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Abstract

We consider the problem of Imitation Learning (IL) by actively querying noisy
expert for feedback. While imitation learning has been empirically successful,
much of prior work assumes access to noiseless expert feedback which is not
practical in many applications. In fact, when one only has access to noisy expert
feedback, algorithms that rely on purely offline data (non-interactive IL) can be
shown to need a prohibitively large number of samples to be successful. In contrast,
in this work, we provide an interactive algorithm for IL that uses selective sampling
to actively query the noisy expert for feedback. Our contributions are twofold: First,
we provide a new selective sampling algorithm that works with general function
classes and multiple actions, and obtains the best-known bounds for the regret and
the number of queries. Next, we extend this analysis to the problem of IL with
noisy expert feedback and provide a new IL algorithm that makes limited queries.

Our algorithm for selective sampling leverages function approximation, and relies
on an online regression oracle w.r.t. the given model class to predict actions, and to
decide whether to query the expert for its label. On the theoretical side, the regret
bound of our algorithm is upper bounded by the regret of the online regression
oracle, while the query complexity additionally depends on the eluder dimension of
the model class. We complement this with a lower bound that demonstrates that our
results are tight. We extend our selective sampling algorithm for IL with general
function approximation and provide bounds on both the regret and the number of
queries made to the noisy expert. A key novelty here is that our regret and query
complexity bounds only depend on the number of times the optimal policy (and
not the noisy expert, or the learner) go to states that have a small margin.

1 Introduction

From the classic supervised learning setting to the more complex problems like interactive Imitation
Learning (IL) [Ross et al., 2011], high-quality labels or supervision is often expensive and hard to
obtain. Thus, one wishes to develop algorithms that do not require a label for every data sample
presented during the learning process. Active learning or selective sampling is a learning paradigm
that is designed to reduce query complexity by only querying for labels at selected data points, and
has been extensively studied in both theory and practice [Agarwal, 2013, Dekel et al., 2012, Hanneke
and Yang, 2021, Zhu and Nowak, 2022, Cesa-Bianchi et al., 2005, Hanneke and Yang, 2015].

In this work, we study selective sampling and its application to interactive Imitation Learning [Ross
et al., 2011]. Our goal is to design algorithms that can leverage general function approximation
and online regression oracles to achieve small regret on predicting the correct labels, and at the
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same time minimize the number of expert queries made (query complexity). Towards this goal,
we first study selective sampling which is an online active learning framework, and provide regret
and query complexity bounds for general function classes (used to model the experts). Our key
results in selective sampling are obtained by developing a connection between the regret of the online
regression oracles and the regret of predicting the correct labels. Additionally, we bound the query
complexity using the eluder dimension [Russo and Van Roy, 2013] of the underlying function class
used to model the expert. We complement our results with a lower bound indicating that a dependence
on an eluder dimension like complexity measure is unavoidable in the query complexity in the worst
case. In particular, we provide lower bounds in terms of the star number of the function class—a
quantity closely related to the eluder dimension. Our new selective sampling algorithm, called SAGE,
can operate under fairly general modeling assumptions, loss functions, and allows for multiple labels
(i.e., multi-class classification).

We then extend our selective sampling algorithm to the interactive IL framework proposed by Ross
et al. [2011] to reduce the query complexity. While the DAgger algorithm proposed by Ross et al.
[2011] has been extensively used in various robotics applications (e.g., Ross et al. [2013], Pan et al.
[2018]), it often requires a large number of expert queries. There have been some efforts on reducing
the expert query complexity by leveraging ideas from active learning (e.g., Laskey et al. [2016],
Brantley et al. [2020]), however, these prior attempts do not have theoretical guarantees on bounding
expert’s query complexity. In this work, we provide the first provably correct algorithm for interactive
IL with general function classes, called RAVIOLI, which not only achieves strong regret bounds
in terms of maximizing the underlying reward functions, but also enjoys a small query complexity.
Furthermore, we note that RAVIOLI operates under significantly weaker assumptions as compared to
the prior works, like Ross et al. [2011], on interactive IL. In particular, we only assume access to a
noisy expert, as compared to the prior works that assume that the expert is noiseless. In fact, for the
noisy setting, we show that one can not even hope to learn from purely offline expert demonstrations
unless one has exponentially in horizon H many samples. Such a strong separation does not hold in
the noiseless setting.

Our bounds depend on the margin of the noisy expert, which intuitively quantifies the confidence
level of the expert. In particular, the margin is large for states where the expert is very confident in
terms of providing the correct labels, while on the other hand, the margin is small on the states where
the expert is less confident and subsequently provides more noisy labels as feedback. Such kind of
margin condition was missing in prior works, like Ross et al. [2011], which assumes that the expert
can provide confident labels everywhere. Additionally, we note that our margin assumption is quite
mild as we only assume that the expert has a large margin under the states that could be visited by the
noiseless expert (however, the states visited by the learner, or by following the noisy expert, may not
have a small margin).

We then extend our results to the multiple expert setting where the learner has access to M many
experts/teachers who may have different expertise at different parts of the state space. In particular,
there is no expert who can singlehandedly perform well on the underlying environment, but an
aggregation of their policies can lead to good performance. Such an assumption holds in various
applications and has been recently explored in continuous control tasks like robotics and discrete
tasks like chess and Minigrid [Beliaev et al., 2022]. Similar to the single expert setting, we model the
expertise of the experts in multiple expert setting using the concept of margins. Different experts have
different margin functions, capturing the fact that experts may have different expertise at different
parts of the state space. Prior work from Cheng et al. [2020] also considers multiple experts in IL and
provides meaningful regret bounds, however, their assumption on the experts is much stronger than
us: they assume that for any state, there at least exists one expert who can achieve high reward-to-go
if the expert took over the control starting from this state till the end of the episode. Furthermore,
Cheng et al. [2020] considers the setting where one can also query for the reward signals, whereas we
do not require access to any reward signals.

2 Contributions and Overview of Results

2.1 Selective Sampling
Online selective sampling models the interaction between a learner and an adversary over 7' rounds.

At the beginning of each round of the interaction, the adversary presents a context x; to the learner.
After receiving the context, the learner makes a prediction §j; € [ K|, where K denotes the number of
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actions. Then, the learner needs to make a choice of whether or not to query an expert who is assumed
to have some knowledge about the true label for all the presented contexts. The experts knowledge
about the true label is modeled via the ground truth modeling function f*, which is assumed to
belong to a given function class F but is unknown to the learner. If the learner decides to query for
the label, then the expert will return a noisy label y; sampled using f*. If the learner does not query,
then the learner does not receive any feedback in this round. The learner makes an update based on
the latest information it has, and moves on to the next round of the interaction. The goal of the learner
is to compete with the expert policy 7*, that is defined using the experts model f*. In the selective
sampling setting, we are concerned with two things: the total regret of the learner w.r.t. the policy 7*,
and the number of expert queries that the learner makes. Our key contributions are as follows:

e We provide a new selective sampling algorithm (Algorithm 1) that relies on an online regression
oracle w.r.t. F (where F is the given model class) to make predictions and to decide whether to
query for labels. Our algorithm can handle multiple actions, adversarial contexts, arbitrary model
class F, and fairly general modeling assumptions (that we discuss in more detail in Section 3),
and enjoys the following regret bound and query complexity:

Regy = 5(igf{sTg " Lg(f; T) }) and N = @“(igf{TE . Reg(Z T)é'f(f’af*) })
ey

where Reg (F;T) denotes the regret bound for the online regression oracle on F, €(F,¢; f*)
denotes the eluder dimension of F, and 7, denotes the number of rounds at which the margin of
the experts predictions is smaller than ¢ (the exact notion of margin is defined in Section 3).

e We show via a lower bound that, without additional assumptions, the dependence on the eluder
dimension in the query complexity bound (1) is unavoidable if we desire a regret bound of the
form (1), even when 7. = 0. The details are located in Section 3.2.

e For the stochastic setting, where the context {z; };<7 are sampled i.i.d. from a fixed unknown
distribution, we provide an alternate algorithm (Algorithm 3) that enjoys the same regret bound
as (1) but whose query complexity scales with the disagreement coefficient of F instead of the
eluder dimension (Theorem 2). Since the disagreement coefficient is always smaller than the
eluder dimension, Theorem 2 yields an improvement in the query complexity.

2.2 Imitation Learning

We then move to the more challenging Imitation Learning (IL) setting, where the learner operates in
an episodic finite horizon Markov Decision Process (MDP), and can query a noisy expert for feedback
(i.e. the expert action) on the states that it visits. The interaction proceeds in 7" episodes of length
H each. In episode ¢, at each time step h € [ H | and on the state x; j, the learner chooses an action
Ui, and transitions to state x ;1. However, the learner does not receive any reward signal. Instead,
the learner can actively choose to query an expert who has some knowledge about the correct action
to be taken on z; j, and gives back noisy feedback y; ;, about this action. Similar to the selective
sampling setting, the experts knowledge about the true label is modeled via the ground truth modeling
function f;, which is assumed to belong to a given function class F}, but is unknown to the learner.
The goal of the learner is to compete with the optimal policy 7* of the (noiseless) expert. Our key
contributions in IL are:

o In Section 4, we first demonstrate an exponential separation in terms of task horizon H in the
sample complexity, for learning via offline expert demonstration only vs interactive querying of
experts, when the feedback from the expert is noisy.

e We then provide a general IL algorithm (in Algorithm 2) that relies on online regression oracles
w.r.t. {Fp them to predict actions, and to decide whether to query for labels. Similar to the
selective sampling setting, the regret bound for our algorithm scales with the regret of the online
regression oracles, and the query complexity bound has an additional dependence on the eluder
dimension. Furthermore, our algorithm can handle multiple actions, adversarially changing
dynamics, arbitrary model class F, and fairly general modeling assumptions.

o A key difference from our results in selective sampling is that the term 7; that appears in our
regret and query complexity bounds in IL denote the number of time steps in which the expert
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policy 7* has a small margin (instead of the number of time steps when the learner’s policy has a
small margin). In fact, the learner and the expert trajectories could be completely different from
each other, and we only pay in the margin term if the expert trajectory at that time step would
have a low margin. See Section 4 for the exact definition of margin.

o In Section 4.1, we provide extensions to our algorithm when the learner can query M experts at
each round. In particular, we do not assume that any of the experts is singlehandedly optimal for
the entire state space, but that there exist aggregation functions of these experts’ predictions that
perform well in practice, and with which we compete.

3 Selective Sampling

In the problem of selective sampling, on every round ¢, nature (or an adversary) produces a context
x¢. The learner then receives this context and predicts a label 7; € [ K] for that context. The learner
also computes a query condition Z; € {0, 1} for that context. If Z; = 1, the learner requests for label
y+ € [ K] corresponding to the x4, and if not, the learner receives no feedback on the label for that
round. Let F be a model class such that each model f € F maps contexts x to scores f(z) € RX. In
this work we assume that while contexts can be chosen arbitrarily, the label y; corresponding to a
context x; is drawn from a distribution over labels specified by the score f*(x;) where f* € Fisa
fixed model unknown to the learner. We assume that a link function ¢ : R¥ +» A(K) maps scores to
distributions and assume that the noisy label y; is sampled as

ye ~ (f (1)) @

In this work, we assume that the link function ¢(v) = V®(v) for some ® : RX + R (see Agarwal
[2013] for more details) which satisfies the following assumption.

Assumption 1. The function ® is \-strongly-convex and y-smooth, i.e. for all u,u’ € R,

A ! ! ! 4
EHu —uHi <P(u')-D(u) - (V@(u)u —u) < %Hu —qu.

Our main contribution in this section is a selective sampling algorithm that uses online non-parametric
regression w.r.t. the model class F as a black box. Specifically, define the loss function corresponding
to the link function ¢ as £4(v,y) = ®(v) — v[y] where v € RX and y € [K]. We assume that the
learner has access to an online regression oracle for the loss ¢4 (which is a convex loss) w.r.t. the

class F, that for any sequence {(x1,y1),..., (@1, yr)} guarantees the regret bound
T T ,
Z g(ﬁ(fs(xs)?ys) - }Isljf__ Z é(ﬁ(f(irs)a ys) < Reg ¢(-7:7T) (3)
s=1 s=1

When ¢ is identity (under which the models in F directly map to distributions over the labels), then
¢4 denotes the standard square loss, and we need a bound on the regret w.r.t. the square loss, denoted
by Reg®!(F;T). When ¢ is the Boltzman distribution mapping (given by @ being the softmax
function) then ¢, is the logistic loss, and we need an online logistic regression oracle for F. Minimax
rates for the regret bound in (3) are well known:

o Square-loss regression: Rakhlin and Sridharan [2014] characterized the minimax rates for online
square loss regression in terms of the offset sequential Rademacher complexity of F, which
for example, leads to regret bound Reg®* (F;T') = O(log | F|) for finite function classes F, and
Reg®(F;T) = O(dlog(T)) when F is a d-dimensional linear class. More examples can be
found in Rakhlin and Sridharan [2014, Section 4]. We refer the readers to Krishnamurthy et al.
[2017], Foster et al. [2018a] for efficient implementations.

o Logistic-loss regression: When F is finite, we have the regret bound Reg(F;T") < O(log|F])
[Cesa-Bianchi and Lugosi, 2006, Chapter 9]. For learning linear predictors, there exists efficient
improper learner with regret bound Reg(F;T") < O(dlog|T|) [Foster et al., 2018b]. More
examples can be found in Foster et al. [2018b, Section 7] and Rakhlin and Sridharan [2015].

When one deals with complex model classes F such that the labeling concept class corresponding to
JF could possibly have infinite VC dimension (like it is typically the case), then one needs to naturally
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rely on a margin-based analysis [Tsybakov, 2004, Shalev-Shwartz and Ben-David, 2014, Dekel et al.,
2012]. For p € RX, we use the following well-known notion of margin for multiclass settings®:

Margin(p) = ¢(p)[k"] - maxé(p)[K'] ~ where k" cargmax¢(p)[K], C)
I¢ * k
A key quantity that appears in our results is the number of z;’s that fall within an £ margin region,

T
T. = ; 1{Margin(f*(x:)) <e}.

T. denotes the number of times where even the Bayes optimal classifier is confused about the
correct label on z;, and has confidence less than €. The algorithm relies on an online regression
oracle mentioned above to produce the predictor f; at every round. The predicted label 7; =
SelectAction(f:(x¢)) = argmax;, ¢( ft(x:))[k] is picked based on the score f;(x:) (where ; is
the label with the largest score). The learner updates the regression oracle on only those rounds in
which it makes a query. Our main algorithm for selective sampling is provided in Algorithm 1.*

Algorithm 1 Selective SAmplinG with Expert Feedback (SAGE)

Input: Parameters 6,, A, T', function class F, and online regression oracle Oracle w.r.t £,.
1: Set Wi (F,T) = 4Reg" (F;T) + L2 log(41og*(T))/5), Compute f; < Oracle; ().
2: fort=1toT do
3: Nature chooses ;.

4: Learner plays the action J; = SelectAction(fi(z:)).
5: Learner computes

t-1
Aiar) = max () = fie) | st ¥ Zelf (@) = fu@) P < 0P (F D). )

6: Learner decides whether to query: Z; = 1{Margin(f;(z;)) < 2yA(x¢)}.
7: if Z; = 1 then

8: Learner queries the label y; on x;.

9: fis1 < Oracle;({z¢,y: ).

10: else

11 fre1 < ft

Our goal in this work is twofold: Firstly, we would like Algorithm 2 to have a low regret w.r.t. the
optimal model f*, defined as

T T
Regr = Y 1{T # ) - 3. 1{SelectAction(f*(z¢)) # y:}
t=1 t=1

Simultaneously, we also aim to make as few label queries N = Zthl Z, as possible. Before delving
into our results, we first recall the following variant of eluder-dimension [Russo and Van Roy, 2013,
Foster et al., 2020, Zhu and Nowak, 2022].

Definition 1 (Scale-sensitive eluder dimension (normed version)). Fix any f* € F, and define
@(]—', B; f*) to be the length of the longest sequence of contexts x1,Za,. .. %y such that for all i,
there exists f; € F such that

| fi(zs) = ()| > B, and Y| fi(z;) = f*(2;)]* < B°.

J<i
The value function eluder dimension is defined as €(F, B'; f*) = supgs s E(F,B; ).
Bounds on the eluder dimension for various function classes are well known, e.g. when F is finite,
E(F,B'; f*) <|F| -1, and when F is the set of d-dimensional function with bounded norm, then

E(F,B'; f*) = O(d). We refer the reader to Russo and Van Roy [2013], Mou et al. [2020], Li et al.
[2022] for more examples. The following theorem is our main result for selective sampling:

*Throughout the paper, we assume that the ties in argmax or argmin are broken arbitrarily, but consistently.
“Unless explicitly specified, the action set is given by A = [K] = {1,..., K} where K > 2.

q
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Theorem 1. Ler 6 € (0,1). Under the modeling assumptions above (in (2), (3) and (4)), with
probability at least 1 — 0, Algorithm 1 obtains the regret bound

Regr = O(IDf{ET +/\—Rege¢’(}' T)+ s log(l/é)}) and,

Np = (5(12f{T5 + ;—82 Regl (F;T) - €(F, ofav; f*) + v . 1og(1/5)})

A few points are in order:

¢ It must be noted that for most settings we consider, as an example if model class F is finite, one
typically has that Reg(F;T) < log|F|. Thus, in the case where one has a hard margin condition

i.e. Tz, = 0 for some &g > 0, we get Regp < O (k’gm) and Ny <O (M)

&3
o Our regret bound does not depend on the eluder dimension. However, the query complexity bound
has a dependence on eluder dimension. Thus, for function classes for which the eluder dimension
is large, the regret bound is still optimal while the number of label queries may be large.

3.1 Selective Sampling in the Stochastic Setting

So far we assumed that the contexts {z; }+»o could be chosen in a possibly adversarial fashion, and
thus our bound on the number of label queries scales with the eluder dimension. However, it turns
out that if the contexts are drawn i.i.d. from some (unknown) distribution x, then one can improve
the query complexity to scale with the value function disagreement coefficient of F (defined below)
which is always smaller than the eluder dimension (Lemma 6).

Definition 2 (Scale sensitive disagreement coefficient (normed version), Foster et al. [2020]). Let
F c{X = RE}. Forany f* € F, and By,e0 > 0, the value function disagreement coefficient
0V (F,e0, Bo; f*) is defined as

swp sup {52 Pr, (3 € F | | f(@) - £ @) > &, | - £ ||M<ﬁ>}v1

1 B>Bo,e>e0
where | f ||, = /B[ |f(2)]2].

The key idea that gives us the above improvement, of replacing the eluder dimension by disagreement
coefficient in the query complexity bound, is to use epoching for the query condition, while still using
an online regression oracle to make predictions. The exact algorithm is given in Appendix E.4.

