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Online machine learning systems need to adapt to domain shifts. Meanwhile, acquiring label at
every timestep is expensive. We propose a surprisingly simple algorithm that adaptively balances its
regret and its number of label queries in settings where the data streams are from a mixture of hidden
domains. For online linear regression with oblivious adversaries, we provide a tight tradeoff that
depends on the durations and dimensionalities of the hidden domains. Our algorithm can adaptively
deal with interleaving spans of inputs from different domains. We also generalize our results to
non-linear regression for hypothesis classes with bounded eluder dimension and adaptive adversaries.
Experiments on synthetic and realistic datasets demonstrate that our algorithm achieves lower regret

than uniform queries and greedy queries with equal labeling budget.
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1. Introduction

Domain shift, the difference between training and testing distributions, is a major bottleneck for many
machine learning applications (Kouw and Loog, 2018). Online learning is a classical framework to
deal with worst-case domain shift. In online learning, even though the data is assumed to be given
adversarially, strong regret bounds are attainable for many problems. So far, the practical deployments
of fully online learning systems has been somewhat limited, because labels are expensive to obtain.

Cesa-Bianchi et al. (2004b) study label-efficient online learning for prediction with expert advice.
Their algorithm queries the label of every example with a fixed probability, which achieves minimax-
optimal regret and query complexity for this problem. However, querying with uniform probability
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does not take into account the algorithm’s uncertainty in each individual example, and thus can be
suboptimal when the problem has certain favorable structures.

We aim to improve label-efficiency in online learning by exploiting hidden domain structures in
the data. We assume that each input is from one of m potentially overlapping domains. For each
input, the learner makes a prediction, incurs a loss, and decides whether to query its label. The regret
of the learner is defined as the difference between its cumulative loss and that of the best predictor
in hindsight. We assume realizability, i.e., there exists a predictor that is Bayes optimal across all
the domains. This is a reasonable assumption in modern machine learning, since features can be
high-dimensional (so that different domain may rely on different features), and models are often
overparameterized (Zhang et al., 2016). Our goal is to balance regret and query complexity: given a
fixed labeling budget, we hope to achieve a regret as low as possible.

We propose QuFUR (Query in the Face of Uncertainty for Regression), a surprisingly simple
query scheme based on uncertainty quantification. We start with online linear regression from R? to
R with an oblivious adversary. In the realizable setting, with additional regularity conditions, we
provide the following regret guarantee for QuFUR with label budget B: for any partition of [T into
domains, Iy, ..., I, if for every u in [m], the u-th domain S,, = {z; : t € I,,} has length T}, and
lies in a d,,-dimensional subspace of R¢, the regret is O((ETZl Vd,T,)?/B) (Theorem 2). !

When choosing m = 1 and I; = [T, we see that the regret of QuFUR is at most O(dT/B),
which also matches minimax lower bounds (Theorem 19) in this setting. The advantage of QuFUR’s
adaptive regret guarantees becomes significant when the domains have heterogeneous time spans and
dimensions. Using standard online-to-batch conversion (Cesa-Bianchi et al., 2004a), we also obtain
novel results in batch active learning for regression (Theorem 24). Furthermore, we also define a
stronger notion of minimax optimality, namely hidden domain minimax optimality, and show that
QuFUR is optimal in this sense (Theorem 3), for a wide range of domain structure specifications.

We generalize our results to online regression with general hypothesis classes against an adaptive
adversary. We obtain a similar regret-query complexity tradeoff, where the analogue of d,, is (roughly)
the eluder dimension (Russo and Van Roy, 2013) of the hypotheses class with respect to the support
of domain u (Theorem 6).

Experimentally, our algorithm outperforms the baselines of uniform and greedy query strategies,
in a synthetic experiment and two LIBSVM datasets (Chang and Lin, 2011).

