm, and showed
that when prediction errors are not strongly correlated, the typical performance is
close to the average performance. We expect this result to hold true more generally

for online algorithms under different applications.

6.3 Open problems
There remain many challenges in the area of designing online algorithm, below we

briefly outline a few of them:

1. More general prediction models. = While the general prediction model
introduced in Chapter 2 (2.6) can model any prediction error that is stationary
in nature, it would be interesting to further generalize the prediction error
model to nonstationary case, this can model that fact that for some prediction
tasks, the accuracy of prediction not only depends on how far into future we

are looking, but also when we are looking.

2. Incorporating learning into online algorithms. While this thesis is the first
to consider the problem of designing prediction-aware online algorithms that
make the best use of the given predictions, we are assuming that predictions
are given externally. However, if the system has additional capability to learn
from data and come up with predictions, then it gives new opportunities to

jointly design learning, prediction, and decision making in online algorithms.
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