Theorem 2. Let § € (0,1), and consider the modeling assumptions in (2), (3) and (4). Furthermore,
suppose that x; is sampled i.i.d. from u, where i is a fixed distribution. Then, with probability at
least 1 - 6, Algorithm 3 obtains the bounds®

2
Regp = O(inf{eTE + Z—Regé‘l’(.’F; T)}), and,
€ g
Np = (’)(mf{T v “Reg" (F;T) - 0V (F, ¢[s, Rea"s (F:T)1; f*)}).

We note that Algorithm 3 automatically adapts to Tsybakov noise condition with respect to .

Corollary 1 (Tsybakov noise condition, Tsybakov [2004]). Suppose there exists constants c, p > 0 s.t.
Pry.,(Margin(f*(x)) <¢) < ce” for all € € (0,1), and consider the same modeling assumptions
as in Theorem 2. Then, with probability at least 1 - §, Algorithm 3 obtains the bound

p+l
Regp = O((Regéq’ (F; T))"+2 -(T)ﬁ)7 and,
Nr = 5((Reg‘¢ (FT) - 0% (F s, Res'e D) £)) 772 - T )
where the O(-) notation hides poly-logarithmic factors of y, \, ¢, p and log(T/5).

A detailed comparison of our results with the relevant prior works is given in Appendix E.

>In the rest of the paper, the notation O hides additive log(1/8)-factors which, for constant § and in all the
results, are asymptotically dominated by the other terms presented in the displayed bounds.
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3.2 Lower Bounds (Binary Action Case)

We supplement the above upper bound with a lower bound in terms of the star number of F (defined
below). The star number is bounded from above by the eluder dimension which appears in our upper
bounds (Lemma 6). While star number may not be lower bounded by eluder dimension in general,
for many commonly considered classes, star number is of the same order as the eluder dimension
[Foster et al., 2020]. For the sake of a clean presentation, we restrict our lower bound to the binary
actions case, although one can easily extend the lower bound to the multiple actions case.

Definition 3 (scale-sensitive star number). For any ¢ € (0,1) and 3 € (0,(/2), define s**(F, ¢, 3)
as the largest m such that there exists target function f* € F and sequence t1,...,T, € X s.t.
Vie[m], |f*(z;)|>¢ 3fi € F s.t,

(1) 23 (filzy)=f*(2;))* < 82 (2) Ifixa)l > ¢/2 and fi(w:) f*(x:) <0 (3) |filwi)=f* ()| <2

J#

The below theorem provides a lower bound on number of queries, in terms of star number for any
algorithm that guarantees a non-trivial regret bound.

Theorem 3. Given a function class F and some desired margin ¢ > 0, define 8 € (0,(/2) be
the largest number such that 3% < min{¢?/s"*\(F,(,B),¢%/16}. Then, for any algorithm that

guarantees regret bound of E[Reg] < 64% on all instances with margin /2, there exists a

distribution 11 over X and a target function f* € F with margin®  such that the number of queries
N7 made by the algorithm on that instance in T rounds of interaction satisfy

val

st o S60)
40¢?

The above lower bound demonstrates that for any algorithm that has a sublinear regret guarantee, a
dependence on an additional complexity measure like the star number (or the eluder dimension) is
unavoidable in the number of queries in the worst case. This suggests that our upper bound cannot
be further improved beyond the discrepancy between the star number and eluder dimension. The
following corrolary illustrates the above lower bound.

Corollary 2. There exists a class F with | F| = /T, and s"*(F, ¢, 8) = O(NT) for any = O(1)
and ¢ = O(1), such that any algorithm that makes less than \/T number of label queries, will have a
regret of at least E[Regr] > VT on some instance with margin .

4 Imitation Learning (H > 1) with Selective Queries to an Expert

The problem of Imitation Learning (IL) consists of learning policies in MDPs when one has access
to an expert (aka the teacher) that can make suggestions on which actions to take at a given state.
IL has enjoyed tremendous empirical success, and various different interaction models have been
considered. In the simplest IL setting, studied under the umbrella of offline RL [Levine et al., 2020]
or Behavior Cloning [Ross and Bagnell, 2010, Torabi et al., 2018], the learner is given an offline
dataset of trajectories (state and action pairs) from an expert and aims to output a well-performing
policy. Here, the learner is not allowed any interaction with the expert, and can only rely on the
provided dataset of expert demonstrations for learning. A much stronger IL setting is the one where
the learner can interact with the expert, and rely on its feedback on states that it reaches by executing
its own policies.

In their seminal work, Ross et al. [2011] proposed a framework for interactive imitation learning
via reduction to online learning and classification tasks. This has been extensively studied in the IL
literature (e.g., Ross and Bagnell [2014], Sun et al. [2017], Cheng and Boots [2018]). The algorithm
DAgger from [Ross et al., 2011] has enjoyed great empirical success. On the theoretical side, however,
performance guarantees for DAgger only hold under the assumption that, when queried, the expert
makes action suggestions from a very good policy 7* that we would like to compete with. However,
in practice, human demonstrators are far from being optimal and suggestions from experts should be
modeled as noisy suggestions that only correlate with 7*. It turns out that IL where one only has

SWhen A = {1, 2}, recall that Margin(f(x)) = [Pr(y = 2| f(z)) - Pr(y = 1| f(x))| = |f(z)].
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access to noisy expert suggestions is drastically different from the noiseless setting. For instance,
in the sequel, we show that there can be an exponential separation in terms of the dependence on
horizon H in the sample complexity of learning purely from offline demonstration vs learning with
online interactions.

Formally, we consider interactive IL in an episodic finite horizon Markov Decision Process (MDP),
where the learner can query a noisy expert for feedback (i.e., action) on the states that it visits.
The game proceeds in T episodes. In each episode ¢, the nature picks the initial state x;; for
h = 1; then for every time step h € [ H], the learner proposes an action g 5, € [ K| given the current
state x; 5,; then the system proceeds by selecting the next state x4.j,41 < Tt n(zen, §e.n), Where
Ty p : & x Y = & denotes the deterministic dynamics at timestep h of round ¢ and is unknown
to the learner. The learner then decides whether to query the expert for feedback. If the learner
queries, it receives a recommended action from the expert, and otherwise the learner does not receive
any additional information. The game moves on to the next time step h + 1, and moves to the
next episode ¢ + 1 when it reaches to time step H in the current episode. We now describe the
expert model. With f; being the underlying score function at time step h, the expert feedback is
sampled from a distribution ¢(f7 (z)) € A(K), with ¢ : R — R¥ being some link function (e.g.,
#(p)[i] o< exp(p[i])). The goal of the leaner is to perform as well as the Bayes optimal policy’
defined as 7}, () = argmax (5] #(f; (). In particular, the learner aims to find a sequence of
policies {7, }+<7 that have a small cumulative regret defined w.r.t. some (unknown) reward function
under possibly adversarial (and unknown) transition dynamics {T¢ , }nh<m t<7. At the same time,
the learner wants to minimize the number of queries made to the expert. Formally, we consider
counterfactual regret defined as

T H . . T T
Regp = Z Z r(‘r;r,h’ﬂi*z(x?,h)) - Z Z r(Te,n, Ut,h)
t=1 h=1

t=1h=1
where z; j, are the states reached by the learner corresponding to the chosen actions and the dynamics,

and xf *h denotes the states that would have been generated if we executed 7* from the beginning of
the episode under the same dynamics. The query complexity N is the total number of queries to the
expert across all H steps in T episodes.

Given the selective sampling results we provided in the earlier section, one may be tempted to apply
them to the imitation learning problem. However, there is a caveat. A key to the reduction in Ross
et al. [2011] is to apply Performance Difference Lemma (PDL) to reduce the problem of IL to online
classification under the sequence of state distributions induced by the policies played by the learning
algorithm. Hence, if one blindly applied this reduction, then in the margin term, one would need
to account for the states that the learner visits (which could be arbitrary). Thus, for DAgger to
have meaningful bounds, we would require a large margin over the entire state space. This is too
much to ask for in practical applications. Consider the example of learning autonomous driving
from a human driver as the expert. It is reasonable to believe that human drivers can confidently
provide the right actions when they are driving themselves or are faced with situations they are more
familiar with. However, assuming that the human driver is going to be confident in an unfamiliar
situation (e.g., an emergency situation that is not often encountered by the human driver), is a strong
assumption. Towards that end, we make a significantly weaker, and much more realistic, margin
assumption that the expert has a large margin only on the state distribution induced by 7*, and not on
the state distribution of the learner or the noisy expert.® In particular, we define 7 , to denote the
total number of episodes where the comparator policy 7* visits a state with low margin at time step

hoie, Tep =31, l{Margin(f,:(x?,;)) <e}.

We now proceed to our main results in this section. Learning from a noisy expert is indeed very
challenging. In fact, learning from noisy expert feedback may even be statistically intractable in
the non-interactive IL setting, where the learner is only limited to accessing offline noisy expert
demonstrations for learning, e.g. in offline RL, Behavior Cloning, etc. The following lower bound
formalizes this. In fact, the same lower bound also shows that AggreVaTe [Ross and Bagnell, 2014]
style algorithms would not succeed under noisy expert feedback, AggreVaTe relies on roll-outs
obtained by running the (noisy) expert suggestions.

"Note that the comparator policy 7* reflects the experts models, and may not be the optimal policy for the
underlying MDP.

8The precise definition of the Margin for IL is given in the appendix.
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Proposition 1 (Lower bound for learning from non-interactive noisy demonstrations). There exists
an MDP, for every h < H, a function class F, with |Fp,| < 28, a noisy expert whose optimal policy
7 (x) = argmax, (f; (x)[a]) for some f; € Fy, with T, ), = 0 for any € < 1/4, such than any
non-interactive algorithm needs Q(2) many noisy expert trajectory demonstrations to learn, with
probability at least 3[4, a policy T that is 1/8-suboptimal w.r.t. 7.

Proposition 1 implies that in order to learn with a reasonable sample complexity (that is polynomial in
H), alearner must be able to interactively query the expert. In Algorithm 2, we provide an interactive
imitation learning algorithm (with selective querying) that can learn from noisy expert feedback. The
regret bound and query complexity bounds for Algorithm 2 are:

Algorithm 2 InteRActiVe ImitatiOn Learning VIa Active Expert Querying (RAVIOLI)
Input: Params d,v, A, T, function classes {F, }n<m, online regression oracle Oracle;, w.r.t. £, for
helH].
¢
1: Set Ug* (F,T) = 2Reg™ (Fi; T) + L2 log(4H log*(T)/5).
2: Compute fi 5, = Oracle; (@) for h e [H].
3: fort=1toT do

4: Nature chooses the state x; .

5: for h=1to H do

6: Learner plays ; 5, = SelectAction(fi n(ze,n))

7: Learner transitions to the next state in this round z; j+1 < Ty p (¢ n, i on)-
8: Learner computes

t-1
Ay o= max 1f(ze,n) = fe,n(@en)] st Z;Zs,h\\f(fﬂs,h) ~ fon(za)|? €U (Fu, T).  (©)

o: Learner decides whether to query: Z, , = 1{Margin(f; n(2¢ 1)) < 27A¢n}.
10: if Z; ;, = 1 then
11: Learner queries the label y; ;, for z; 5.

12: fee1,n < Oraclepr n ({0, Y0 })

13: else

14: Jesrn < fon

Theorem 4. Let 0 € (0,1). Under the modeling assumptions above, with probability at least 1 - 9,
Algorithm 2 obtains:

_ H HA? &
Regp = (’)(inf{H Z Ten+~— Z Reg’® (}"h;T)}), and,
€ h=1 A&

N H H,VZ H
NT:O(inf{HZTE,hJ’_ o2 ZRegl%(}-h;T)~€(.7:h75/87§f}):)}).
€ h=1 h=1

Since the above bound holds for any sequence of dynamics {T}, ; }rh<m 1<, the result of Theorem 4
also holds for the stochastic IL setting where the transition dynamic is stochastic but fixed during the
interaction. In particular, setting T}, ; ~ .7, sampled i.i.d. from a fixed stochastic dynamics {.7, }n<m
recovers a similar bound for the stochastic setting.

4.1 Learning from Multiple Experts

In Dekel et al. [2012], the problem of selective sampling from multiple experts is considered with the
main motivation being that we can consider each expert as being confident (and correct) in certain
states or scenarios, and we would like to learn from their joint feedback. The goal there is to perform
not only as well as the best of them individually but even as well as the best combination of them.
Consider the example of learning to drive from human demonstrations, we might have one human
demonstrator who is an expert in highway driving, another human who is an expert in city driving,
and the third one in off-road conditions. Each expert is confident in their own terrain, but we would
like to learn a policy that can perform well in all terrains.

The formal model is similar to the single-expert case, but we now have M experts. For every time
step h < H, the m-th expert has an underlying ground truth model f,z’m € F that it uses to produce

Q
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its label, i.e. for a given state , it draws its label as y;"" ~ ¢(f, """ (x)), where ¢ is the link function.
On rounds in which the learner queries for the experts feedback, it gets back a label from each of
the M experts, i.e. {y},...,y> }. While on every query the learner gets a different label from each
expert, its objective is to perform as well as a comparator policy that is defined w.r.t. some ground
truth aggregation function that we define next.

The aggregation function &7 : A([K])™ ~ A([K]), known to the learner, combines the recommen-
dation of the M experts to obtain a ground truth label for the corresponding state. In particular, on a
given state xy,, the label y;, is samples as:

yn ~ A (S(fr (@), - 0(fr™ (2n))). @)

Given the aggregation function .27 and the above label generation process, the policy 7* that we wish
to compete with in our regret bound is simply the Bayes optimal predictor given by

7 (zp) = SelectAction(;z%(gi)(f;’l(:L'h)), . (;S(f,:’M(mh)))), (8)

where SelectAction : A(K') — [K] is given by SelectAction(p) = argmax, ) p[K]. Some
illustrative examples of aggregation functions are given in Appendix F.5. Our main Theorem 5 below
bounds the number of label queries to the experts, and regret with respect to this 7*, and is obtained
using the imitation learning algorithm given in Algorithm 4 in Appendix F.5.

Our bounds depend on a margin term 7T 5, that captures the number of rounds in which the Bayes
optimal predictor 7* can flip its label if our estimates of the M experts are off by at most & (in £,
norm). Similar to the single expert case, we only pay in the margin term for time steps in which the
counterfactual trajectory w.r.t. the policy 7* has a small-margin. We note that while the trajectories
taken by the learner or the noisy experts may go through states that have a large-margin, the margin
term 17 5, that appears in our bounds only accounts for time steps when the comparator policy 7* (the
optimal aggregation of expert recommendations) would go to a small-margin region, which could be
much smaller. For the ease of notation, we defer the exact definition of margin, and the term 7 ;, to
Appendix F.5, and state the main result below:

Theorem 5. Let 6 € (0,1). Under the modeling assumptions above for the multiple experts setting,
with probability at least 1 — 6, the imitation learning Algorithm 4 (given in the appendix) obtains:

_ H g M H

Regp = O(inf{H Y Tent5 2 2 Regh (F™; T)}), and,
€ h=1 Ae? S ha

M

~ H H H .
Nr = O(inf{H S Ten+~=5 o 2 Reg" (FihT) - €(Ffs; h)})
: h=1 Ae® i ma

In Appendix A, we evaluate our IL algorithm on the Cartpole environment, with single and multiple
experts. We found that our algorithm can match the performance of passive querying algorithms
while making a significantly lesser number of expert queries. Finally, note that setting H = 1 in the
above result, recovers an algorithm, and a similar result for selective sampling with multiple experts.

Conclusion

In this paper, or goal is to develop algorithms for online IL with active queries with small regret and
query complexity bounds. Towards that end, we started by considering the selective sampling setting
(IL with H = 1), and provided a selective sampling algorithm that can work with general function
classes F and modeling assumptions, and relies on access to an online regression oracle w.r.t. F
to make its predictions (Section 3). The provided regret and query complexity bounds depend on
the margin of the expert model. We then extended our selective sampling algorithm to interactive
IL (Section 4). For IL, we showed that the margin term that appears in the regret and the query
complexity depends on the margin of the expert on counterfactual trajectories that would have been
observed on following the expert policy (that we wish to compare to), instead of the trajectories
that the learner observes. Thus, if the expert always chooses actions that leads to states where it is
confident (i.e. has less margin), the margin term will be smaller. We also considered extensions to
learning with multiple experts.
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A Experiments

We conduct experiments to verify our theory. To this end, we first introduce the simulator, Cart
Pole [Barto et al., 1983, Brockman et al., 2016], and then explain the implementation of our algorithm
and the baselines. Finally, we present the results.

Cart Pole. Cart Pole is a classical control problem, in which a pole is attached by an un-actuated
joint to a cart. The goal is to balance the pole by applying force to the cart either towards the left or
towards the right (so binary action). The episode is terminated once either the pole is out of balance
or the cart deviates too far from the origin. A reward of 1 is obtained in each time step (however, the
algorithm does not get any reward signal). The observations are four-dimensional, with the values
representing the cart’s position, velocity, the pole’s angle, and angular velocity. The action is binary,
indicating the force is either to the left or to the right.

Expert policies generation. We first generate an optimal policy 7* (that attains the maximum
possible reward of 500) by policy gradient. We notice that when running the optimal policy 7*, the
absolute value of the cart’s position only lies in [0, 2]. Hence, to generate M experts, we first divide
this interval into M sub-intervals [ag, a1 ],[a1,a2],- .. .[an-1,an] (ap = 0 and aps = 2) by geometric
progression. For the i-th expert, it plays the same action as 7* when the absolute value of the cart’s
position is in the interval [a;-1, a;] and plays uniformly at random outside of this interval. We
find that using such generation, each expert individually cannot achieve a good performance (when
M > 1), while a proper combination of them can still be as strong as 7*. We conduct experiment
for M =1,2,3, and 5, respectively. Given this design of expert generation, when the cart is in the
sub-interval [a;_1, a;], the only expert with non-zero margin is exactly the i-th expert.