2. Setup and Preliminaries
2.1 Setup

Let F = {f : X — [—1,1]} be a hypotheses class. We consider the realizable setting where
yr = f*(z) + & for some f* € F and random noise &;. The adversary decides f* € F before
interaction starts. &;’s are independent zero-mean, sub-Gaussian random variables with variance
proxy 72. The learner is given a label budget B. Foreacht =1,...,T"
1. x; is revealed to the learner.
2. The learned predicts 3, = ft(xt) using predictor ft € F, incurring loss (9; — ).
3. The learner sets a query indicator ¢; € {0,1}. If ¢; = 1, y; is revealed.

The performance of the learner is measured by its query complexity () = Z;le q¢ and regret
R = Zthl (9 — f*(z¢))?. By our realizability assumption, our notion of regret coincides with the

1. [n] :={1,...,n}; O and Q hide logarithmic factors.
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one usually used in online learning when taking expectations; see Appendix C. Our goal is to design
a learner that has low R subject to budget constraint () < B.
In the oblivious setting, the adversary decides the sequence {:L't}g;l beforehand. In the adaptive
setting, the adversary can choose x; depending on {x1:4—1, f1:4—1,&1:4—1}-
Some additional notations: For v € R? and PSD matrix M € R4, |jv||y; = Vo Mo.
For {zt}?zl C R, and S = {i1,...,in} C [T)], denote by Zg the n x [ matrix whose rows are

zZ, ce ziz. Define clip(z) := min(1, max(—1, z)) and 7 := max{1, n}.

2.2 Baselines

We first study linear regression with oblivious adversary, where F = {(z,0) : § € R% ||0]|» < C}.
Let the ground truth hypothesis be #*, and input space X C {z € R?: ||z|]s < 1, (z,6*) < 1}.

Uniform query is minimax-optimal with no domain structure As a baseline, consider the
algorithm that always queries and returns the regularized least squared estimator. It is known Vovk
(1990); Azoury and Warmuth (2001) that this fully-supervised algorithm achieves R = O(ﬁzd) with
@ = T'. Consider an active learning extension of the above algorithm that queries uniformly randomly
with probability u, and always predicts with the regularized least squared estimator computed on
all queried examples. We show that the uniform querying strategy achieves R = O(ﬁQ dT'/B) with
Q = O(B) = O(uT). As shown in Theorem 19, this tradeoff is minimax optimal if 7] is a constant.
Although this guarantee is optimal in the worst case, when the data has some hidden domain structure,
it is possible to achieve better regret guarantees, if the learner has access to domain information.

Oracle baseline when domain structure is known Suppose the learner knows: there are m do-
mains; for each v in [m], there are a total of T}, examples from domain v from a subspace of R? dimen-
sion d,,. In addition, for every ¢, the learner is given the index of the domain example x; comes from.
Then, for any example in domain u, the learner can query its label independently with probability
fiu € (0,1]. Within domain w, the learner incurs O (1, T},) queries and O (72d,, / j1,,) regret. Summing
over domains, its achieves a label complexity of O(>"" | 11, T,), and a regret of O(7 -, d/ piu)-
This motivates the following optimization problem: min,, > 7" | dy/ by, S.t. > ueq fuTu < B, o, €
[0,1],Vu € [m], i.e., we choose domain-dependent query probabilities that minimize the learner’s
regret guarantee, subject to its query complexity being at most B. When B < > | \/d, T, -
min, \/71,/d,, the optimal p,, is proportional to /d,/T,. This yields a regret guarantee of
O(7* (>, VduT,)?/B). Although this strategy may achieve much smaller regret than uniform
query (as (3, \/duTu)2 can be substantially smaller than d7'), it still has two crucial drawbacks:
first, it is not clear if this guarantee is always no worse than uniform querying, especially when
Yooty dy > d; second, the domain membership of each example is rarely known in practice. We
develop algorithms that overcome these drawbacks.