Implementation. The algorithm is similar to Algorithm 4 but with some modification for practical
purpose. First, we use a neural network (single hidden layer neural network,with 4 neurons in the
hidden layer) as our function class {.7-',;”} h<H,m<M- Second, we specify SelectAction to pick the
action of the most confident expert, i.e.,

SelectAction(ft{h(x), ey %(m)) = sign(ffﬁh(x)) where i = argmax|fti’h(x)|.
€[
Since we are considering binary action, we assume fti, n(x) € [-1,1], and the action space is {-1,1}.
Third, to compute A;”h efficiently, we apply the Lagrange multiplier to (60) to arrive at the following
equivalent problem:

A (en) = ngjgl max —[f(ze,n) = [ ()]

t—1
+ a(;Zs,hU(xs,h) )| - vy (f;’L",T)) -

Then we treat the Lagrange multiplier « as a constant, which converts the problem into the following:

I

t—1
Ay (@en) = min =|f(@en) = [ @) | + @ Y Zon| f(@sn) = F(2sn) ©)
s=1

feFm

The study of varying « is shown in Figure 1. We found that small values (e.g., @ = 1) mostly lead to
poor performance, while the results are fairly similar for large values. In our key experiments, we
choose a: = 50 when the number of experts is 1, 2 or 3, and choose 200 for 5-expert experiments. We
note that since computing (9) for each time step involves repetitively fitting neural networks, which is
time-consuming, we do a warm start at each round. In particular, we set the initial weights for the
neural network of each round to be the weights of the trained network from the previous round. We
also implemented early stopping that stops the iteration if the loss does not significantly decrease
for multiple consecutive iterations. The online regression oracle Oracle is instantiated as applying
gradient descent for certain steps on the mean squared loss over all data collected so far, using warm
start for speedup as well.

We first conduct experiments on a single expert setting. In Figure 2 we plot the curves of return and
number of queries with respect to iterations for our method, and compare to DAgger (which passively
makes queries at every time step; Ross and Bagnell [2014]). We note that while our algorithm does
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Figure 1: Learning curves of return with respect to the number of queries for different values of a
and different numbers of experts.

not converge to the optimal value as fast as DAgger, the number of queries made by our algorithm is
significantly fewer, which means that our method is indeed balancing the speed of learning and the
number of queries.
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Figure 2: Learning curves of the return and the number of queries for 1 expert.

In additional to DAgger, we also compare to the following baselines:

¢ Passive learning. By passive learning, we mean running our algorithms with Z; 5, = 1,
i.e., making queries whenever possible. Based on different styles of expert feedback, we
divide the passive learning baselines into two: noisy experts and noiseless experts. For the
former we get the noisy label y;", for x; 1, (generated by yi", ~ ¢(f, ™ (+,1))), and for the

latter we directly get the action of the optimal policy (i.e. the action 7 (2,5 )). Intuitively,
noiseless feedback is more helpful than the noisy one.

o MAMBA. We compare our algorithm with (a slight variant of) MAMBA [Cheng et al.,
2020]. At each time step, it creates copies of the environment and run each expert policy
on these copies, and then it selects the action of the expert policy with the highest return.
For simplicity, we refer to this algorithm as MAMBA. Note that MAMBA assumes that one
has access to the underlying reward function. Thus this baseline is using significantly more
information than our approach.

o Best expert. We also compared our algorithm with the best expert policy.

The main results are shown in Figure 3. We first noticed that our algorithm outperforms passive
learning with noisy experts in all settings. Moreover, we beat the noiseless version when there is only
one expert. Intuitively, getting feedback from noiseless experts is a very strong assumption and it
is not surprising to see that the performance is improved with this stronger feedback. Note that our
algorithm is only getting noisy labels as feedback. We also note that, despite the fact that MAMBA
achieves better results than the best expert policy (in terms of the value function), it is still worse than
our algorithm. Indeed, MAMBA does not even learn a policy that can solve the task when M > 2.
This is because by our construction of experts, there is no single expert that is capable of solving the
task alone. Note that MAMBA performs well in the one expert case because in that case, the (single)
expert can reliably solve the control task.

1A
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Figure 3: Learning curves of return with respect to the number of queries for different algorithms and
numbers of experts.

B Further Discussion on Related Works

Selective Sampling. There is a large bank of both theoretical and empirical work for active learning
and selective sampling. Perhaps the work closest to ours is the work of Zhu and Nowak [2022].
In this paper, the authors consider binary classification problem and provide bounds on number of
queries and bound on excess risk in the active learning framework. Their algorithm also relies on
regression oracle. However, there are many key differences: Firstly, their guarantees for regret for
selective sampling problem (see for instance Theorem 10 on page 28 of Zhu and Nowak [2022])
has a dependence on disagreement coefficient in the regret bound as well as number of queries. On
the contrary, as we show in our work, one only needs to pay for eluder dimension or disagreement
coefficient in query complexity and not in regret bound. Furthermore, we supplement our result
with lower bound showing that unless one has label complexity that depends on star number (and
hence can be also related to worst case disagreement coefficient), one can not get a small enough
regret bound. So the separation between regret bound (that is independent of eluder dimension/star
number/disagreement coefficient) and query complexity (that depends on those quantities) is real.
Secondly, the results in [Zhu and Nowak, 2022] dont automatically adapt to the margin region and in
general there is no way to estimate the parameters of Tsybakov’s noise condition. Finally, their regret
bounds depend on pseudo dimension and are thus generally suboptimal for complex F.

Imitation Learning. IL has enjoyed tremendous research from both theoretical and empirical
perspective in the last decade; notable references include Ross et al. [2011], Ross and Bagnell [2014],
Sun et al. [2017], Chang et al. [2015], Brantley et al. [2019, 2020], Nguyen and Daumé III [2020].
Ross et al. [2011] initiated research on using online regression oracles to model the expert feedback,
and provided regret bounds for IL. The key differences between our work and prior theoretical works
on IL are as follows: Firstly, we consider active querying, and provide query complexity bounds
for our algorithms. Secondly, and more importantly, we consider interactive IL with noisy expert
feedback whereas prior works was restricted to exact expert feedback. Finally, our regret and query
complexity bounds scale with the number of times when the comparator policy (induced by the
expert) goes to the states where expert has a small margin (instead of the number of times when the
learner goes to such states). In many cases, the margin error term corresponding to the comparator
policy could be much smaller. On the empirical side, there is a long line of research that provided
algorithms and empirical heuristics for making IL sample efficient by modeling the experts in both
single expert and multiple expert settings [Beliaev et al., 2022, Cao et al., 2022, Hejna and Sadigh,
2023, Du et al., 2023, Hao et al., 2022]; however most of these algorithm do not come with any
rigorous guarantees.

C Discussion on Computationally Efficiency

Given the theoretical nature of this paper, our focus is to understand the statistically efficient (query
complexity), and to develop algorithms, for selective sampling and imitation learning with general
model classes F, given access to an online regression oracle w.r.t. . For a general function class,
our algorithm is computationally inefficient. However, in many cases, our algorithm (or its slight
modification) can also be implemented efficiently. We describe some scenarios below:
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e 1D-Linear models: When f : X — R is linear, the optimization objective in (5) in
Algorithm 1 (or (6) in Algorithm 2) can be efficiently by instead solving the objectives

AD () = mase ()~ ) s 3 2 G) ()| <
€ s=1

and

AP () = max () = ) st T 21 (o) = Fo(a) < @

and then picking the maximum absolute value. Both of these new objectives are linear
functions, with convex constraints, and thus can be solved efficiently using a standard solver
(e.g. CvXOPT).

o Differentiable parameterizations: When class F could be parameterized in a differentiable
way, e.g. using a neural network, we can simply add the constraints as a penalty (with the
appropriate multiplicative scale parameter) to convert (5) into an unconstrained optimization
problem w.r.t the parameters 6 (of the differentiable parameterization) and then solve it using
SGD algorithm. While this is only a heuristic, it works well in practice and is precisely what
we do for our experiments in A with 2 layer neural networks.

o Efficient Implementation of (5) via calls to a Regression Oracles w.r.t. F. Below we
discuss some scenarios and minor modifications of our algorithms under which the compu-
tation of A; (as in (5) in Algorithm 1 or (6) in Algorithm 2) can be performed efficiently via
calls to a regression oracle w.r.t. 7. Suppose that F is closed under convexification. We
consider two scenarios:

o Binary Actions Setting: In this case, we can simply choose F to be a class of 1D functions,
since we can model the expert using a function f* : X — R € F where for any z, f*(x)
denotes the probability of choosing the first action. The probability of choosing the second
action would then be 1 — f* (). In this case, (5) in Algorithm 1 simply reduces to

t—1
A;(xt) = f?f;df(ft) - ft(xt)| s.L. Z;ZS'f(xS) - fs(xs)‘ <UL

The above can be implemented efficiently using the techniques from Foster et al. [2018a]. In
particular, let 7,5 denote the maximum value that f(x) can take. We can solve the above
objective using the BINSEARCH procedure in Foster et al. [2018a] where we perform a
binary search over a weight parameter w, by solving for each w the optimization problems:

argr}lei]r__l (w . (f(])t) - ft(xt) - 27‘max)2 + ; Zs|f($s) - fs(xs)|)

and

arg%i}__l (’LU ' (f(wt) - ft(xt) + 2Tmax)2 + ;Zs|f(xs) - fs(xs)|)

both of which can be efficiently implemented using square loss regression oracles to F. We
refer to Foster et al. [2018a] for more details.

e Multiple Actions Setting: Suppose that F is a product class of {F}} for different actions
k € [K]. We can get an oracle-efficient algorithm for a slight modification of (5), at a price
of an extra multiplicative K factor in the query complexity bound. Consider the A;(z;)

given by max ez || f(21) = f1 (1) oo st R51 Zs| f(s) = fs(25) |2 < ¥, which is equal to

max e[ ) maxyer | fx(2¢) = frn(we)] st Zij Zs| f(xs) = fs(xs)|2 < ¥, which can again
be implemented via calls to a square loss regression oracle w.r.t. F by using BINSEARCH
procedure in Foster et al. [2018a] (similar to what we did for the Binary actions case above).
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D Useful Tools and Notation

Additional notation. Throughout the paper, we assume that the ties are broken arbitrarily but
consistently. Vector-valued variables are denoted with small alphabets like u, v, etc, and matrix-
valued variables are denoted with capital alphabets like F, G, etc. For any two distributions D
and D5, we define KL (D1 | D2) to denote the KL divergence between Dy and D5. Furthermore,
kl(b1]b2) denotes the KL divergence between Bernoulli(b; ) and Bernoulli(b,). Finally, we assume
that | f(z)|| < B<1forany f € Fand z € X.

The following lemma is used throughout the appendix, and its proof is trivial.
Lemma 1. Ler & and & be any two events such that £, = & then 1{&} < 1{&>}.

D.1 Basic Probabilistic Tools

Lemma 2 (Theorem 1 in Srebro et al. [2010]). Let T > 0, and let F = {X x YV} be an arbitrary
function class, and £ be an y-smooth and non-negative loss such that |((f(z),y)| < B for all
reX ye), feF. Forany§ >0, we have with probability at least 1 — § over a random sample of
size T, forany f € F,

’ﬂ

T E(a,y)~ull(f(2),y)] <2 Z (f(x¢),9) + c1(HT log™(T)Rad.(F) + Blog(1/5))

where ¢y < 10° is a numeric constant, and Rady (F) denotes the Rademacher complexity of the class

F.

The precise value of the numeric constant c¢; in the above can be derived from Srebro et al. [2010]
and Mendelson [2002]. Note that for finite function classes, we have Radr(F) = O(\ [log(|F D/T)
and thus the second term above is bounded by O (log(|F])). In general, we have that TRad7(F) =
O(Reg®(F;T)) [Rakhlin and Sridharan, 2014], and thus the second term is always dominated by
the other terms in our regret and query complexity bounds.

The following inequalities are well-known; we use the version stated in Zhu and Nowak [2022].

Lemma 3 (Freedman’s inequality). Let {Xt}t . be a real-valued martingale different sequence
adapted to the filtration §;, and let Ey['] := E—[ | §t-1]- If | X¢| < B almost surely, then for any
n € (0,1/B), the following holds with probabzlzty at least 1-6:

T T Blog(1/6
S L
t=1 t=1

Lemma 4. Let { X} be a sequence of positive valued random variables adapted to the filtration
St and and let By[-] := E[- | §1-1]- If X < B almost surely, then with probability at least 1 - 6,

T 3 T
ZXt < B ZEt[Xt] +4Blog(2/6),

t=1 t=1
and

T T
Z [X:]<2 Z X; +8Blog(2/9).

D.2 Online Learning

Lemma 5. Suppose that the labels are generated according to the (2) where the link function satisfies
Assumption 1. Additionally, assume that the regression oracle satisfies the guarantee (3). Then, for
any 6 < 1/e and T > 3, with probability at least 1 — 8, we have for all t < T,

szs 23) = [ (@) P < W (F,T) = *Reged’(}' T)+*10g(410g (T)/9),
where B is defined such that sup,, f(x) < B.
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Proof. Using Agarwal [2013, Lemma 2] along with an Union bound implies that for all ¢ < T,

UL - @IS 5 2 o)) = ol (). 90)) + 55 loB(dlog* (1)),

Plugging in the regret bound (3) in the above, we get that

: R 2. x 2 _4n 112 2
Z;Hfs(ws)—f (@)* < Yol fs(s) = f7(a5)] < Reg?(F3T) + 5 log(41og™(T)/9)-

s=1

O

D.3 Eluder Dimension, Disagreement Coefficient, and Star Number

For the sake of completeness, we recall the scalar versions of scale-sensitive eluder dimension, and
disagreement coefficient introduced in Russo and Van Roy [2013], Foster et al. [2020], which is
defined for a class F ¢ {X — R} of scalar valued functions.

Definition 4 (Scale-sensitive eluder dimension (scalar version), Russo and Van Roy [2013], Foster
et al. [2020]). Let F ¢ {X — R}. Fix any f* € F, and define €' (F,3; f*) to be the length of the
longest sequence of contexts T1, X, ... Ty, such that for all i, there exists f; € F such that

\fi(zs) = f(z)| > B, and Y (fi(x;) - f(2;))* < B>

j<i
We define the scale-sensitive eluder dimension as €(F, Bo; f*) = supg, 5 €' (F, B; f*).

We next provide some examples of function classes with bounded eluder dimension. The examples
(a) - (c) first appeared in Russo and Van Roy [2013], and (d) first appeared in Osband and Van Roy
[2014].

(a) For any function class F : {X ~ R} and f* € F, €(F, Bo; f*) < O(|X]).

(b) For the class F of linear functions on a known feature map ¢ i.e. , F = {f | f(z) =
(07,6(x)) . 0p €RY,[0;] <1}, we have €(F, Bo; f*) < O(dlog(1/e)).

(¢) For the class F of generalized linear functions on a known feature map ¢ i.e. , F =
{f | f(x) = g({(07,06(x))) , 0 € RL 0| < 1} where g is an increasing contin-

uously differentiable function, we have €(F,Bo; f*) < O(dr*log(L/e)) where r =
supg o 9'((6:2)) /inf, . ¢'((0,2)) and L = supy , g' ({6, ¢(x))).

(d) For the class F of quadratic functions on a known feature map ¢ i.e. F = {f | f(z) =
o(2)ro(x) , Bp e R |S¢|p < 1},

We next recall the definition of scale-sensitive disaggrement coefficient which appears in our bounds
for the case of stochastic contexts.

Definition 5 (Scale-sensitive disagreement coefficient (scalar version), Foster et al. [2020]). Let
F c{X » R}. Forany f* € F, and v9,e0 > 0, the value function disagreement coefficient
0V (F,e0,70; f*) is defined as

2
sup  sup {; Pro, (Af e FIIf () = fA (@) > e [f = 7 ]u SV)}Vl

H Y>70,€>€0

where ”f” = Em~/t[f2(x):|‘

As we will show in Lemma 6 below, the scale-sensitive disagreement coefficient of F is always
bounded by the eluder dimension of F upto a constant factor on the dependence on £y and ~p.
However, the disagreement coefficient can be significantly smaller than the eluder dimension because
it can leverage additional distributional structure. We refer the reader to Foster et al. [2020] for
bounds on the eluder dimension, and the disagreement coefficient for various function classes. In the
following, we extend the above definitions to vector-valued functions to account for the vector-valued
function classes that we consider in this work.
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Definition 6 (Scale-sensitive eluder dimension (normed version)). Ler F ¢ {X — RE }. Fix any

f* e F, and define @(.7:, B; [*) to be the length of the longest sequence of contexts T1,%3, - .. Tm
such that for all i, there exists f; € F such that

| fiCz) = f* (@) > B, and 3 | filzy) = f* ()] < 6.
j<i

We define the scale-sensitive eluder dimension as €(F, 3'; f*) = supgs E(F,B: f).

We note that the normed eluder dimension can be lower bounded in terms of the eluder di-
mension of scalar-valued function class obtained by projecting the output of the functions in
F along different coordinates. Let F; = {P;f | P;f(z) = f(z)[j], f € F}, then clearly,
for any f* € F, &(F,B;f*) = SUDje[d] E€(P;F,B;P;f*). Furthermore, we always have that
E(F,B;f") <k Z;-Ll E(P;F,B; Pjf*), where « hides poly(d) factors. We next define the normed
version of disagreement coefficient for vector-valued functions.

Definition 7 (Scale sensitive disagreement coefficient (normed version), Foster et al. [2020]). Let
F c{X = RE}. Forany f* € F, and Bo,e0 > 0, the value function disagreement coefficient
0V (F,e0, Bo; f*) is defined as

2
7
where | f|, = /Eaeul [ f(2)]?].

We additionally also define the following bivariate version of eluder dimension for vector-valued
functions.

sup sup { Pro. (3f e FI[f(@) = f @) > e | f = f . Sﬂ)}”

© B>PBo,e>e0

Definition 8 (Scale-sensitive eluder dimension (bivariate version)). Let F € {X — RE }. Fix any
f* € F, and define €' (F,B; f*) to be the length of the longest sequence of contexts and actions
(x1,91), (x2,y2) .. (T, Ym ) such that for all i, there exists f; € F such that

[file)ly = £ @)yl > B, and 3 (fie;)lys] - £ (2)[y;1)? < B2
Jj<i
We define the scale sensitive eluder dimension (mixed version) as E(F,B;f*) =
Supgsg, €' (F, Bo; f*).
We next define the strong variant of scale-sensitive star number.

Definition 9 (scale-sensitive star number (strong version), Foster et al. [2020]). Ler F ¢ {X RE 1.
For any * € F and 3 > 0, let 3*'(F, 8) denote the length of the longest sequence of contexts

{21,...,2m} such that for all i, there exists f; € F such that
| fi(zs) = F* (i) > B, and Y| fi(z;) - f*(2;)]? < B2
ji

We define the scale-sensitive star number as 8 (F, ) := SUpg. g, 5 (F, Bo).

The next result provides a relation between the star number, disagreement coefficient and the eluder
dimension.

Lemma 6 (Foster et al. [2020]). Suppose F < {X ~ RX} is a uniform Glivenko-Cantelli
class. For any f* € F and vy,e > 0, we have 5" (F,B; f*) < €(F,B; f*), 0V*(F,e,v; f*) <
A5 (F, 7 7)) and 0N (F,e,7; [*) <AC€(F,v; 7).