3. Active online linear regression: algorithms, analysis, and matching lower bounds

3.1 Main Algorithm: Query in the Face of Uncertainty for Regression (QuFUR)

We propose QuFUR (Query in the Face of Uncertainty for Regression), namely Algorithm 1. At each
time step ¢, the algorithm first computes 0;, a regularized empirical risk minimizer on the labeled
data obtained so far, then predict using f;(z) = clip((f, z)). It makes label queries with probability
proportional to a high-confidence upper bound of the instantaneous regret (§; — (9*, 2;))?, which
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Algorithm 1 Query in the Face of Uncertainty for Regression (QuFUR(«v))

Require: Total dimension d, time horizon 7', *’s norm bound C, noise level n, parameter «.
1. M «+ %I , queried dataset Q < ().
2: fort =1to7T do
3: Compute ét — M‘ngYQ.
Let f,(x) = clip((f;, z)) be the predictor at time ¢, and predict j; < f(2;).
Uncertainty estimate Ay <— 72 min{1, [|z,||,_, }.
With probability min {1, aA;}, set g; < 1.
if ¢ = 1 then
Query ys. M <+ M + ), Q «+ QJ{t}.

S A A

can also be interpreted as the uncertainty on z;. Intuitively, when the algorithm is already confident
about the current prediction, it will save budget for less certain inputs in the future.
QuFUR measures the uncertainty of x; using A; := 77 min{1, Hth?Wt_l}, where My = M\ +
Y ic o, J;ixiT, and Q; is the set of labeled examples seen up to time step t — 1. We will show in
Lemma 7 that with high probability, the squared loss on z; is at most O(At). QuFUR queries y;
with probability min {1, «A;} where « is a parameter that tradeoffs query complexity and regret.
Perhaps surprisingly, the simple query strategy of QuFUR can leverage hidden domain structure:

Theorem 1 Suppose the example sequence {xt}?zl has the following structure: [T'] can be parti-
tioned into m disjoint nonempty subsets {1, : u € [m]}, where for each u, |I,| = Ty, and {2},

2
lie in a subspace of dimension d,,. Suppose o € ﬁ% <Zu\}m) , ﬁ% MiNy,e (] % . If Algo-
rithm 1 receives inputs dimension d, time horizon T, norm bound C, noise level 1, parameter «, then,
with probability 1 — é: )
1. Its query complexity Q = O(7 - /oy, VduTy).
2. Itsregret R =07 - >, Vdu/Tu/\/ ).

The proof is deferred to Section A.1. A few remarks:

Novel notion of adaptive regret The above tradeoff is novel; it holds for any meaningful domain
partition. Our proof actually shows that for any (not necessarily contiguous) subsequence I C [T,
QUFUR has Q = O(7}-\/d;|I|-+/a) and R = O(j\/d;|I])/+/a within I, where d; is the dimension
of span({x; : t € I}). This type of guarantee is stronger than the adaptive regret guarantees provided
by e.g. Hazan and Seshadhri (2007), where the regret guarantee only holds for continguous intervals.

Matching uniform query baseline and minimax optimality Our tradeoff is never worse than the
uniform querying baseline; this can be seen by applying the theorem with the trivial partition {[7]}
yields Q = O(77v/adT) and R = O(7+/dT /). Therefore, same as the uniform query baseline, this
guarantee is also minimax optimal for constant 7, in light of Theorem 19 in Appendix A.6.

Matching oracle baseline. QuFUR matches the domain-aware baseline even without prior knowl-
edge of domain structure. Theorem 3 says that both are optimal in our problem formulation (within a
range of problem specifications).
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Fixed-cost-ratio interpretation. Suppose a practitioner decides that the cost ratio between 1 unit
of loss and 1 label query is ¢ : 1. The performance of the algorithm is then measured by its total cost
cR + Q. Theorem 1 shows that QuUFUR(«) balances ) ~ aeR. We show in Appendix B that QuFUR
with input o = ¢ achieves near-optimal total cost, for a wide range of domain structure parameters.

3.2 QuFUR with a fixed label budget

The bounds in Theorem 1 involve parameters {d,, Ty, }/"_;, which may be unknown in advance.
In many practical settings, the learner is given a label budget B. For such settings, we propose a
fixed-budget version of QuFUR, Algorithm 2, that takes B as input, and achieves near-optimal regret
bound subject to the budget constraint, under a wide range of domain structure specifications.
Algorithm 2 in A.2 is a master algorithm that aggregates over k = O(log T") copies of QUFUR(«).
Each copy uses a different value of « lying in an exponentially increasing grid {2¢ /72 : i = 0, ..., k}.
The grid ensures that each copy still has label budget B/k = €)(B), and there is always a copy that
takes full advantage of its budget to achieve low regret. The algorithm queries whenever one of the
copies issues a query, and predicts using a model learned on all historical labeled data. A copy can no
longer query when its budget is exhausted. The regret of the master algorithm is no worse that of the
copy running on a parameter «; that make (:)(B ) queries; this insight yields the following theorem.

Theorem 2 Suppose the example sequence {a:t}thl has the following structure: [T| can be parti-

tioned into m disjoint nonempty subsets {1, : u € [m]}, where for each u, |I,| = T,, and {x},, I,

lie in a subspace of dimension d,. Moreover, B satisfies B < O(>_, vVdu T Minyefm) v/ Tu/du)-
If Algorithm 2 receives inputs dimension d, time horizon T, label budget B, norm bound C| noise

level m, then, with probability 1 — §:

1. Its query complexity Q) is at most B.

2. Its regret R = O(7*(Y,, VduTw)?/B).

The proof of the theorem is deferred to Appendix A.2. We compare this theorem with the guar-
antees of the oracle baseline in Section 2.2: for any budget B € [0,0(>", v/du Ty min, /Ty /dy)],
Fixed-Budget QuFUR achieves a regret guarantee no worse than that of domain-aware uniform
sampling, while being agnostic to {d,,, T},}.._; and the domain memberships of the examples.

3.3 Lower bound

We showed domain structure-aware regret upper bounds of the form R = O(7%(3", v/duTy)?/B),
achieved by Fixed-Budget QuFUR and domain-aware uniform sampling baseline (the latter requires
extra knowledge about the domain structure and domain membership of each example). In this
section, we show via Theorem 3 that they are tight up to constants, for a wide range of domain
structure specifications. Its proof can be found in Appendix A.3.

Theorem 3 For a set of positive integers {(du,fl’u)}um:1 and B such that d, < T,,Vu € [m],
doue duy < d, B> 300 V/dyTy/ /minge ) Tu/dy, there is an oblivious adversary such that:
1. It uses a ground truth linear predictor 6* € R? such that ||0* ||z < V/d, and [(6*, ;)| < 1; the

noises {ft}thl are sub-Gaussian with variance proxy n* for any n > 1.
2. It shows examples in m domains, where domain u has dimension d,, and time span T,.
3. Any online active learning algorithm A with label budget B has regret Q((>.""_, \/d,T,,)?/ B).
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The above theorem refines the {2(d7"/ B) minimax lower bound (Theorem 19 in Appendix A.6);
it further constrains the adversary to present sequences of examples with domain structure specified
by {du, Ty}, - Theorem 3 subsumes the 2(d7"/B) lower bound by takingm = 1,d; =d, Ty = T.

Combining Theorems 2 and 3, if 1 < n < O(1), for a wide range of {d,,, T}, },,—, and budgets
B(.e., B/(3_, VduTu) € [\/ﬁaxu dy /Ty, \/ min, Ty, /d,]), the regret guarantee of Fixed-Budget
QuFUR is optimal; furthermore, the algorithm requires no knowlege on the domain structure. We
call this property of Fixed-Budget QuFUR its hidden-domain minimax optimality.

4. Extension to realizable non-linear regression with adaptive adversary

We generalize our algorithm to non-linear regression with adaptive adversaries, extending Russo and
Van Roy (2013).

Domain complexity measure Analogous to the dimension of the support in linear regression, we
use d, = dimZ (F, 1/T2), the eluder dimension of F with respect to domain u € [m] with support
X, C X. Formally,

Definition 4 An input x € X is e-dependent of on another set of inputs {x;}}'_; C X with respect

to Fifforall fi, fo € F, />y (fi(zi) — fo(2:))? < e = fi(z) — fa(z) <

Definition 5 The e-eluder dimension of F with respect to support X, dimiE (F,¢€), is defined as
the length of the longest sequence of elements in X, such that for some € > ¢, every element is
€’-independent of of its predecessors.