The following two technical lemmas are useful in bounding the total number of queries made by our
selective sampling and imitation learning algorithms. We first provide a technical result which bounds
the number of times we can find a function f’ in a refinement F; of F, such that f’ is sufficiently far
away from f* e F. This result is a variant of Russo and Van Roy [2013, Lemma 3], and first appears
in Foster et al. [2020, Lemma E.4].

Lemma 7. Let {x4,y:, Zi } -, be sequence of tuples, where x € X and Z; € {0,1}. Fix any f* € F,
and define the set F; = {f € F | L1 Zo(f(26)[ys] - f*(xs)[ys])? < 5%}. Then, for any ¢ >0,
2

T
S 20037 e R (Pl - (e0lud) > O < (f ; 1)é<f,<;f*>.
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Proof. We first note that we can always remove a tuple {(«+,y:), Z; } whenever Z; = 0 without any
effect on the conclusion. Hence, we can assume Z; = 1 for all ¢ € [T'] without loss of generality.
Then the rest of the proof essentialy follows from Foster et al. [2020, Lemma E.4]. For completeness,
we state the full proof here.

For simplicity of presentation, we say (z;,y:) is (-independent of (z1,y1), ..., (%11, y:—1) if there
exists f € F such that | f(xz:)[y:] = f*(z)[we]l 2 ¢ and T3 (f(we)[ys] = f* (@) [ws])? <
Otherwise, we say x is (-dependent. The proof consists of the following two claims.

First, we claim that for any ¢ € [T], if there exists f € F; such that |f(2¢)[y:] — f*(z¢)[v:]] 2
¢, then z; is (-dependent on at most 3%/¢? disjoint sequences of (z1,¥1),...,(zs1,:-1). To

show this, let’s say x, is (-dependent on a particular subsequence (x;,, ¥, ), - -, (¥4, yi, ) While
|f(x)[y] - f*(2)[y]]| = ¢. Then it must holds that

k 2 5
P (fCi) ] = (i), 1) 2 ¢
If there are M such disjoint subsequence, then we can add them up and obtain the following:

— 2
g(f(x f*(xs)[ys]) > M2

By the construction of F;, the left-hand side above is at most 52. Hence we conclude that 5% > M (2,
which implies M < 5%/¢2.

Second, we claim that for any k and any sequence (z1,%1),...,(Zk,yr), there exists j <
k such that x; is (-dependent on at least N := |k/ E(F,C; f*)] disjoint subsequences of
(z1,91),- .., (2;-1,y;5-1). This can be proved by construction. Let By, ..., By be N subsequences
of (z1,y1),...,(zk,yx) and are initialized with B; = {(x;,y;)}. Then we repeat the following
processfor j=N+1,N+2... k.

o We first check if z; is -dependent on B; for all i € [ N']. If so, we are done.

o Otherwise, pick an arbitrary ¢ € [N] for which z; is {-independent of B; and append
(I’j,yj) to Bi, i.€., Bz <« Bi @] {(I’j,yj)}.

If we don’t reach any j while running the above process for which the first statement above is
satisfied, we should end up with Y7, |B;| = k > N - €(F,¢; f*). We note that by construction
|Bi| < €(F,(; f*) and thus | B;| = €(F, ; f*) forall i € [N ], which implies z), must be ¢-dependent
on all B;.

Finally, let z;,,...,z;, be the subsequence where, for all s € [k], there exists f € F;_ such that
If (@i ) i ] = " (2:)[yi. ]| = ¢. By our first claim we know each element of this subsequence is
(-dependent on at most 3%/¢? disjoint subsequences. By the second claim, we know that there exists
an element that is (-dependent on at least | k / &(F, ¢; f*)] disjoint subsequences. So we must have

[k €(F, ¢ 7)) < B2[¢P. Hence, k < (82/¢* +1) - &(F, ;. f*). O

The following is an extension of Lemma 7 that holds for the normed version of eluder dimension
given in Definition 1. The proof is essentially the same so we skip it for conciseness.

Lemma 8. Let {x;, Z;}L, be sequence of tuples, where x; € X and Z; € {0,1}. Fix any f* € F,
and define the set Fy = {f € F | L101 Zo| f () — f*(x4)|? < B2}. Then, for any ¢ >0,

ZZtl{ﬂf e Foe|f(a)- (xt)|><}<(+1)€(ﬁc;f*)~
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E Selective Sampling: Learning from Single Expert

E.1 Comparison to Related Works

Selective Sampling. There is a large bank of both theoretical and empirical work for active learning
and selective sampling. Perhaps the work closest to ours is the work of Zhu and Nowak [2022].
In this paper, the authors consider binary classification problem and provide bounds on number of
queries and bound on excess risk in the active learning framework. Their algorithm also relies on
regression oracle. However, there are many key differences: Firstly, their guarantees for regret for
selective sampling problem (see for instance Theorem 10 on page 28 of Zhu and Nowak [2022])
has a dependence on disagreement coefficient in the regret bound as well as number of queries. On
the contrary, as we show in our work, one only needs to pay for eluder dimension or disagreement
coefficient in query complexity and not in regret bound. Furthermore, we supplement our result
with lower bound showing that unless one has label complexity that depends on star number (and
hence can be also related to worst case disagreement coefficient), one can not get a small enough
regret bound. So the separation between regret bound (that is independent of eluder dimension/star
number/disagreement coefficient) and query complexity (that depends on those quantities) is real.
Secondly, the results in [Zhu and Nowak, 2022] dont automatically adapt to the margin region and in
general there is no way to estimate the parameters of Tsybakov’s noise condition. Finally, their regret
bounds depend on pseudo dimension and are thus generally suboptimal for complex F.

E.2 Proof Sketch for Selective Sampling and Binary Labels

Let A = {1,2}, and the link function ¢(z) = z corresponding to square-loss £ = (v — y)?/2; here
A=vy=1

Let F ¢ {X + [-1,1]} be a function class, and f* € F. We assume that for any context z, the label
y is drawn according to the distribution Pr(y; = 2) = 1+f7(=)/2. Using F, we can define the score
function class F = {f7 | f € F} where f(x) = 3(1- f(z),1+ f(2))" € [0,1]?, and additionally
define f* = fp.. Clearly, the Bayes optimal predictor that chooses the action with the largest
score is given by SelectAction(f*(z)) = 1 + sign(f*(x)). Furthermore, Margin(f*(x)) :=
|Pr(y =2|z)-Pr(y=1]|x)| = |f*(«)| which implies that T = ¥, 1{|f*(x;)| < &}. Finally, the
oracle in (3) reduces to a square-loss online regression oracle, which implies that with probability at
least 1 -9, forallt < T,

Z;ZS(fs(xS)_f*(ZS))2$ ;Zs(fs(ms Ys) Z (acs)—ys)zSRegSq(f;T)+log(T/6)7
N - . (10)

The above implies that f* satisfies the constraints in (5) with the right choice of constants, A, and 7,
and thus | ft(:ct) *(z¢)| < A¢(x;) (see Lemma 10 for proof). However, since the query condition
in Algorithm 1 is Z; = 1{|f:(z¢)| < A¢(x4)}, we have that if Z; = 0, then |f;(z¢)| > A¢(z¢) which
implies that sign( f*(x;)) = sign(f;(z¢)). Thus,

Z;Zsl{sign(f_*(xt))isign(ﬁ(:ﬂt))}:(). (11)

Regret bound. Using the fact that y; ~ 1 + Ber(1+/*(z:)/2), 7, = SelectAction(fi(x;)) = 1+
sign( f;(x¢)), we have

T
Regr = Z Pr(%; # y:) — Pr(SelectAction(f™(x¢)) # yi)

IA

T
Z 1{sign(fe(x)) # sign(f*(z¢))} - [2Pr(y: = 1) - 1]

{Slgn(ft(fft))¢51gn(f ()} - 1f* ()]

The right hand side above can be spht and upper bound via the following three terms:

Regy < 6; L{|f*(ze)| <} + ; Z1{sign(fy(x1)) # sign(f* (1)), [ f* (@) > e} - | f* (20))]

uPlIﬂ»q il
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T
+ ; Z1{sign(fy(x¢)) # sign(f*(z))} - |f* (@4)].

T
=€l + ;Ztl{sign(ﬁ(zt)) # sign(f*(20)), 1 (ze)| > e} - [F* (@),

:=Ta

where the first term is 7, and the last term is zero due to (11). The term T 4 denotes the regret for the

rounds in which the learner queries for the label, and the margin for f* () is larger than . We note
that

T
Ta< ; Z{|f* (@) = fe(we)l > e} - | f* (@) = fe(e)]

where the inequality holds because | f*(x;) - fi(w;)| > | f* ()| since they have opposite signs. Using
the fact that 1{a > b} < 9/s for all a, b > 0, and the bound in (10), we get

1Z _ - 1 . 1
Tas< > Ze(f* (we) = fr(20)) $ gRegsq(}_%T) 2 log(7/s),
t=1
Gathering all the terms, we get
~ 1 . 1
Regp = (9(5TE + —Reg®Y(F;T) + - log(l/é)).
€ €
Query complexity. Plugging in the query rule, and splitting as in the regret bound, we get

T T
Nrp = t; Zys = ; [ fe(ze)| < Ag(we)}

T T
< t; {|f*(ze)| < 5}+t;1{|ft(ﬂft)| <SA(m0), [F*(20)] > &, A(my) < 93}

=T. =Tc

T
F SR B, | (01> 2 Au(ar) > )

=Tp

Tc denotes the rounds in which we make a query, A;(z;) < ¢/3, and the margin for f* () is larger
than €. Since |f(x¢) — f*(2¢)| < A¢(z) (as shown above), we have

|f (@)l < [folae) = Fr (@)l + [ folz)] < Do) + | fe(e)]-
Thus,

T
Te € S UIF ()l € 280, 1F ()] > Au() < /) =0

Tp is bounded by the number of rounds for which we make a query and A;(x;) > ¢/3. Using the
properties of eluder dimension, we get that

T
1 . _
Tp < ) Zel{Av(w) 2 93} § gRegbq(f;T) “€(F,¢f6; [*) +1og(Y/s).
t=1
Gathering all the terms, we conclude
~ 1 ] ~ 1
Np = O(Te + gReghq(}-éT) CC(F,ef6; [*) + = IOg(l/é))-

In Appendix E.3, we provide the complete proof and show how to generalize it for multiple actions,
link function ¢ and corresponding regression oracles w.r.t. £.
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E.3 Proof of Theorem 1
Before delving into the proof, we recall the relevant notation. In Algorithm 1,

e The label y; ~ ¢(f*(x:)), where ¢ denotes the link-function given in (2).
e The function SelectAction(fi(x:)) := argmax; ¢(f:(xt))[k].

For any vector v € R, the margin is given by the gap between the value at the largest and
the second largest coordinate, i.e.

Margin(v) = ¢(v)[k"] - max ¢(v)[k],

k+k*

where £* € argmaxc ) ¢(v)[F].

We also define 7. = ¥/, 1{Margin(f*(z;)) < £} to denote the number of samples within
T rounds of interaction for which the margin w.r.t. f* is smaller than «.

We define the function Gap : R¥ x [K] +~ R* as
Gap(v. k) = max 6(v)[K] - 6(v)[k]. (12)

to denote the gap between the largest and the k-th coordinate of v.

E.3.1 Supporting Technical Results
Lemma 9. For any u, and k' + argmax;, ¢(u)[k],

Margin(u) < Gap(u, k').

Proof. Let k* = argmax;, ¢(u)[k]. By definition,

Gap(u, k') = ¢(u)[k"] = ¢(u)[K']
2 p(u)[k"] - max ¢(u)[F'] = Margin(u).

O

The following technical result establishes a certain favorable property for the function f*, whose
proof follows from the regret bound of the online oracle used in Algorithm 1.

Lemma 10. With probability at least 1 - 6, the function f* € F satisfies the following for all t <T':
t
£
ZZ 15 () = fs(ws)[? < 05 (F, T),
where W5* (F,T) = 4Reg" (F; T) + 12 log(41og?(T)/5).

Proof. The desired result follows from an application of Lemma 5, where we note that we do not
query oracle when Z; = 0, and thus do not count the time steps for which Z; = 0. O

Throughout the proof, we condition on the 1 — § probability event that Lemma 10 holds. The next
technical lemma allows us to bound the number of times when we query for the label and A;(z;) > ¢
in terms of the eluder dimension (normed version) of the function class F. Note that Lemma 11 holds
even if the sequence {x; };<r could be adversarially generated.

Lemma 11. Ler f* satisfy Lemma 10, and let Ay(x) be defined in (5) in Algorithm 1. Then, for any
¢ > 0, with probability at least 1 - 6,

T

> Zi1{ A (we) 2 () < 6(

i (F,T)
§2

where € denotes the eluder dimension is given in Definition 1.

-E(F, C/Q;f*)).
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Proof. Let f; denote the maximizer of (5) at round ¢ on point x;. Thus,

t—1
Ai(we) = [ff (@) = fr(eo)],  and Z_:lzsﬂft*(évs)—fs(xs)\l2 SUP(FT).  (13)

However, recall that Lemma 10 implies that, with probability at least 1 — J, the function f* satisfies
the bound

-1
> Zalf* (@s) = fulas)[* < W' (F, 7). (14)
s=1
Using (13), (14) and Triangle inequality, we get that
t—1 t-1 t-1
Y Zalfi (ws) = F @) 7 <2 Zolff () = fu(@a)|* +2 3 Zal £ (@) = fu(ws) |
s=1 s=1 s=1
<AV (F,T). (15)

Next, note that, an application of Triangle inequality implies that || /7 (x:) — fe(x)| < | f7 (%) -

[ (@) | + [ f* (z¢) = fe(xt)]. Thus,
ZZtl{At(l‘t) >(}= ZZt]-{”ft (x4) = fe(xe)ll = ¢}

ﬂ

<) 2 (@) = fr(@) | + 17 () = fe(ze)] 2 ¢}

~
I
Ju

- 201{15; @0 - 1@l > $) + 3 2{ 1 e - £ @l §)

~+
II

,,;; |

T
Z 1157 @0 - 1@l > §) + 5 3 2t - £ @)
%
<3 2{1fi ) - 5@l > §+ D, a6

where in the last line we used Lemma 10 to bound the second term. In the following, we show how to
bound the first term. Recall that for any ¢ < T, the function f;* satisfies (15). Thus, we wish to bound

t-1
S za{lfi )= F@l>§) st DG ) - F () <aw (R,

for all t <T'. An application of Lemma 8 in the above implies that

Ly
Q}SM.@(}:(/Q;JC*)_ (17)

2 (2

where in the last line, we used the fact that ‘1’? (F:T)[¢? > 1, for our parameter setting.

Plugging in the bound (17) in (16), and using the fact that €(F,¢/2; f*) > 1, we get that

200 (F,T)
2

S 2 {15 (o) - F (@0l >

T
Z;Ztl{At(mt)ZC}g CE(F, 2 7).

O

The next two technical lemma’s relate the margin to the gap between functions, and are useful in the
analysis for regret / total number of queries.
Lemma 12. Suppose the functions m and 7o are defined such that m(x) =
argmaxyc i) ¢(fi(x))[k]. Then, for any x for which 1 (x) # m2(z), we have

Margin(fi(2)) < ¢(f1(2z))[m(2)] - ¢(f1(2))[m2(2)] < 2v] f1(2) - f2(@)]2,

where y-denotes the Lipschitz parameter of the link function ¢.
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Proof. Firstnote ¢(fo(z))[m2(z)] > ¢(f2(x))[m1(«)] by the definition of m5. Thus,
o(f1(x))[m(2)] - o(f1(x))[ma2(2)]
< o(fr(x)[m(x)] - o(f2(2)) [m1(2)] + (2 () [m2 ()] = ¢(f1 () [m2(2)]
<2|o(f1(2)) - o(f2(2)) o
<2|p(f1(2)) - o(f2(2))]2-

Using the fact that ¢ is y-Lipschitz, we immediately get that

P(fr(x))[mi(2)] - o(f1(2))[m2(2)] < 2] 1 (2) = fa(@) 2.

O
Lemma 13. For any two function f1, fo € F, and x € X,
Margin(fi(z)) —Margin(f2(z)) < 29[ f1(2) - f2(2)].
Proof. For the ease of notation, define
ki = argmaxg(fi(2))[k]  and K = argmax ¢(f1 () [¥'],
ke[ k] K%k
where ties are broken arbitrarily but consistently. Similarly, we define
ky = argmax ¢(fo(2))[k]  and k5 = argmax ¢(f2(x))[K']. (18)
ke[ k] K'#ks
Thus, we have that
Margin(fi(z)) = ¢(f1(2))[k1] - ¢(f1(2))[Ki],
and
Margin(fa(2)) = ¢(fo(2))[k2] - ¢(fa(z))[K3]- (19)
Finally, also note that for any coordinate k,
o(f1(2))[k] - o(f2(2))[K] < [¢(f2(2)) = o(f1(2))]- (20)

We now proceed with the proof. Plugging in the form in (19), we get that
Margin(fi(z)) - Margin(f2(z))
= o(f1(2)[k1] = o(fr (@) [k1] = (&(f2(2))[k2] = d(f2(2)) [k3])
= (0(f1(2)) k1] = ¢(fa (@) [R2]) + (6(f2(2)) [F2] = &(f1(2))[K1])
< (¢(fr1(x)[k1] = o(f2(2))[k1]) + (8(f2 (@) [k3] = ¢(f1(2))[k1])
<[ o(f2(2)) = d(fr(2))] + (6(f2()) [k2] = &(f1(2))[K1]),

where the first inequality uses the fact that k5 is the maximizer coordinate of ¢( f2(2)) and the last
inequality uses (20). In the following, we bound the second term in the right hand side above under
the following three cases:

e Case I: k} # ky: Since ki, # k1, we note that replacing k| by k) in the second term will
only increase the value (see the definition in (18)). Thus,

o(f2(2)[kz] = o(f1(2))[k1] < d(f2(2)) [F2] = &(f1(2))[K3]
<[ o(f2(2)) = o(f1 ()],

where the last line uses (20).
o Case 2a: kb = kq, ko = k] Using definition of k5 in (18), we note that
O(fa(x))[k3] = o(f1(x))[k1] = 6(fa(x)) [k3] = 6 (f1(2)) [k2]

< o(fo(2)) k2] = o(f1(2))[F2]
<[o(fa(2)) = o(f1(2))],

where the last line uses (20).
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o Case 2b: kb = k1, ko # k7 Using the fact that k} = k; and that ko # k5, we get that ko # k.
Thus using the definition of k] along with the fact that ks # k1, we get that

o(f2(x)[ks] = d(f1(2))[F1] < ¢(fa())[ky] = d(f1(x))[k2]
<o(f2(x))[k2] = ¢(f1())[ k2]
<[ o(fa(x)) = d(f1(2)],

where the second last line uses definition of ko and the last line uses (20).