The above domain-dependent eluder dimension notion captures how effective the potential value
of acquiring a new label can be estimated from labeled examples in domain .

The Algorithm The master algorithm, Algorithm 4 in Appendix A.4, runs O(log T') copies of
Algorithm 3. Algorithm 3 queries with probability min {1, «A}. At round ¢, Algorithm 3 predicts
using the empirical risk minimizer ft on all queried examples. It constructs a confidence set F, so
that with high probability, the ground truth f* € F; for all ¢. The loss upper bound A, is the squared
maximum disagreement between two hypotheses in F; on x;. Therefore, with high probability, its
regret and query complexity are bounded by O(ZtT:1 Ay) and O(Zf:1 min {1, «A;}), respectively.

We bound the regret on domain u with R, = O(72d’, log N'(F, T2, || - ||oc)), where N'(F €, || -
|loo) is the e-covering number of F with respect to || - ||oo. We have the following theorem (proof is
in Section A.4).

Theorem 6 Suppose the example sequence {xt}thl has the following structure: [T| can be parti-
tioned into m disjoint nonempty subsets { I, : u € [m]}, where for each u, |I,| = T,, and {x},c I,

all lie in X,,. Given budget B < ?(Zu VR, T, min, M) Algorithm 4 satisfies: (1) Q < B;
(2) with probability 1 — 6, R = O((Y.,, vVRuT0)?/B).

5. Experiments

We test the query-regret tradeoffs of QuFUR, uniform queries (Section 2.2), and greedy queries (i.e.,
always querying until budget is exhausted) on a synthetic dataset, and LIBSVM datasets cpu-small
and Abalone (Chang and Lin, 2011). QuFUR achieves the lowest total regret under the same labeling
budget. See Appendix E for more details.
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Appendix A. Missing proofs
A.1 Proof of Theorem 1

We provide the proof of Theorem 1 in this section. We focus on regret and query complexity bounds
on one domain [,,, and sum over domain u to obtain Theorem 1. First some notations. Let the
interaction history between the learner and the environment up to time ¢t be H; and E;_;[-] :=
EH.CUt, Ht—l]-
The following lemma upper bounds the regret in a subdomain with sum of uncertainty estimates
2
Ay = 77* min {1, \\xt\]M;1}.
Lemma 7 In the setting of Theorem 1, Fix I C [T]. Then with probability 1 — I%tf’ the regret in
I C [T is upper bounded by 3, ;(§r — (0%, 24))? = O(X 11 Av).

Proof [Proof of Lemma 7]
Denote the value of M, Q at the beginning of round ¢ as M;, Q. Let A = 1/02, Vi=M— )\ =

Zsth xsx, . Therefore, 0, = Mt_l(zsegt TsYs) = Mt_l(V}H* + Zsth &sxs), and

(e, 0r — 07y = Y &) My ') — Ao M0, (1)
s€Qy

The first term is a sum over a set of independent sub-Gaussian random variables, so it is (o)2-sub-

Gaussian with 02 = > sco, xtTMtflxsx;thflxt < xtTMtflz:t. Define event

E, = Z fs(%TMt_le) < HWHMHM;l

s€Q

By concentration of subgaussian random variables, we have P(F;) > 1 — %. Define E; = Mycr E}.
By union bound, we have P(E}) > 1 — % We henceforth condition on £ happening, in which case

the first term of Equation (1) is bounded by 1+/1n (27°/0) || x| -t atevery time step .
Meanwhile, the second term of Equation (1) can be bounded by Cauchy-Schwarz:

)ij Mo

_ A‘<M;1/2xt, MY

< Azl 1107 ag-s < VAN lallell .

which is at most ||z -1, since [|6*[|2 < C'and A = 1/C?. Using the basic fact that (4 + B)? <
2A% +2B2,
(w0, 01) = (1, 07))* < (20* In (T1/') + 2) |} -

Since g = clip((z¢, 6;)) and|(z, 0%)| < 1,
(e — (0", ))? < min {4, (20210 (T1/8') +2) el |
t
2 / i 2
< (272 In (27/8') + 4) - min {1, ]2, - }

< O min {1, |2 -1 }) = O(A).
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Therefore, on event I, we have >, (9 — (0%, )% = O(Xc; Av). n

The following lemma bounds the sum of uncertainty estimates for k queried examples in a
domain:

Lemma 8 Letay,...,ay be k vectors in R Fori € [k], define N; = \I + Zz;ll aja;r. Then, for
any S C [k, > _;cgmin {1, ||a1|]i71} < In(det(A + Y ,cq aia; )/ det(AD)).

Proof [Proof of Lemma 8] We denote by N; s = Al + . c6.i<; 1 @50 j As S is a subset of [k],
we have that N; g < N;. Consequently, ||a;|| -1 < ||a;|| y— i Therefore,

det(M +
Zmin{l,uaiuivi_l} me{l H%HQ_I}Q (det%ff D

€S €S

where the second inequality follows from e.g. Lemma 19.4 of Lattimore and Szepesvari (2018). W

Proof [Proof of Theorem 1] Let p; = min(1, @A) be the learner’s query probability at time ¢; it is
easy to see that E;_1q; = py.
Let random variable Z; = ¢;/A;. We have the following simple facts:

1. Z; <72,
2. Ev1Zy = piAy,
3. Ev1Z} < i Ei1Zy < iPpilAs.

For u € [m], define event

T
Fo= S - S aad <o ané, | @
tel, tel, tely,

Applying Freedman’s inequality to {Z;},. 1,» We have that P(F,) >1— 2.
Similarly, define

3)

T T
Gu=3> p—> @ <O
t=1 t=1

Applying Freedman’s inequality to {q: },; , we have that P(G,) > 1 — %
Furthermore, define H = N}" , (Er, N F, N Gy,)), where Ej, is the event defined in the proof of
Lemma 7 on subset I,,. By union bound, P(H) > 1 — §. We henceforth condition on H happening.
By the definition of F,, Solving for Zte I, p:A¢ in Equation (2), we get that

Z ptAt == O~ Z tht + 772 . (4)

tely, tely,



ICML 2020 WORKSHOP ON REAL WORLD EXPERIMENT DESIGN AND ACTIVE LEARNING

Using Lemma 8 with {ai}le = Qr,and S = I, N Qr, we get that

Z @Ay <7 -Indet | I+ C? Z xtxtT

tel, tel,NQr
< 272dy In (1 +CT, /du) = O(if*dy,).

In combination with Equation 4, we have } ., pA; = O(i?dy).
We divide the examples in domain v into high vs. low risk subsets I,, 1 and I, _ (abbrev. I and

1_). Formally,
I+:{t€Iu,O£At>1}, I,:I*_Li,.

1. For every tin I, as p; = 1, label y; is queried, so

Z Ay = Z @A < Z aA = O(72dy).

tely tely tel,
Since for every ¢t in I, Ay > 1/a, we have 3 ,.; Ay > |I;|/a. This implies that
Yier, Pt = || = O(ai’dy).
2.Mn1,Y ;oA =Y il <3, peAr = O(i%dy). By Cauchy-Schwarz, and the
fact that|I_| < T,,, this implies >",.; A = O(7i/du T/ ).
Therefore, > e Pt = D yer. @t < O(iiy/ad,T,).

Summing over the two cases, we have

3 pe < O(aiifdy +iVad Ta), S Ay < O(iPdy + iiy/duTu /),

tely, tel,

Ifa< ﬁ% min,, %, for every u, we have, an?d, < 7jv/ad,T,. This implies that

Zpt < O(iv/ad,T,), Z At <O/ du T/ ).

tely, tely,

For the query complexity, from the definition of event Gy, applying AM-GM inequality on
Equation (3), we also have

m

T T m
Sau=0(Yp+1|=0(7> VadTu+1| =07 VadT.|.
t=1 t=1 u=1 U

=1

where in the last equality we use the assumption that o > ﬁQW.