Combining all the above bounds together implies that

Margin(fi(z)) —Margin(fa2(z)) < 2[¢(f2(2)) - &(f1(2))]-

The final statement follows since ¢ is y-Lipschitz. O

E.3.2 Regret Bound

For the ease of notation, for the rest of the proof in this section we define the function 7* such that
() = argmax (/" (2))[£].

Additionally, we recall that for any time ¢, 7; = SelectAction(fi(z:)) = argmaxy, ¢(f:(x))[k].
Starting from the definition of the regret, we have

Regr = ZPr(yt #yp) = Pr(m™(z¢) # yt)

!

Zl{ytﬂ (z)} - [Pr(ye = 7" (1)) = Pr(ye = 7))

U7 # 7" (x)} - o(f" (@) 7" (20)] = o(f (20)) [Te]|

-
I
—

Mﬂ

< {ytﬂT ()} - Gap(f*(2¢), Tt)s

t

where the second last line uses the probabilistic model from which labels are generated, and the last

inequality plugs in the definition of Gap from (45). Let € > 0 be a free parameter. We can decompose
the above regret bound further as:

T
Regr < ;1{@} # 7 (1), Gap(f* (1), 7) < e} - Gap(f” (1), T)

T
+ 2, WG # 7" (), Gap(f* (2:), T¢) > €} - Gap(f* (w4), T )

t=1

Using the fact that y;(7;) = argmaxy k) ¢(fi(7))[k] along with the definition of Gap and
Lemma 12, we get that

RegT<Zl{yt 1" (2), Gap(f™(21),T1) <€} -e

t=1

+ 27; WG # 7" (1), Gap(f ™ (1), Te) > e} - [ 7 (1) = fi(ar) |
T
; 1{Margin(f*(z;)) <e}-e

+27; WG # 7" (24), Gap(f™(24),Te) > e} - | f7 (1) = fele) |

T
; {Margin(f*(z;)) <c}-e

7R
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T
+ 27; Ze MGy # 7" (), Gap(f ™ (2e), Te) > €} - |7 (1) = fe(ze)|

T
+2v; Z{ge = 7" (o)} - |1 (we) = fe() | (21)

=Te-e+2y-Ta+2y-Tp- " (x:) = filwd)],

where the second inequality holds because Gap(f*(x¢), ;) < € implies that Margin(f*(z;)) <¢
whenever 7; # 7* (2;). In the last line above, we plugged in the definition of T}, and defined T 4 and
Tp as the second term and the last term respectively (upto constants). We bound them separately
below:

e Bound on T 4 We note that

T
=2, ZeW{Gi # 7" (), Gap(f* (20), T) > €} - | f* (we) = fe ()]

t=1
T

Z ZAL 7 () = feme)| > e/29) - |17 () = fele) |

where the second line follows from Lemma 12 and because %; + 7* (). Using the fact that
1{a>b} < ¢/v forall a,b > 0, we get that

If* (o) - ft(xt)|\2

Ta <472Z

t=1

(22)

e Bound onTg: Fix any t < T, and note that Lemma 10 implies that ¥4_, || f* ()~ fi (z¢) || <
\IJf;‘l5 (F,T). Thus f* satisfies the constraint in the definition of A; in (5) and we must have
that

[£7 (1) = fe(zo)| < Ae(ae). (23)
Plugging in the definition of Z;, we note that

T
Tg Z 1{Margin(fi(z:)) > 2vA(x¢),Te 7" (a4) }

IA

T
Z {lfe(e) = £ (ze) | > Ar(e)

where the second inequality is due Lemma 12. However, note that the term inside the
indicator contradicts (23) (which always holds). Thus,

Tp = 0. (24)

Combining the bounds (22) and (24), we get that

Regp < eT. + 84> ZZ | fe () 8f (z¢)]?
=1

2
<eT. + 8lx11f;¢ (F,T),
3

where the last inequality is due to Lemma 10.

Since ¢ is a free parameter above, the final bound follows by choosing the best parameter ¢, and by
plugging in the form of \IJ?’ (F,T).

E.3.3 Total Number of Queries

We use the notation Ny to denote the total number of expert queries made by the learner within T’
rounds of interactions. Let € > 0 be a free parameter. Using the definition of Z;, we have that

T
= Z Z
t=1
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1{Margin(fi(2:)) < 27A:(x¢)}

oE

~+
Il

1

~

1 1{Margin(fi(z;)) < 2vA;(x¢),Margin(f*(z;)) < e}

-
I

+ ; 1{Margin(fi(z¢)) < 27A¢ (), Margin(f*(z¢)) >}

!

< 1 1{Margin(f*(z;)) < e}

~+
Il

T
+ ; 1{Margin(fi(2:)) < 2vA¢(x¢),Margin(f*(x1)) > €, A¢ () < €fav}

T
+ 3 1{Margin(fi(2:)) < 2vAy(x,), Margin(f* (21)) > &, Ag(22) > 10}
t=1
(25)
=T.+Tp+Tg,

where in the last line we use the definition of 7., and defined Tp and Tg respectively. We bound
them separately below:

o Bound on Tp. Recall (23) which implies that f* satisfies the bound | f;(z;) — f* (%) ] <
A¢(x¢). Thus, using Lemma 13, we get that

Margin(f"(2¢)) < 2y fe(@e) = 7 (2e) | + tMargin(fe(2e)) < 27A¢(2¢) + Margin(fe(2:)).

The above implies that

T
Tp = Y 1{Margin(fi(z:)) < 2vA(z¢),Margin(f*(2:)) > &, Ay () < ofar}

t=1
< ; 1{Margin(f*(x¢)) < 4vA(z¢),Margin(f*(z¢)) > &, A¢(my) < &far}

<0
where the last line follows from the fact that all the conditions inside the indictor can not
hold simultaneously.
e Bound on Tg. We note that

T
Te =y 1{Margin(fi(z;)) < 27A¢(x:), Margin(f* (z1)) > €, Ar(xr) > o4y}

t=1
< ZT: Zi1{ Ay (1) > ¢/ar}

CC(F,¢fay; f1).

3200 (F,T)
S5
where the last line follows from setting ¢ = £/4+ in Lemma 11.

Gathering the bounds above, we get that

6407205 (F, T
Np <T. + 1 52( )~Qf(_7:,8/47;f*),
13

Since ¢ is a free parameter above, the final bound follows by choosing the best parameter €, and by

plugging in the form of \I!f;d) (F,T).
E.4 Proof of Theorem 2

Before delving into the proof, we recall the relevant notation. In Algorithm 3,
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Algorithm 3 Selective Sampling with Expert Feedback for Stochastic Contexts

Input: Parameters 6, , A, T', function class F, and online regression oracle Oracle w.r.t £,.
1: Set \I/f;d’ (F,T) = %Regz"’ (F;T)+ 32 log(41og®(T)/6), Compute f; < Oracle; (o).
2: Set E = [log(T)] and 7, = 2¢! fore < E.
3: fore=1,...,EF-1do

4: Learner constructs the feasible set of optimal functions F. as
Te—1
2 ¢
Fe = {f eF| Z Zs|f(xs) = fs(zs)|” < \1154’(}",T)}. (26)
s=1
5: fort < 7.to 7,41 — 1 do

6: Nature samples x; from an (unknown) distribution .
7: Learner computes
gt € argmin Margin(g(z;)), and, A.(zy):= Jnax 1f(ze) = f'(ze)]- (27)
geFe SIeF.
8: Learner decides whether to query: Z; = 1{Margin(g;(z;)) < 27Ac(z¢)}.
9: if Z; = 1 then
10 Learner plays the action J; = SelectAction(fi(zy)).
11: Learner queries the label y; on x;.
12: fie1 < Oracle;({z¢,y:})-
13: else
14: Learner plays the action 7; = SelectAction(g:(x:)).
15: fie1 < fe.

e The label y; ~ ¢(f*(2+)), where ¢ denotes the link-function given in (2).
e The function SelectAction(f:(x:)) := argmax; ¢(f:(xt))[k].

e For any vector v € R, the margin is given by the gap between the value at the largest and
the second largest coordinate, i.e.

Margin(v) = ¢(v)[k"] - maxo(v)[K],
where £* € argmaxc i ¢(v)[K].

o We also define 7. = Y., 1{Margin(f*(x)) < €} to denote the number of samples within
T rounds of interaction for which the margin w.r.t. f* is smaller than €.

e We define the function Gap : RX x [K] ~ R" as

Gap(v, k) = max ¢ (v)[K'] - d(v) [k], (28)
to denote the gap between the largest and the k-th coordinate of v. Recall that Lemma 9
holds.
o Additionally, we define the function Z° to denote the query condition

Z°(z) = 1{inf Margin(g(x)) <2v sup |f(z)- f'(z)]}. (29)
geFe fofeFe
The definition in (29) suggests that for all ¢ € [T, Tes1), Z: = Z¢(a4), foralle < E — 1.

Intuition for epoching. We next provide intuition on why epoching in needed in Algorithm 3
to get the improved query complexity bound. From the proof sketch in Section E.2 , the term
Y, Z,1{A(z;) > €} appearing in the query complexity bound is handled using the eluder dimen-
sion of F. When z; is sampled i.i.d. we wish to bound this using disagreement-coefficient instead.
However, note that in Algorithm 1 the query condition Z; depends on the samples {xs }s<; drawn
in all previous time steps and the corresponding query conditions { Z } s<;. This introduces a bias,
and thus the terms Z;1{A;(xz:) > €} are no longer independent to each other. Thus, we can not
directly used distributional properties like the disagreement coefficient to bound the query complexity.
Algorithm 3 fixes this issue by defining epochs of doubling length such that the query condition in
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epoch e only depends on the samples presented to the learner at time steps before this epoch (i.e. in
time steps 1 < ¢ < 7. — 1. Thus, the terms Z;1{A;(x;) > e} for 7, <t < Te41 are i.i.d. allowing us to
get bounds in terms of distributional properties like the disagreement coefficient of F.

However, note that whenever we query in Algorithm 3, we still choose the labels according to the
estimate from the online regression oracle and thus the regret bound remains unchanged.

E.4.1 Supporting Technical Results

The following lemma establishes useful technical properties of the function f* and the sets Fe.

Lemma 14. Suppose Algorithm 3 is run on the sequence {x}<r drawn i.i.d. from the unknown
distribution 1. Then, with probability at least 1 — 6, each of the following holds:

(a) Forallt <T, the function f* € F satisfies
t
x ¢
Z ZSHf (.’175) - fs(ms)Hz < \I]5¢(~7:7 T),
s=1

where \Ilf;“’ (F,T)= %Rege‘l5 (F;T)+ 52 log(41og®(T)/6).
Thus, f* € Foforalle < E -1, and | f*(z¢) — ge(x4)|| € Ae(wy) for all Te <t < Teyq — 1.
(b) For any function f € F., we have

Te—1 —~
E Z‘i Zs|| f(ws) —f*(ws)lz] <TP(FT),

where U (F; T) = 205 (F, T) +4cs (log* (T) sup, . (Rad2 (F)) + 2log(T) log(E/5)).
(¢) Forany e < E, and any function f € F., we have
=/
. Tl (F,T)
[£(s) = £ @), < \| 22—

1

where the sub-distributions [iz(x) := Z¢(xz)u(z) and v, := — Z(‘é;i(ml ~Te) e

(d) Forany € < e, the corresponding sets F. and F; satisfy the relation F. ¢ Fs.

(e) Forany e < e, we have jie < jie.
Proof. We prove each part separately below:

(a) An application of Lemma 5, where we note that we do not query oracle when Z; = 0, and
thus do not count the time steps for which Z; = 0, implies that

> 2l () - L) |7 < FReg’s (7 1) + L2 og(atog(1)5) = i (7.7)
s=1

for all ¢ < T with probability at least 1 — §. Using the above for ¢t = 7,47 — 1 implies
that f* € F, for all e < £ — 1. Since, we also have that g, € F. (by construction) for
all 7. < t < Tey1 — 1, plugging in the definition of A.(z;), we immediately get that

£ (@) = ge(ze) || < Ae(t)-

(b) Fix any epoch number € < E — 1, and consider the time steps 7z < ¢ < Te4+1. Define the loss
function

* e * 2
le(f(@), [ () = 2°(2) [ f () - [ ()]
where Z¢ denotes the query conditions at epoch & (defined in (29)), and recall that Z¢ does

not depend on any samples that are drawn at epoch e (by definition). Furthermore, note that

2
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Lz is 2-smooth w.r.t. f and satisfies £z(f(x), f*(z)) < 4 forall f, f* € F and x. Thus using
Lemma 2, we get that for any f € F., with probability at least 1 - §/E,

B S 2 1) - 1)l ]

Ter1—1

2 3 Z%(xs) | f(ws) - £ (25)|? + ca(27. log® (7. )Rad?, (F.) + 4log(E/5))

S=Tg

IN

Ter1—1

<2 3 Z(x)|f () - [ (@) + 2c2(log3(T> sup(rRad’(F)) + 21og(E/6>),

s=Te

where in the last line we used the fact that ., ¢ F. Summing the above forall ¢ < e — 1, we
get that for any f € F,

Ti 2 ()| () - ()] ]

3272; 2@ )| f () = [ ()| +402E(log (T)SE%‘F)(TRad (]-'))+210g(E/5))

<UL (F,T) + 402(10g4(T) sgg(TRadz(}')) +2log(T) 1og(E/5)),

where the last line follows by using the definition of F,, and that E < [log(T")], and that
Fe.cF.

(¢) Starting from part-(b), we first note that

[Ti Zs| f(xs) = f7 (25| ]S@?’(f;T)- (30)

Additionally, also note that

[TZ Zolf () - (2] ]

Z Z.f () - f(:ﬂs)l]
Z 28| f (22) - 1 ()] ]

B 82, Eﬂ?s~#[zé($5)”f(x8)_f*(xs)Hz]

where the last two lines use the fact that the query condition Z¢ does not depend on the

samples from rounds ¢ = 75 to 7541 — 1. Plugging in the definition of fi; in the above, we get
that

‘re—l

E| X Zulf ) - £ @l Z( = 7e) B[ 1 (20) = 7 ()]

= (re =70 Ban [ (@) = [ (@) ]
= (re=11) - | f(s) = f*(@s)]2, 31)

where in the second line, we used the fact that the sub-distribution 7, := — Zg;} (Tes1 —

_ Te—T1
Te ) fle-
T (F;T)
< 6 o/
Ve © Te—1
23

Combining (30) and (31), we get that
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(d) The argument follows from the definition of the set F, as any function f € F, that satisfies

Te—1

% Z:lf (@) ~ [z < OP(F,T),

also satisfies the constraint

Te—1

2 Y
Z Zs”f('rs) - fs(xs)H < @5¢(-7:.7T)7
s=1
for any € < e, since the left hand side consists of lesser number of terms and all terms are
non-negative. Thus, F, € Fz.

(e) Recall that for any e < E — 1, the sub-probability measure fi.(z) := Z¢(x)u(x) where

Z¢(z) = Yminger, |9(z)[ < Ac(x)}, and Ac(z) = maxy per, | f(x) - f'(2)|. First
note that for any e < e,

Ac(w) = max [f(@)= @] < max 1) - f/@)] = Acla),

where the inequality above holds because F. € F; due to part-(d) above. Furthermore,
. S
minfg(x)| 2 minfg()],
again because F,. ¢ F;. Thus,
Z¢(x) = H{min[g(2)[ < Ac(z)} < H{min|g(z)| < Ae(2)} < Z°().
gE]:6 gG]‘-é

The above implies that fi, < jiz.

O

Lemma 15. Leteg,vo > 0, and f* € F. Then, for any sub distribution i such that E,.;[1{x € X}] >
0, € >eg and v >,

2
S Pra(3F € F ¢ [F(@) = £ @) > e | £@s) - £ (@)l <7) <0 (F, 20,70 £)-
-

Proof. The key idea in the proof is to go from sub distributions to distributions, and then invoking
the definition of 6 from Definition 2. Define x = E,.;[1{z € X'}]. Since 0 < x < 1, we can define a
probability measure g such that p(x) = £(=)/x. Thus, for any € > gg and v > o,

2
%Prx~n(3f€f= [f(@) = £ @) > e, 1 f (xs) = f* (@)l <)
2

- %Prw(ﬂfef I f (@) - £ @) > e I (@) = £ (@), <)
—/ Pro,(3f € F : 1f(2) - F* (@) > &, | f(xs) — F* (25)],, <IVE)

2
= S P (3f e F o |f (@) - (@) > e I f(a) - ()], <7)
5

IN

2
< swp P (3eF @) - @) > e @) - £ @), <7).

€2€0,7270 Y

where in the second last line, we defined 4 = 7/V/%, and the last line used the fact that both £ > ¢q and
4 > 70. The final statement follows by noting the fact that y is a distribution and the definition of the
disagreement coefficient 6V2!(; ) from Definition 2. O

The following technical result will be useful in bounding the query complexity for Algorithm 3.

24
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Lemma 16. For any t < T, let e(t) denotes the epoch number such that T,y <t < Te)41. Let
I € F satisfy Lemma 14, and let Ay () be defined in Algorithm 3. Then, for any ¢ > 0, with
probability at least 1 - 6,

=/
7 ¢ TPFT)
79’ T

r U (FT
; Zy{ Aoy () > ¢} < 1210g(T) - 6(62) ~9V<“1(

;f*) +4log(2/9).

Proof. Recall the definition of the query rule Z¢ given in (29), and note that the function Z°€ is
independent of the samples {a:t}ﬁ;i_l chosen by the nature for time steps at epoch e. Additionally,
also recall that at every time step, x; is sampled independently from the distribution . Thus, using

the query condition Z¢, we can define the sub-probability measure
fie = (@) 2 (), (32)

such that fi.(z) = u(x) whenever Z.(x) = 1 and is 0 otherwise. Furthermore, for any ¢ € E — 1, we
define the sub-probability measure v, as

1 e—1
Z(Té+1 ~ Te) [le- (33)

Te = T1 =1

Ve =

We now move to the main proof. First fix any epoch e < F'-1, and consider any round ¢ € [Te, Te+1—1].
Using the definition of A.(z;) and definition of Z¢ from (29) in the above, we get that

By [Z01{A(20) > O] = Ew[ze(m{ sup [£(22) - £(a)] > 4}]
fof'eFe

< Ew[zemn{sup £ (z0) - £ @)l > g}]
feFe

where the second line follows because f* € F., and because sup; ez || f(2:) = f'(2¢)] <
2sup ez, || f(w¢) = f*(21)] due to Triangle inequality. Plugging in the definition of fi. from (32) in
the above we get that

Bl 0 (80() > O] € Buvg [ 1{ s 1) - 1)1 > § |
feFe

IN

o1 s 10 - @l> S} oo
JeFe

for all € < e, where the last inequality follows from Lemma 14-(e). Since the above holds for all
€ < e, we immediately get that

B 200800 > O£ B |1 sup 10 - £ o) >
feFe

B [if3rem @ -r@i-S] e

where the sub-probability measure 7 is defined in (33). Additionally, recall that Lemma 14-(b)
implies that with probability at least 1 — § any f € F. satisfies

Tt F;T
1) 1 @l <\ 22D a0

Conditioning on the above event, and plugging it in (35), we get that
Eo e[ Z1{Ac(x1) > (}]
Ui (F:T)

$Epp | 137 € Fo i 1)~ P @) > 5,17 G) - £ @)y, <\ =2

35
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T(FT) o - ¢ U5 (FT) .
e U\ e ) 7

where the last inequality uses Lemma 15.