For the regret guarantee, for every u € [m|, Lemma 7 with I = [,, implies that

> = (0% 2)? =0 [ Y A| =0(i/duTu/a).

tely tel,
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Algorithm 2 Fixed-Budget QuFUR

Require: Total dimension d, time horizon 7', label budget B, 8*’s norm bound C, noise level .
1: Number of copies k «— 4[log, T'].
2: fori =0tok do
3:  Parameter o; « 2¢/T2,
4: Initialize M < 231, Q < 0.
5: fort =1to7 do
Compute regularized least squares solution 0, « M1X ‘Qr Yo.

6
7: Let f;(z) = clip((f;, z)) be the predictor at time ¢, and predict §; < fi(z).
8
9

Uncertainty estimate Ay <— 7? min{1, [|z¢||3,_. }.
for i =0tokdo

10: if Y'"1 ¢¢ < | B/k| then

11: With probability min {1, a; A}, set ¢; = 1.
12: if >, ¢! > 0 then

13: Query yi. M < M + zpz), © + QUJ{t}.

Summing over all u € [m], we get

T m
S @G — (07, 20)? < O > VduTuf ).

t=1 u=1
The theorem follows. n
A.2 Proof of Theorem 2
Before going into the proof, we set up some useful notations. Define I = {O, 1,...,[log T]} as

the index set of the sub-algorithms. Recall the number of copies k = 1 + [4logT| < 2+ 4logT.
Recall also that B’ = B/ is the label budget for each copy.

Let pi = min(1,;A;) be the intended query probability of copy i at time step t; 7i ~
Bernoulli(p}) be the attempted query decision of copy i at time step t; A} = 1 [22;11 S B/] ,i.e.
the indicator that copy ¢ has not reached its budget limit at time step t. Using this notation, the actual
query decision of copy i, gi, can be written as r} AL,

We have the following useful observation that gives a sufficient condition for copy 7 to be within
its label budget:

Lemma 9 Giveni € [k], if Y1, Alri < B, the following items hold:
1YL ri<B.

2. Forallt € [T), Al = 1, i.e. copy i does not run of label budget throughout.

10
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Proof Suppose for the sake of contradiction that Zt 74 > B'. Consider the first B’ occurrences
ofrj = 1;call them J = {j1,...,jp }. It can be seen that forall j € J, A} =1

ZAtTt>ZA =[] =

jedJ

which contradicts with the premise that 3., Airi < B’
The second item immediately follows from the first one, as Zj 1 7“3» < B’ implies that

Z§ i 7% < B'forevery t € [T. [ |

Complementary to the above lemma, we can also see that for every i € [k], S, Alri =

Zthl qi < B’ is trivially true. We next give a key lemma that upper bounds Zthl Alri for all i’s
beyond the above trivial B’ bound.

Lemma 10 There exists a constant C' = polylog(T, ) such that with probability 1 — 9,

T T
S AN < Ci Y VAT o, and Y Ajri < C- n\/ozz Vdu Ty,
t=1 u t=1

foreveryi € {} such that o; €

2
1 1 . Ty
7 (z m) » 2 e lm] du] :
Proof Applying Freedman’s inequality to the martingale difference sequence { Ai(ri — pi)}L,, we
get that with probability 1 — §/4,
D Ari=0> Api+1]. )
t=1 t=1

Applying Freedman’s inequality to { AL(ri — pi)A41[t € I,]}_;, and take a union bound over
all u € [m], we get that with probability 1 — &',

D ADA =0 | Y AriA + i
tel, tel,

Using Lemma 8 we get that, deterministically, >, AjriA; <>, cp gy = O(7?dy). So with
probability 1 — ¢,

> AlpiAy = O(ifdy). (6)

tely,

Let I ={jel,,a;A; >1},and I_ =1, — I,.
1. In I}, by Equation (6), 3./, A Aj = O(7?d,) = > jels Aépé- = O(aii?dy).

11
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2. I{l I_, by Equation (6), with probability~1 =0 Y ier. A;aiA§ = YL A;-ijj —
O(7*d,,); this implies > el A;Aj = O(n/duTu/;). If this event happens, we also
have 3=, Ajpy = Yje; Ajoild; = O(iv/du o).