Summing up the bound in (37) for each term ¢ = 1 to 7', we get that

E-1 Te+1—1

T
;Ext[ztl{ﬁe(xt)%}ﬁ > 2 Eo[Za{Ac(z) > (Y]

e=1 t=7,

B-1 U (FT o (FT
<4 Z (Tes1 = Te) (j (—1)<2) evml(]: 2 (_1 )’f )

Tl
5 T T) eval(ﬁc 7 (fT),f)

e=1 <2 27 Te =

E-L L (F;T) ¢ U2 (FT)
<8 79“‘1]—'77,]“*
e=Z:1 ¢? T
= T
T FT) gl € TET)
(2 79’ T ’
where the second inequality uses the fact that 7.1 = 27, and that 7; = 1, the third inequality holds

due to monotonicity of 9val(]-" T *) and the last line simply plugs in the value of F = log(T).

< 8log(T) -

Using Lemma 4 with the above bound for the sequence of random variable X; = Z;1{A.(z;) > (},
we get that with probability at least 1 -9,

> ZA{Aulw) > () < : > B [Z01{8c(w) > ()] + 4108(2/0)

=/ =
v (F5T) ¢ V' (FT)
) ’ val
SlQlog(T)-Tﬂ @ .7-"72,# +4log(2/6).
The final result follows by taking a union bound of the above and the event in (36). O

E.4.2 Regret Bound
For the ease of notation, through the proofs in this section we define the operators 7 as

T () = argmax o(f" (2))[k].

Furthermore, recall that 7j; denotes the action chosen by the learner at round ¢ of interaction. Starting
from the definition of the regret, we get that

T
Regp = > Pr(Gh # y¢) — Pr(n* (z1) # yr)
t=1

=2 UG =7 (2)} - |Pr(ye = " (20)) = Pr(ye = )|

t=1

~

1{yt¢7r (z)} - 1o(f" (@ )7 (20)] = (f (20)) [T ]

IA

?Mq "Mﬂ

{yt¢7r (1)} Gap(f*(21),Tt),

where the last inequality plugs in the definition of Gap from (45). Let € > 0 be a free parameter. We
can decompose the above regret bound further as:

T
Regr < Z; LG # 7" (w), Gap(f* (2¢), i) < €} - Gap(f™ (24), )
t=

26
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T
+ 2 UG # 7" (2), Gap(f* (), T) > €} - Gap(f* (2¢),Tr)

t=1

Using the fact that y;(7;) = argmax;,. i) ¢(fi(2))[k] in the above along with the definition of Gap
and Lemma 12, we get that

Resy < 3.1+ (00, Gap(J* (20).7) €} -2
P2 AT 7 (). Gapl (20).51) > <) (20 - )|
i {Margin(f*(z;)) <e}-e
P2 AT 7 (). Gap( (2. ) > <) (20 ~ o)
gjl{Margln(f (2)) <} e
2 32+ o) Gan( )T > <} 1 o)~ o)

T
+ 27; ZeW{Ge # 7" (we) } - | " (@) = fe(w) |

=Toe+2y-Ta+2y-Tp- | f"(x) - felze)l,

where the second inequality holds because Gap(f*(x:), ;) < € implies that Margin(f*(a;)) <€
whenever J; # 7 (2¢). In the last line we plugged in the definition of 7%, and defined T4 and T as
the second term and the last term respectively. We bound term separately below:

e Bound on T 4: Note that whenever Z; = 1, we choose T; = argmax;, ¢(ft(z:))[k]. Thus,

= ;Ztl{ﬂt #70(2), Gap(f " (1), T2) > €} - [ f7 (o) = fe(wo)|

T
< ;Ztl{l\f*(ﬂct) = fl@)| > e/2y} - 17 () = fr(ao)|

where the second line follows from Lemma 12 and because 7; # 7 (). Using the fact that
1{a >b} < ¢/v for all a,b > 0, we get that

T, <4’YZZ If* () - ft(xt)H2 (38)

t=1 €

e Bound on Tp: Fix any t < T', and let e be such that 7. < t < 7.41. Next, note that from
Lemma 14, we have

1f*(@e) = ge(@e)]| < Aelwe). (39)
Plugging in the definition of Z;, we note that

; 1{Margin(g(2¢)) > 27Ac(¢), Tp # 7" (24) }

T
< t; Kllge(ze) = f7 (@) > Ac (), Margin(f* (z,)) > e},

where the second inequality is due Lemma 12 and by noting that §; # 7* () and that when
Zy = 0, we choose i = argmax;, ¢(g:(x+))[k]. However, note that the term inside the
indicator contradicts (39) (which always holds). Thus,

Tp = 0. (40)

7
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Combining the bounds (38) and (40), we get that:

Regy < T, 8752 7,20 =1
t=1

8
<eT. + lxpf? (F,T),
€
where the last inequality is due to Lemma 14.

Since ¢ is a free parameter above, the final bound follows by choosing the best parameter ¢, and by
plugging in the form of \IJ?’ (F,T).

E.4.3 Total Number of Queries

Let Nt denote the total number of expert queries made by the learner within 7" rounds of interactions.

For the ease of notation, define A;(x;) = A ;) (x;) where e(t) denotes the epoch number for which
Te(t) ST < Te(t)+1- Additionally, let € > 0 be a free parameter. Thus,

T
:ZZt

!

; 1{Margin(g:(x¢)) < 27A¢(x¢)}

~

= Z 1{Margin(g:(w:)) < 27A¢(xt),Margin(f*(z:)) <€}

+ tzl 1{Margin(g:(z+)) < 27A¢(x¢),Margin(f" (1)) > e}

{Margln(f (21)) <€}

HMH

+ Z 1{Margin(g:(z:)) < 2vA¢(x¢),Margin(f*(z¢)) > €, A1) < &1y}

t=1

T
+ Z 1{Margin(g;(z;)) < 2vA;(xy),Margin(f*(x;)) > €, Ay(zy) > efar}
t=1
= TE + TD + TE;

where in the last line we used the definition of 7 and defined Tp and Tg respectively, which we
bound separately below.

e Bound on Tp. From Lemma 14 recall that | f* (z¢) — g:(24)|| < Ac(2¢). Thus, for any z;
for which | g¢(x¢)| < Ac(z:), Lemma 13 implies that

Margin(f™(z1)) < 27| fe(ze) = f7 (21)[ + Margin(ge(z¢)) < 27vAi(2) + Margin(fi(zt)).
The above implies that

p =Y. 1{Margin(g;(x;)) < 2vA(z;),Margin(f*(z)) > &, Ay () < fav}

t=1

T
< ; 1{Margin(f"(2+)) < 47A¢(7),Margin(f" (21)) > €, Ag(2r) < /17 }
<0,

where the last line follows from the fact that all the conditions inside the indictor can not
hold simultaneously for any ¢ > 0.

e Bound on Tg. We note that

T
= > 1{Margin(g;(z;)) < 27A (), Margin(f* (z;)) > &, A1) > ¢fav}

t=1

28
https://doi.org/10.52202/075280-2938 67250



oE

Zt]_{At(.’lft) > E/4')/}

~+
Il
=

oE

Zt]-{Ae(t) (It) 2 5/47}.

-~
I

1

Using Lemma 16 with ¢ = /4y to bound the term on the right hand side above, we get that
with probability at least 1 — 26,

U (FT

) )
w . oval(}‘, %, T);f*) +10g(2/5))'

Tg < O(log(T)’y2 .

Gathering the bounds above, we get that

€ @?”(]—';T)

=/
U(F,T
Np<T. + O(log(T)ny : % : eval(f, & 7

;f*) +10g(2/5))-

Since ¢ is a free parameter above, the final bound follows by choosing the best parameter ¢, and by
plugging in the form of @? (F;T).
E.5 Proof of Corollary 1

Note that the Tsybakov noise condition implies that there exists constants ¢, p > 0 such that for all
ee(0,1):

Pr,.,(Margin(f*(z;)) <¢) < ce’.

Thus, using Lemma 4, we get that

T
T = 32 1{Hargin(f () <)

< % Pr,.,(Margin(f*(x)) < e) + 4log(2/)
<2cTe” +4log(2/9).

Using the above in the bound for Theorem 2, we get that for any € > 0,

2
Regy S TP + Z\—Regeq5 (F;T) +1og(1/9),
€

1

Setting € = (/\”('J—QTRegZ“s (F; T)) 7% in the above implies that

+

2 % p+l 1
Ree s (et ) (et i) ()7 w10

Similarly, we can bound the query complexity bound for any € > 0 as:

2
N $Te + % ‘Reg" (F;T) - 0% (F, /s, Ree* (F5T)1; £*) + log (1/5).
€
Setting € = (;—; -Reg® (F;T) - 9”1(.7-', ¢/8, Reg"® (Fi1)/T f*))m in the above implies that

2 e
Nr < (7A -Reg" (F;T) - 07 (F, ¢fs, Rea"* (F:T)/; f*)) T,

20
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E.6 Proofs for Lower Bounds in Section 3.2

The proof of Theorem 3 below follows along the lines of the proof of the lower bound in Theorem 28
of Foster et al. [2020] with minor changes.

Proof of Theorem 3. Let 3 < (/2 be the largest number such that 5% < min{¢?/s*(F, ¢, 8),¢2/16}.
Given the function class F, assume that m = s¥3(F,(, 8 ) > 0 (the lower bound is obvious when
the star number is 0). Let the target function f*, the data sequence x!,..., 2™, and the function
f1,-.., fm € F be the witnesses for the fact that the star number is m (see Definition 3). First, for
any i € [m], we have that |f*(2%)| > ¢ by definition of the star number. Next note that, for each f;,
we have that, for any j # 1,

[fi(a) 2 1 @) = fi(a?) = f* (@) 2 (- B> ¢/2
On the other hand, from our definition of star number we have that,

[fi(z")] > ¢/2.

Hence we are guaranteed that each f; has a margin of at least /2 on x!,...,2™. Now consider
the distribution £ over the context to be the uniform distribution over {z',...,2™}. Also let
P'(y =1|x) =1+fi(=)/2 be the conditional probability of label given context . Let D; denote the
joint distribution over X x {+1} given by drawing z’s from p and labels from P*. Additionally, let
Dy be given by drawing z’s from p and y conditioned on = as P(y = 1 | z) = 1+f"(#)/2. Finally, let
v = 0 with probability 1/2 and v ~ Uniform([m]) with probability 1/2. Note that by our premise,

1 1 T
Ly [Regr] + —— SE,, [Regr] = E, [Ep, [Regz]] € e, 1)
2 2m 7 ¢ m

where the value of the constant ¢ will be set later. Furthermore, let p; : X — A(QY) denote the distribu-
tion over the label chosen by the given algorithm at round ¢ given the history (1, Y1, ..., Zt-1,Yt-1)-
We note that for any i € [m],

E,, [Regz] >E, [i CBy By py o (LU ()3 < 0}]]

T T
[T Z T y pe () I{SIgn(fl(x)) # y}]
T 1 Z
T8, |3 X -sien(r)
= Ly ()
where in the first inequality we used that f; has a margin of at least (/2 for any x € {z!,..., 2™} as

shown above, and the last inequality simply follows from the fact that

[Bgep. (2) L{sign(fi(2)) # §}| = [Egep, (@) (L{sign(fi(2)) =1} - {7 = 0})| = %Ipt(l’) - fi(=)],

and via an application of the Jensen’s inequality. Using the property that for any distribution with
margin at least ¢/2, the algorithm satisfies Ep, [Regy] < ¢¢7/m, the above implies that

1 & . 8c
= m-sien()| <
t=1 Ly ™
which implies that
1 & 1 & . 8c
— 2B, |7 2 pe—sien(fi) <—. (42)
mi T4 Liwy ™

Hence, setting ¢ = 64 and using Markov’s inequality, we have that

iZPrD_ >3 Si.
m 4 ‘ m 16

1 i
— ), e —sign(f;)
T

Li(p)

an
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Further note that [|sign(f;) - sign(f:) |, w > % and thus, condition on the fact that v is not equal to

0, we can can identify v correctly with probability at least 1 — 1/16. Thus, considering the reference
measure Dy and using Fano’s inequality, we must have that

1 m
log(2) < — > KL(Do| D;)
m=1

Now we are left with bounding KL( Dy | D;). To this end, we first make a simple observation that the
distribution on the z;’s is the same under Dy and D;. Hence on rounds ¢ where Z; = 0 we do not
query for the labels in these rounds, and thus we do not glean any new information to distinguish D;
from Dy. In other words, we only need to consider rounds when Z; = 1. Hence we have:

T
KL(Do[D;) = Ep, [Z Zy - KU (Po(ye = o) | Pi(ye = 1|$t))]

t=1

Assuming ¢ > 1/4 and using the bound on KL between Bernoulli variables we get,
KL(Do|D;) <Ep, [32Nig“2 +8 (max Nj) 52]
J#i

where N; = |{t: Z; = 1,24 = '}, and we used item-(3) in the definition of star number for the ¢>
term and item-(1) for the 32 term. Hence we have that,

1 m
10g(2) < — ZE’DD [32N2C2 +8 (maXN])ﬁQ]
miz J#

2 m
< S—EDD [Z Ni] ¢? +8Ep, [max Nj] 32
m i=1 J
32

< EEDO [NT] <2 +8Ep, [NT] 52

Since % < ¢%/m, we have that

log(2) < VB, [Nr]¢?
m

Hence we conclude that,
log(2)m
40¢?
which yields the desired lower bound. O

Ep, [NT] >

0

Proof of Corollary 2. Consider the function class F = {fo, f1,..., f sz} where fo(z;) =1/2+( for
every r1,..., 5, and where f;(z;) = 1/2-Cand f;(x;) = 1/2+( for any j # 4. Note that selecting
[ =foand fi,..., fm on x1,...,2 7, we can show that the star number sal(F,1/8,1/2) =
O(\/T) (the disagreement coefficient of F is also O(+/T')). Thus, using the converse of Theorem 3
we get that if the number of queries is smaller than VT, then there must exist some data distribution
under which the regret bound of the algorithm is larger that /7. O

41
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F Imitation Learning: Learning from Single Expert

F.1 Imitation Learning Tools

We first recall useful additional notation. Recall that a policy 7 is a mapping from the states & to
actions A. For any h < H, and random variable Z(xy, ay ), we use the notation E.[Z(x},,ap)] to
denote the expectation w.r.t. trajectories {x1,a; ..., 2z, ap } sampled using the policy 7.

The following lemma is the standard performance difference lemma, well known in the imitation
learning and reinforcement learning literature.

Lemma 17 (Performance Difference Lemma; Kakade and Langford [2002], Ross and Bagnell [2014]).
For any MDP M, and any two arbitrary stationary policies m and 7, we have

H
Vﬂ- - Vﬂ- = Z ]Exh,a;mdi [_A;lr(x}“ a‘h)]V
h=1
where A™ is the advantage function of the policy m in MDP M, i.e., A} (z,a) = Q} (z,a) - V7 ().

F.2 Proof of Proposition 1

MDP construction. The underlying MDP is a binary tree of depth H. In particular, we
construct the deterministic MDP M = (X, A, P,r,x1) where state space X = uhH=1Xh with
X, = {mhl}f:; (we assume that 7 = x71), action space A = {0,1}, reward r is such that
r(z,a) = Bern(% + il{x = x*}) for some special state z* € Xy. The transition dynamics P
is deterministic and defines a binary tree over X, i.e. for any h and zy,;, P(z' | zp4,a) = 1 if
' =xpe1,2i-1 and a =0, 0r 2’ = Tp41.2441 and a = 1, else P(2' | z,a) = 0.

We next define the expert policy 7*, expert model f* and the class F. First, for any path 7 =
(x1,a1,...,xH,ax) from the root state x; to a terminal state x g at the layer H, define the policy
T as

ap, if (:ch,ah) €T
aj, < Uniform({0,1}) otherwise '

’/TT({E}—L) = {

In particular, 7, is defined such that for any state on the path 7, we choose the corresponding action
in 7, and for any state outside of 7, we choose an arbitrary (deterministic) action. Let 7 denote
the set of all 27 many paths from the root note x; to a leaf node z; € Xy. We define the class
O={n,|7eT}, and F = {f, | 7 € T}, where for any 7, we define f, : X —» R? as

— (3/4a 1/4) lf WT(LU) = O
f'r(l') - {(1/4,3/4) if 7T-,—(x) -1

Next, let 7* = (x1,a],25,...,2%_1,a’y_1,x*) be the path from the root z; to the special state
x* € Xy on the underlying binary tree. We finally define 7* = 7« and f* = f,«.

Lower bound. Given the MDP construction, the class F, f* and 7* above, we now pro-
ceed to the desired lower bound for non-interactive imitation learning. First, note that 7 (z) =
argmax, (f*(z)[a]) for any x € X. Furthermore, Margin(f*((z)) = 1|f(2)[0] - f(2)[1]| = } for
all z € X. Thus, forany e < 1, 7. ), = 0.

Next, for any policy 7, note that V7 = % + il{w = 7" }. Thus, 7" is the unique 1/8-suboptimal policy.
Additionally, consider a noisy expert that draws its label according to (2) with the link function
¢(z) = z, i.e. on the state x, the expert draws its label from a ~ f*(x). Now, suppose that the learner
is given a dataset D of m many trajectories drawn this noisy expert. There are two scenarios: either
D does not contain 7, or D contains the trajectory 7*.

o In the first case, the learner is restricted to finding 7* by eliminating all other 7 # 7* using
the observations D. Since, |IT| = 2/ and each policy in the class is associated with a different
path on the tree, we must have that m = O(2).

Vil
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e In the second case, we need 7 € D. However, note that probability of observing the
trajectory 7* when following the actions proposed by the noisy expert is Pr(7* | a5 ~

[ (zp)) = (3/4)H. Thus, in order to observe 7* with probability at least 3/4 in the dataset
D, we need m = O((4/3)H).

In both the scenarios above, we need to collect exponentially many samples.

F.3 Proof of Theorem 4
Before delving into the proof, we recall the relevant notation. In Algorithm 2, for any h < H,

e The label y; p, ~ ¢(f*(x¢,1)), ., where ¢ denotes the link-function given in (2).
e The function SelectAction(fy  (x,5)) = argmax; ¢(fin(en))[k].

e For any vector v € R the margin is given by the gap between the value at the largest and
the second largest coordinate (under the link function ¢), i.e.

Margin(v) = ¢(v)[}"] - max o(v)[£],
iy
where k* € argmax,c i #(v)[k].
o We define 7. = Y1, 1, 1{Margin(f; (2:,)) < €} to denote the number of samples
within 7" rounds of interaction for which the margin w.r.t. f;; is smaller than .

e The trajectory at round ¢ is generated using the dynamics {T; , }r<g to determine the states
that the learner observes, starting from the state .

e Atround ¢, the learner collects data using the policy 7, such that at time h, and state x, the
action m¢ () = SelectAction(fyp(xn))-

o For any policy , let 7/ denote the (counterfactual) trajectory that one would obtain by
running 7 on the deterministic dynamics {T; 5, } ,<g With the start state x; 1, i.e.

T :{l‘zl,ﬂ'(l‘;l),...,.I‘ZH,W(.ﬁZH)} (43)

where 7, =241 and 27, = Tt}h(arzh, ﬂ(mfh))

e For a trajectory 7 = {x1,a1,...,25,am}, we define the total return
H
R(7) = Z r(xzp,ap). (44)
h=1

¢ Additionally, for any policy 7 and dynamics {T}, } r<z, we define the trajectory obtained by
running the policy 7 as

7" ={al,m(a]), 25, ...}.
e We define the function Gap : RX x [K] ~ R" as
Gap(v. k) = max o()[K] - 6(v) K] @s)

to denote the gap between the largest and the k-th coordinate of v, and note that Margin(v) <
Gap(v, k) for all k # k* (due to Lemma 9).

F.3.1 Supporting Technical Results

We first define a useful technical lemma which allows us to bound the gap between the total returns
for policies m; and 7o, under the dynamics {T,},<m. Recall that for a policy 7, we define the
trajectory 7™ under {T}, } n<g and the start state x; as the trajectory {7, 7 (z7),..., 2%, 7 (%)}
where 7 = x1, and 2], < Tp(z7, 7(2z])).

Lemma 18. Let {Ty}p<y be a deterministic dynamics, and let x1 be the start state. Let m
and my be any two deterministic policies, and let 7™ = {zT*,m(2]"),x5",...} and 7™ =
{72, m(x]?),232, ...} be two trajectories drawn using w1 and wo on {T}, } <y with start state x.
Then, for any set X € X, the total trajectory rewards satisfy

H H
R(7™)-R(r™) <2H Z 1{z}' eX} +2H Z {mo(x}?) # mi(x}?), 27 ¢ X}
h=1 h=1

43
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Proof. Let h < H denote the first timestep at which the policies 7; and 72 choose differ-
ent actions under {T},}n<m. Since the trajectories 7™ = {zT* m(27"),23",...} and 7™ =
{2, m(27?),252, ...} are obtained by evolving through (the deterministic dynamics) {T}, },<p
using policies 71 and 7o respectively, and with the same state state x1, we have that

xpt =2 for all h < b,
and
m(xpt) = me(x)?) forallh < h - 1. (46)

Starting from the definition of the cumulative reward R(-), we have that

R(7™) - R(7™) = Z (r(apt,m(ap!)) = r(z}?, m(272)))

=
| |
—= =

H
(r(xh ymi(apt)) —r(xp? ,ﬂg(xhz))) + Z(r(le,m(le)) —r(wZQ,WQ(xZQ)))

h=b

-

S
I

[

Mm

(r(apt mi(apt)) - r(ap?, m(a7?))),

T
R

where the last line uses the fact that the trajectories (and thus the rewards) 77* and 7™2 are identical
for the first h — 1 states and actions (see (46)). Since (46) also implies that xgl = m?, for the ease of

notation we define zy, = 2" = 2. Using the fact that [r(z, a)| < 1 and that 7 (zy) # m2(25) (by
definition of h), we can bound the above as
R(r™) = R(r™) < 2(H b+ 1)1{m; (zy)  ma(zy)}
<2H1{mi(xp) # m2(zy)}
=2H1{m(xy) # ma(zy), xy € X} + 2HL{m1 (2p) # m2(xy), xy ¢ X}
<2H1{zy € X} + 2H1{m1(xy) # m2(xyp), zy ¢ X}
=2H1{zy" e X} +2H1{mo(2(?) # mi(27?), 27° ¢ X}

<2H Z 1{z}' eX} +2H Z Umo(ap?) # m(x}?), 27 ¢ X},

where the equality in second last line plugs in the fact that zy, = mh h 2, and the last inequality is a
straightforward upper bound. O

We will also be using Lemma 9 and Lemma 13 from Appendix E.3 for bounding the Margin in the
regret bound proofs. Finally, we note the following properties of the function f; .

Lemma 19. With probability at least 1 - 6, the function f; satisfies for any h < H andt <T,
(@) T2 Zonl fi (o) = Foun (o) | < 03 (F T,
(0) 1S5 (en) = fen(@en)l < Avn(@en),
where W3* (Fy, T) = $Reg" (Fp; T) + Y2 log(4H log?(T)/6).
Proof. (a) We first note that we do not query oracle when Z, ;, = 0, and thus we can ignore the

time steps for which Z 5, = 0. Hence, for each h € [ H], applying Lemma 5 along with the
fact that sup,, s, |f (z)] <1 yields

t-1

S Zonlfi(@sn) = Fon(@sn)]? < XRegZ¢(]:h7T) + 72 log(41log*(T)/9)

s=1

for all ¢ < T'. Then, we take the union bound for all h € [ H], which completes the proof.

(b) The second part follows from using the observation in part-(a) that f; satisfies the constraint
in the definition of A, 5, given in (6), and thus | f; (z¢,n) = fe.n(zen)] < Ae (@i n).

O
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The next technical lemma bounds the number of times when Ay (x4 ) > ¢ and we query the expert.
Note that Lemma 20 holds even if the sequence {x 5, }+<r Was adversarially generated.

Lemma 20. Let f* satisfy Lemma 19, and let A, j,(x;) be defined in (6). Suppose we run Algorithm 2
on data sequence {{xy }n<r }t<r, and let Zy j, be as defined in line 9. Then, for any ¢ > 0, with
probability at least 1 — H§, for any h < H,

2005 (Fi, T)
<'2

where € denotes the eluder dimension is given in Definition 1.

T
> Zun A () 2 ) < C(F 3 i),
t=1

Proof. The proof is identical to the proof of Lemma 11 by replacing all |-| with ||, and substitute
the corresponding bounds for f; via Lemma 19 (instead of using Lemma 10). We skip the proof for
conciseness.

F.3.2 Regret Bound

Recall that the trajectory at round ¢ is generated using the dynamics {T; j, } n<pr. Define the policy
and 7* such that for any h < H and x € A},

m(xp) = SelectAction(fy n(xp)), and, 7*(xp)=SelectAction(f;(xp)). (47)

Furthermore, for any policy , let 7/ denote the trajectory that one would obtain by running 7 on the
deterministic dynamics {T; j, }h<m with the start state z; 1, i.e.

TZT:{5521’77(55?,1)7---afEZHﬂT(z?,H)} (48)

where x7; = 1 and 27, = Ty p (2], m(27,)). Note that Algorithm 2 collects trajectories using
the policy 7 at round ¢. Thus, we have that

T, = Tin, (49)

where x; ;, denotes the state at time step h in round ¢ of Algorithm 2. Finally, let € > 0 be a free
parameter. We now have all the notation to proceed to the proof on our regret bound.

Step 1: Bounding the difference in return at round ¢. Fix any ¢t < T, and let 7;"* and 7] " denote
the trajectories that would have been sampled using the policies 7, and the policy 7* at round ¢.
Furthermore, define the set X, as

H
X: = |J{z € X} | Margin(f; (z)) < e} (50)
h=1

Using Lemma 18 for the policies 7; and 7*, and the set X, defined above, we get that’

H H
R(r ) - R(r{") <2H Y 1{a], eX.} +2H ) me () # 7 (275,) 275, ¢ X} (31)
h=1 h=1

H H
=2H Z Wz}, eX.}+2H Z {mi(zep) #7 (xen), xep € Xe }
h=1 h=1

H H
=2H Z 1{$;h eX.}+2H Z ZywW{m(zen) # 7" (@p,n), Ton ¢ Xe b
h=1 h=1

H
+2H Z ZipY{m(zen) #7 (2en), xen ¢ Xe b
h=1

H H
<2H Z 1{:czh €X.}+2H Z ZynWm(zen) # 7" (p,n), on ¢ Xe b
h=1 h=1

The key advantage of using Lemma 18 is that the first term Z,il 1{1‘?; € X } accounts for the number
steps at which a counterfactual trajectory sampled using 7™ goes to the state space with margin less than . Thus,
we only pay for the number of times when the comparator policy " would go to states with e-margin (instead
of when 7; does to such states).

ViR
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H
+2H Z ZypX{m(xen) #7 (20)}
h=1

H
=2H Y 1{a], €X.} +2HT 4 + 2HTp, (52)
h=1

where the second line is obtained by plugging in (49) and the last line simply defines T4 and Tp to
be the second and the third terms in the previous line without the 24 multiplicative factor.

We bound T 4 and T separately below.

e Bound on term T 4. Using the definition of X, from (50), we note that

H
TA = Z Ztﬁhl{ﬂ-t(xtyh) # ﬂ-*(:vt,h)axt,h ¢X5}
h=1

H
= Z ZynW{m(zen) # 7 (w,p), Margin(fy, (ze0)) > €}

=
—

H
< hZ Zep {1 (@) # T (), (fr (@e )7 (@e,n) ] = d(fr (@e0)) [me(2e,n)] 2 €}

1

Ze n H{o(fr (o))" (@e.0)] = d(fp (xe.n)) [me(2e.n)] > €},

M=

<

h=1

where in the second last line we used the definition of Margin( f; (x5 )) along with the fact
that 7* (x4 5, ) # ™ (2, ). Using the relation in Lemma 12 for the term inside the indicator,
we can further bound the above as

H
Ta< ), Zen{29) 7 (@en) = fen(aen)| 2 €}
h=1

S i () = fon ()2
= g2 h; t,h | Jh \(Tt,h t,h(Te.n)|"s

where in the second inequality we used: 1{a > b} < o”/s? for any a,b > 0.
e Bound on term Tg. Before delving into the proof, first note that Lemma 19-(b) implies that

Ifn(en) = fen(@en)| € A n(xen)- (53)
Next, note that

Zyn1{my (e ) # 7 (we,0) }

M=

Tp =

>
il

1

M=

1{Margin(fen(2e,n)) > 29D n(@en), me(@en) # 77 (2e0) ),

T
X

where in the last line we just plugged in the query condition under which Z; ;, = 0. However
note that the above two conditions inside the indicator imply that

29A p(x4,1) <Margin(fip(aen))
< O(fen(@en))[me(ze,n)] = ¢(fen(@e )7 (2e,n)]
<29 fen(@en) = fr (@en)l,

where the second line uses the definition of Margin(-) and the fact that my (z,) # 7 (@1,5),
the last line is due to Lemma 12 . Thus,

H
T < ) W[ fon(zen) = fr(zen)| > Apn(zen)},
A=l

but the conditions inside the indicator in the above contradicts (53) (which holds with
probability 1 — §). Thus, with probability at least 1 - 6,

Tp = 0. (54)

4A
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Plugging in the bounds on T4 and T in (52), we get that with probability at least 1 — 9,

R() - R(TZ”)<2HZI{:1:MEX}+8 il ZZtthh on) = fin(en) (59

h=1

Step 2: Bound on total regret. Using the bound in (55) for each round ¢, we get that

Regy - Y (R(7) - RG7)

=1
H T 2 H T

<2 Zzl{xthex }+ EZZth”fh Typ) — fth(ﬂﬁth)H
H

<2ty Eh+8i” Z‘Ifé‘*’(}'h,T) (56)
h=

where in the last line we use the deﬁnltlon of 1% 1, and plug in the bound in Lemma 19. Recall that
T. , denotes the number of times when the comparator policy 7* enters the region X, of states of

small expert margin. Using the form of \Ile"b (Fn,T) and ignoring 1og factors and constants, we get

H~?
Retr = O 3 1o+ 505 3 Rl (Bis) + S5 ow(1) )

Since ¢ is a free parameter above, the final bound follows by taking inf over all feasible «.

F.3.3 Total Number of Queries

Let N7 denote the total number of expert queries made by the learner within 7" rounds of interaction
(with H steps per round). For ¢t < T, let h; denote the first timestep at which Z, j,, = 1 at round ¢.
Additionally, let € > 0 be a free parameter. Thus, we have that

T H
=3 Zn (57)

t=1h=1

T
< HZZt,ht
t=1

HZZthtl{xthtex }+ htl{xthtﬁ( }

M%

—

T
thtl{wthtEX}+ Z ZynH{wen ¢ Xe }

i
52

/\

M’ﬂ IIM%

ZinH{@en ¢ Xey App(Ten) < *}

M»ﬂ T

H t,htl{xt,ht EXE}+

o~
il
—
o~
il
—
=

=1

T H
€
HY 3 ZynH{@n ¢ Xe, App(@en) > —)
t=1h=1 4y

+

=T+ HTD + HTE,
where T¢, Tp and Tg are the first, second and the third term respectively in the previous line. We
bound them separately below:

e Bound on T¢. Fix any t < T, and note that
(Tc)e = HZy p, 1{xt n, €Xc}
=HZ p, 1{xip, € X JL{Vh < hy: 7" (215) = m(2,0)}
+HZ p, Wz p, X J1{3h < hy:m™(xen) # m(xn) b
(58)
For the second term, note that

hi
Zt,ht]-{xt,ht € Xs}l{flh < h,t ) W*(xtyh) * Wt(xt,h)} < Z Zt,ht]-{ﬂ-*(xt,h) * ’/Tt(xt,h)}
h=1

a7
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=

t

< Zin Ze w1 (ze) # me(wen)}

=9
&
=

< ZypM{m (wen) # mi(@en)}
1

=
Il

where in second inequality above, we used the fact that Z; ;, = 0 (and thus Z; ;, = 1) for all
h < hy, by the definition of h;. However note that the right hand side in the last inequality
is equivalent to the term Ty defined above (where sum is now till h; instead of H). Thus,
using the bound in (54) in the above, we immediately get that

Zt’ht].{xt’ht € Xg}l{Elh < ht : 7T*(.’L't’h) * Wt(xt’h)} =0.

For the first term in (58), using the condition that 7* (x5 ) = m; (24,5, for all h < by, we get
that z; 5, = mf; and thus

HZt,ht]-{mt,ht € XE}]_{Vh < ht : F*(l't,h) = ﬂt(xt,h)} < HZt,ht]‘{x;;Lt € Xs}
< H1{a], eX.}

H
<H Y 1{a]), eX.}.
h=1

Gathering the two terms above, and plugging in the definition of 7 j, we get that
H T N H
Tc<H Z Z 1{37?,}1 € Xe} =H Z T 1.
h=1t=1 h=1
e Bound on Tp. Using the definition of the set X, and Z; j,, we note that

H
€
(Tp)e = Z ZipH{wen ¢ Xe, App(zen) < —}
h=1 4y

H
= > 1{Margin(fin(zen)) < 27A¢n(wen), Margin(fy (200)) > €, A n(2en) < %}
h=1
(59)

Recall that Lemma 19 implies that with probability at least 1 - 6,
| fr (@en) = fen(@en)| < Aen(zen),

using which with Lemma 13 implies that

Margin( fy (2¢,n)) <Margin(fin(wen)) + 2] fn (ze,n) = frn(@en)|
<Margin(frn(ze,n)) + 27000 (zen)-

Using the above bound with the conditions in (59) implies that

H
(Tp)e = Y, M{Margin(fy (z1,n)) < 47D (2en), Margin(fy (@e,0)) > €, App(@en) < %}

T
L

M=

1{Margin(f; (z¢n)) < &, Margin(f; (zi,n)) > €}
1

1
o =

)

where the last equality holds because the two conditions in the indicator in the previous line
can never occur simultaneously.

e Bound on Tg. Note that

T
Tp=).
t=1

M=

g
Zin @ n ¢ Xe, Ay n(@en) > @}

h=1
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M=
M=

I3
< Zy n { A n(ze,n) > )
4y

h

I
—
~+
Il
[ui

An application of Lemma 20 in the above for each h < H implies that

H 3907205 (F,, T e
Tp< ), & 22( i )'e(}-iu&y;fh)'

h=1

Gathering the bound above, we get that

320H~?
Ne<HS Tops = zw“(ﬂ,T) (P ,fh)
h=1

Plugging in the form of \I/Z‘” (Fn, T) and ignoring log factors and constants, we get that

o, 1Y
Nr < O(H > Ten LA Z Reg" (Fp; T) - €(Fn, fsv: fr) + 22 log(l/é)).
Notice that ¢ is a free parameter above so the final bound follows by taking inf over all feasible €. s

F.4 Proof for the Stochastic Setting

Algorithm 2 considers arbitrary deterministic dynamics {{T;  }rh<w t<r. When the underlying
dynamics .7 is stochastic, we can simply simulate Algorithm 2, where we set {T¢ 1, } <t = 7 (+;¢1)
where ¢; is drawn i.i.d. for every ¢ < T'. In the following, we provide regret and query complexity
bounds for stochastic dynamics.

Regret bound. Note that Theorem 4 bounds the difference of cumulative rewards of trajectories
drawn using the policies 7; and 7* on the adversarially chosen deterministic dynamics {']Tm}f: 1
respectively. In particular, we bound

T

Regy = Y (R(77") - R(7")).

t=1

On the other hand, when the dynamics is stochastic, we aim to bound the gap between the expected

values V™ — V™ obtained under the stochastic dynamics 7. We obtain this bound by pushing all
the stochasticity into the choice of random seed ¢. Fix any ¢t < T, and consider the deterministic
dynamics (T 1, ..., T, i) obtained by setting the random seed to be ¢, in the stochastic dynamics
Tie. (Tya,...,Teg) = 7(; v). Thus, for any policy 7

VT =B, [R(F) | (Tens. .., Ten) = T(; 1))

In the following, we will bound the difference in the value function V™ — V™, by appealing to the
regret bound in the proof of Theorem 4 using appropriate concentration inequalities. First, recall that
in Algorithm 2, the dynamics {Ty , }n<m is chosen before the round ¢, and that the policy 7; only
depends on the interaction till round ¢ — 1. Thus,

ZV“ V’”—ZEH[ )= RG]

<ZE“[2H21{xtheX}+2H21{7rt(:cfh)i7r(:v th¢X}

h=1 h=1

where the last holds due to Lemma 18 and the set X is defined in (50). An application of Lemma 4 in
the above implies that with probability at least 1 — 9,

ZV” V< 4HZ Z l{xth eX }+4HZ Z Wm(zfy,) # 7 (27),), 275, X} +32H?%1log(2/6).

t=1 h=1 t=1 h=1

The rest of the proof is identical to the proof of Theorem 4 from (51) onwards. They query complexity
can be similarly computed.

49
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We next provide the proofs for learning from multiple experts.

F.5 Proof of Theorem 5

Algorithm 4 InteRActiVe ImitatiOn Learning VIa Active Queries to M Experts (RAVIOLI-M)

Input: Parameters 0,~, A, T', function classes {F}" } h< m<n, online oracles {Oracle;’ } n<r,m<ns
w.r.t. €¢.
1: Set Wi (F*, T) = AReg’ (F; T) + 12 log(4M H log(T) /6).
2: Compute f", = Oracle; , (@) for each h € [H]and m e [M].
3: fort=1to T do
4: Nature chooses the state ;1.
for h =1to H do

5

6: Define F}'} () = [f (@), ..., [ (2)].

7: Learner plays ; 5, = SelectAction(Fy (w1 )).
8.
9

Learner transitions to the next state in this round ¢ p+1 < Tt7h(9:t7h, @}7h).
For each m € [ M ], learner computes

Al (@en) = max | f(zen) = £l (@en)
; feFm ;

t-1
st 3 Zon|lF@en) = Fl(@en) | < W (FP ). (60)
s=1

and defines Atyh(xt,h) = [A;h(zt,h), e A%L(It7h)].

10: Learner decides whether to query: Z; j, = Query(Fy n(x¢,n), At,h(mt,h))
11: if Z; ;, =1 then

12: for m =1to M do

13: Learner queries expert m for its label y"’ for z p,.

14 ft+1,h < Oradet+1,h({xt7hvyt7h})

15: else

16: fti < £, foreachm e [M].

We first discuss the setup and the relevant notation. We are in the imitation learning setup introduced
in Appendix F.3. In particular, the learner interacts with M experts in T episodes/rounds, each
consisting of H timesteps. For any h < H, each of the M experts have a ground truth model f,: m
respectively. Given the context x; ;, for time step 4 in round ¢, the learner plays the actions 7y 5, € [ K],
and can additionally choose to query the experts (by setting Q); 5, = 1) to receive noisy feedback
Yy ~ ¢(f " (x¢)) from each expert m € [M]. After playing the chosen action ; 1., the learner
then transitions to state ¢ 41 < Tt 4 (24,0, Tt,n) Where {T¢ p, } pe[ ] is a sequence of deterministic
dynamics (unknown to the learner).

In Algorithm 4, for any round ¢ <7 and h < H:
e The aggregation function &7 : RF*™ . RX known to the learner, maps the predictions

of the estimated experts to distributions over actions. Some illustrative examples are given
below to illustrate the generality of our setup:

(a) Random aggregation: Given a state xy,, the aggregation rule chooses an expert uni-
formly at random and returns the label y;, sampled from its model. In particular,

yn ~ o(fr™ M(21)), where i ~ Uniform([M]).

Here, the distribution o (¢(f;" (z1)),- .., o(fi™ (1)) = & Ty ¢(f*™ (21)).

(b) Majority label: < is deterministic. Given a state x;, the aggregation rule chooses the
label yp, € [ K] which is the top preference for the majority of the experts. In particular,

yn = (S (@n)s- s (™ (@n)) = argmax Z 1{k = argmax ¢(f, " (z2) [K])}-

ke[K] m=1 Te[K]

S0
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(¢) Majority-of-confident-experts: This aggregation rule is also deterministic, and was first
introduced in Dekel et al. [2012]. Given a state x;, the aggregation rule chooses the
label yy, € [ K] which is the top preference for the majority of the p-confident experts
on x, i.e. the experts whose margin on xj, is larger than p. In particular,

Yn = ,ng(é(f}:’l(l’h)x ) ¢(f}:,M(wh)))

M _
= argmax Y. 1{k = argmax ¢(f" (n)[K]) and Margin(o(f;" (1)) > p)},
ke[K] m=1 ke[ K]

where  Margin(f,"" (x) > p) = maxy, (¢(fr " (zn))[k1] -
(maxy, .k, ¢(f " (21))[k2])). This aggregation rule is useful when there
may be many experts that give equal weights to the top and the second-to-top
coordinates w.r.t. their respective models, and hence can not be confidently accounted
for in the majority rule. Furthermore, instead of choosing the majority label, similar
to Dekel et al. [2012], one can also return the label sampled according to a uniform
distribution over p—confident experts.

e The function SelectAction : RE*M s [ K] chooses the action to play at round ¢, and is

defined as:
SelectAction(Fy p(xyp)) = argmax .o/ (¢(Fyp(xen))) k], (61)
k
where Fy n(z0.0)) = [f1(@en)), - -, % (z¢,n))], and ¢ denotes the link-function given
in (2).

e QOur goal in Algorithm 4 is to compete with the policy 7* defined such that for any = € A},
7 (x) = SelectAction(Fj (z)) (62)

where Fy (z) = [fi ' (2),..., f;' (x)] e REXM,

e Given the context z; j, and the function F} j, : X + R¥*M the learner decided whether
to query via Z, j, = Query(Fy n(z¢,n), A¢n(ze,n)) Where we define the function Query :
RKXM x RJ\/I as

Query(U;&):= sup 1{SelectAction(U) # SelectAction(V)}

VeRKxM

st. |U[;,m]=V[;,m]|2 < &[m] Ym < M. (63)

At round ¢, the learner interactions with transition dynamics {T; j, }n<p and collects data. Without
loss of generality, we assume that the learner always starts from the state x; ;. We next recall the
interaction at round ¢:

e The learner collects data using the policy 7, defined such that
m(x) = SelectAction(fy n(zen)).

for any h < H, and state x € X},.

o For any policy 7, we use the notation 7" to denote the (counterfactual) trajectory that would
have been generated by running 7 on the deterministic dynamics {T; j, } < With the start
state 1, i.e.

mF={al m(@ly), 2l g, w2l ) ) (64)

where 27, =241 and 27, = Tt}h(xzh, W(mfh))

e For any trajectory 7 = {x1,a1,...,2q,an }, we define the total return
H
R(7) = Z r(xp,ap). (65)
h=1
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The goal of the learner is to minimize its regret which is given by
T . T
Regr = ), R(7(" ) - ) R(1["). (66)
t=1 t=1

Finally, our bounds depend on the notation of margin defined w.r.t. the function Query defined above.
In particular, for a sequence of contexts {{T% , }h<m }+<7, Wwe define T 5, as

T
Ten = ) 1{Query(Fy (2] ,),c1) = 1}. (67)
t=1

In the above we count for the number of time steps when the counterfactual states {zf;}th, reached
under the given dynamics if we had executed 7*, are within the e-margin region. Note that even

though the observed states {{z+  }n<r }+<7 are such that ¥7_, 1{Query(F} (z;5),e1) = 1} is large,
we would not pay for this in our margin term 7 j,.

F.5.1 Supporting Technical Results

Lemma 21. With probability at least 1 — 9, for any m < M, and t <T and h < H, the function f*™
satisfies

— *.,m m £ m
(a) ZZ:% ZSJLHJC;J (Ts,n) = fs,h(xs,h)HZ < \Ij(;d) (Fi,T),
(©) 1£5" (@e,n) = [l (zen) | < AT (@e0),

where U (F', T) = Reg" (Fy"; T) + L2 log(4M H log?(T) /).
Proof.

(a) We first note that we do not query oracle when Z j, = 0, and thus we can ignore the time
steps for which Z; ;, = 0. Hence, for each h € [H] and m € [M], applying Lemma 5 yields

1 m 4 112

5 Zunll i () fonea) I < SReg (FT) + S22 log(41og? (1))

s=1
for all ¢ < T'. Then, we take the union bound for all / € [ H] and m € [ M ], which completes
the proof.

(b) The second part follows from using part-(a) along with the definition in (60).

O

The next lemma bound the number of times when A", (z+,n) 2 ¢, and we query. Note that Lemma 22
holds even if the sequence {x; j, }+<7 Was adversarially generated.

Lemma 22. Let f*™ satisfy Lemma 21 , and let AZ’fh(a:t,h) be defined in Algorithm 4. Suppose

Algorithm 4 is run on the data sequence {x j, }1<1, and let Z, , be defined in line 10. Then, for any
¢ > 0, with probability at least 1 — M6, for any m € [M], and h < H,

2003 (5, T)
<2

where € denotes the eluder dimension given in Definition 1.

T
IR CHICOROE CE(E s ),

Proof. The proof is identical to the proof of Lemma 11 where we handle each m € [M] and
h € [ H] separately, and substitute the corresponding bounds for f,™ via Lemma 21 (instead of using
Lemma 10). We skip the proof for conciseness. O
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F.5.2 Regret Bound
Suppose the trajectories at round ¢ are generated using the deterministic dynamics {T;1,..., Ty g} =
T (- 1;) where 1; denotes the random seed that captures all of the stochasticity at round ¢ '°.

Recall that the policies 7* and 7; such that for any h < H and =z € X}, 7 (x) =
SelectAction(F) (z)), and,m(x) = SelectAction(F; ,(x)). Note that Algorithm 4 collects
trajectories using the policy 7; at round ¢. Thus, we have

Ty, = Tin, (68)
where z; j, denotes the state at time step h in round ¢ of Algorithm 4. Finally, let ¢ > 0 be a free

parameter. We start with the bound on the regret at time ¢.

Step 1: Bounding the difference in cumulative return at round ¢. Fix any ¢ < T, and let 7;"* and

T " denote the trajectories that would have been sampled using the policies 7; and the policy 7* at
round ¢. Furthermore, define the set X, as

H
Xe = | J{z € A | Query(F) (z),el) =1} (69)
hol

Using Lemma 18 for the policies 7; and 7, and the set X. defined above, we get that

H H
R(7 )= R(7[*)<2H ) 1{a], eX.} +2H ) l{m(xffh) £ W*(l'zth oy, X}
h=1 h=1

H H
=2H Z 1{‘%?,}7, € Xs} +2H Z l{ﬂ't(.’ﬁt’h) * W*(l't’h),xtyh ¢ Xg}
h=1 h=1

H H
=2H Z 1{$§h € Xs} +2H Z Zt,h].{’ﬂ't(xt,h) * ’/T*(xt’h),l't’h ¢ Xg}
h=1 h=1

H —
+2H Z Zy n U{me(2en) # 7 (0en), 0o n ¢ Xe )
h=1

H
=2H Y 1{x]), €X.} +2HT, +2HTp, (70)
h=1

where the second line is obtained by using the relation (68) in the second line. The last line simply
defines T4 and T g to be the second and the third term in the previous line, respectively, without the
2 H multiplicative factor. We bound these two terms separately below:

e Bound on T 4. Using the definition of X, from (69), we note that

H
Ta= Z Zt,hl{ﬂ—t(mt,h) * W*(xt,h)>xt,h ¢ Xe}
h=1

M=

Zy W W{m(ze ) # 7" (2,0), Query (Fy (xtﬁh),s]ﬁl) =0}

=
i

1

M=

Zyp1{3mee [m] : |f75(zen) = £ (@en) | > €},
h

Il
—

where the last line follows from the fact that the definition of Query and the fact that
mi(z,n) # 7 (x,,) implies that there exists some m € [M] for which | £} (z¢.n) -
[ (x¢n)] > €. The above implies that

M H
Ta< Y 2 Zenl{| £ @en) = F ™ (@en)| > €}

m=1h=1

'%We use random seed ¢ to capture all the stochasticity in the choice of {T; s }n<zr t<r. However, all our
proofs extend to IL learning with an arbitrary, and possibly adversarial, choice of {T¢ p, }h<m, <t
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e Bound on T p. First note that Lemma 21 implies that with probability at least 1 — 4, for all
m< Mandh < H,

13 (@en) = i (@) < ATy (en)- (71)
Next, note that

H
Tp < Y, Zenl{m(zen) # 7 (2e0)} (72)
h=1

{Query(Ft r(Ten), A, w(@en)) =0,m (e n) #7 (zen)},

|Mm

where in the last line follows from plugging in the query condition under which Z, ;, = 0.
However note that for any h < H for which Query(F} n(z¢n), A¢n(x,)) = 0, by the

definition of Query and the fact that 7, (x5, ) # 7 (2y,5,), there must exist some m € [M ]
such that

1f3 ™ (@en) = i (@en) | > A (zen)-
However, the above contradicts (71), and thus with probablhty atleast 1 - 4,

T =0. (73)

Plugging the above bounds on T4 and Ty in (70), we get that

M H
R(r] ) R(7[*)<2H Z 1{xt peX}+2H Y N 7, AT @en) = £, (@en) | > €}

h=1 m=1h=1
(74)

Step 2: Aggregating over all time steps. Using the bound in (74) for each round ¢, we get that

Regr = z(mn )= R(7™))

t=1

H T . T M H .
H Z Z Vay, eX.}+2H Z Z Z Zy n 1| fh (e n) = fr " (en) | > €}
h=1t=1 t=1m=1 h=1

IA

Using the fact that 1{a > b} < o”/v* for any a,b > 0, and the definition of 7} j, in the above, we get

that
H T M H ™ (e n) = [y 2
Regp <2H Y T.p+2H Y, Z > Zin 155 oon) “th ()l
h=1 t=1m=1h=1 €
M ot
<2HZTE}L+ETZ Z d)(f;]ln,T) (75)
m=1 h=1

where the last line follows from using the bound in Lemma 21.

Plugging in the form of \IJZ“) (F;,T) and ignoring log factors and constants, we get that

H2
RegTSHZTEth Z ZReg (FiT) + —5—5 log(1/6).

mlhl A

Notice that ¢ is a free parameter above so the final bound follows by taking inf over all feasible €.

F.5.3 Total Number of Queries

Fix any ¢t < T, and let h; denote the first time step at round ¢ for which Z; j,
time-step exists (and is set to be H + 1 otherwise). We first observe that for all h
7 (x1,5) = m(x,p,). To see this, note that

1, if such a
h:, we have

IA N

hy—1
Zin {3h < hy o (@on) #m(@en)} € Y Zon, H{m (en) # m(@en)}
el

sS4
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he-1 B
< Zyn, ZypW{m (mep) # m(Ten)}
h=

=

&
N

< Z@hl{ﬂ'*(l‘t,h) #Tl't(l’t,h)}
h=1
where in second inequality above, we used the fact that Z; , = 0 (and thus Z; 5, = 1) for all h < hy, by
the definition of ;. Observe that the right hand side in the last inequality above is equivalent to the

term (72) in the bound on Tz above (where sum is now till h; instead of H). Thus, using the bound
in (73), we get that

Zt,ht].{zlh < ht : W*(Z't’h) * ﬂ—t(xt,h)} = 07
and thus
7 (@e,n) = (T ) for all h < hy. (76)

Next, let € > 0 be a free parameter, and note that plugging in the definition of h;, we get that the total
number of samples is bounded as:

T H
Ne=>">"Zs

t=1h=1

T
<H Z Zt,ht

t=1

T T
H Z Zt7ht]‘{$t7ht € XE} +H Z Zt,hgl{xt7hg ¢ XE}
t=1 t=1

T T
e
=H Z Zt,htl{xt,ht € X€} +H Z Zt,htl{xt,ht ¢ XE’ HAZth (xt7ht)H°° < Z}
=1 =1
I g
+H Y Zon Uwen, ¢ Xes |AT (2en) oo > 7}
t=1

=To +TD+TE7

where T¢, Tp and Ty are the first, second and the third term respectively in the previous line. We
bound them separately below.

e Bound on T¢. Fix any t < T. Using the relation in (76), note that 7* (x5, ) = m (24,5, for
all h < h;. Thus, the corresponding trajectories would be identical till time step h;, which
implies that x4 », = 27 ;. Using this property in the Tc, we get that

T
(TC)t =H ZZt’ht].{xt’ht € XE}

t=1
T *
=H Z Zt,htl{x?,ht € Xa}

t=

=

T H R
<H Z Z;Zt_’h].{x;h € Xs}

H
=H Z TEJH
h=1

where the last line plugs in the definition of 77 ,.
e Bound on Tp. First note that

(TD)t = Hl{QueIY(Ft,hz (-Tt,h,,)7 Atht (It7ht )) =1, QueIY(F*(It,ht)v 5]1) =0, 51[1p ] A;n(zt,ht) < 8/4}'
me[ M

In the following, we will show that all the conditions in the above indicator can not hold

simultaneously. First note that since Query(FtJLt (ze,h,)s Arp, (Ten, )) =1, there exists an

F such that

o~
il
—_
>
il

SelectAction(F(x¢p,))) # SelectAction(Fyp, (1h,)) 77)
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and

vme[M]: |F(zon)l:m] = Fon (2o )m]l < AT (2en,). (78)
On the other hand, recall that Lemma 21 implies that
Yme[M]: P (zon)lom] = Fon, (eon)[m]| < A (2en). (79)
Since, sup,, A, (z¢,n,) < ¢/, an application of Triangle inequality along with the bounds
(78) and (79) imply that
vme[M]: | F*(zn)[nm] - Fan)[mm]| < 247, (wn,) <e. (80)

But the above contradicts the fact that Query(F™* (.5, ),e1) = 0 since both F and F;
satisfy the norm constraints in the definition of Query, but we can not simultaneously have
that

SelectAction(F™*(x¢p,))) = SelectAction(F; p, (21.4,)) = SelectAction(F (z44,)),

due to (77). Thus, we must have that
(Tp)e=0

e Bound on Tg. We note that

T
Te<HY Zin H{|Avn, (2en,)]oo > /4}

t=1
T
=H Z tyhtl{zlm € [M] : A;T,Lht (wt;ht) > 6/4}
t=1
M T
<H Z Zt,htl{A?}ht ('It»ht,) > E/4}
m=1t=1
H M T
<SH Y >0 > Zenl{ AT, (w0) > 54},
h=1m=1t=1
where the last line simply upper bound the term for h; by the corresponding terms for all
h<H.
Using Lemma 22 to bound the term in the right hand side for each m € [M] and h < H, we
get that

320H\I/¢(f;;% )

(.FTYL , ; }: ,1M ) .
Gathering the bound above, we get that

H 20H H M
NTSHZTs,h 3 0
h=1 h=1m=1

V4 m m *,m
d)(fth) Qz(fha a h )

Plugging in the form of \Ilﬁ"’ (F3,T') and ignoring log factors and constants, we get that

H & & m m g pemy , MH
NT<HZTEh+ = };’ZIRegz‘f’(}'h ST - €(F s fr™) + SVES log(1/5)

Notice that ¢ is a free parameter above so the final bound follows by taking inf over all feasible ¢.
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