Summing over the two cases, we have

Z Atpt < O 0”7 d + 7’ V azd T Z AiAt < O(ﬁQdu + ﬁ V duTu/ai)a

tel, tely,

If o < 2 7 miny d“, for every u, we have, o;7°d,, < 7jv/ad, T,. This implies that
> Alpl < O(iveuduTy), > AN < O/ du T/ ai).
tel, tel,

Therefore, using Equation (5), we have

T
ST Al <O [ S Aipi+ 1) < O euid Ty +1) < 0@y cidTy),
1

tely t=

2
where the last inequality uses the assumption that o; > ﬁ% <Zu\}m> . The lemma follows.
|

We are now ready to prove Theorem 2.
Proof [Proof of Theorem 2] First, the query complexity of Fixed-Budget QuFUR is B by construc-
tion, as there are k copies running, and each copy consumes at most B’ labels.

We now bound the regret of Fixed-Budget QuFUR. If B < 1, the regret of the algorithm is
trivially upper bounded by 47", which is O((>_1"_, V/d, T,)?/ B).

Thus throughout the rest of the proof, we consider B € [1,0(3", VduTu minyepm) v/ Tu/du)]-

Denote by

m
ip=maxqi€l:Ciyo;» dT,<B
u=1
By the construction of i, and the assumption that B € [1, ), v/dy Ty minyepy,) +/Tu/du], we have
B %
- < Ciiy/aig ¥ V/duTy < B
u=1

This implies that,

2 2
B’ B’

12
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Again by our assumption on B, we deduce that

c 1 1 | 7
& S |l =7 )= mn —
B ﬁ2 Zu V duTu 772 u€lm] dy

Therefore, the premises of Lemma 10 is satisfied for ¢ = ip; this gives that with probability 1 — §:

T
D APN <CHi Yy VAT, ®)
t=1 u
and
T .
D AP < C o, YV duT )
t=1 u

Now from Equation (9) and the definition of i 5, we have
T . .
Y AP < C-iyai, Y \/duT, < B.
t=1 U

From Lemma 9, we know that for all ¢ in [T, AiB = 1. Plugging this back to Equation (8), we have

T T
A=) APA
t=1 t=1
<C-7)  VdTu/ai,
-6 <<2u vsum?) |

where the second inequality is from the lower bound of «;,, in Equation (7).
Combining the above observation with Lemma 7 on I = [T] gives that

T i T ] ,
R=3 (6 —{0"20))* = O()_A) =0 (W) .

t=1 t=1

A.3 Proof of Theorem 3

Proof Foru € [m]and i € [d,], define ¢, ; = es~u- where e; denotes the j-th standard basis

L dy+i2
of R?. It can be easily seen that all ¢, ;’s are orthonormal. In addition, for a vector 6 € R?, denote

by usi = Ot g, 4

For task u, we construct domain X, = span(cy; : i € [d,]). The sequence of examples shown by
the adversary is the following: it is divided to m blocks, where the u-th block occupies a time interval

13
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I, =221 T, +1, 3", T,]; Each block is further divided to d,, subblocks, where for i € [d,, — 1],
subblock (u, 1) spans time interval I,,; = [S.“_1 T}, + ( [T, /d |+ 1,5 T, 4 0| T/ du ],
and subblock (u, d,,) spans time interval I, 4, = [YV21 Ty + (dy — 1) [ Tu/du | + 1,021 Ty + T
At block u, examples from task u are shown; spemﬁcally, for every ¢ in I, ;, i.e. in the (u,)-th
subblock, example c,, ; is repeatedly shown to the learner.

We first choose 6* from distribution Dy, such that for every coordinate j € [d], 67 ~ Beta(1,1).
Given 0*, the adversary reveals labels using the following mechanism: given xy, it draws y; ~
Bernoulli({#*, z;)) independently and optionally reveals it to the learner upon learner’s query.
Specifically, given 6%, if t € I, ;, y¢ ~ Bernoulli(&ii). Denote by N, ;(t) = Zselu .s<t Qs the
number of label queries of the learner in domain (u, 7) up to time ¢. Because the learner satisfies a
budget constraint of B under all environments, we have

m dy
E Z N..(T)| 07| <B.
u=1 i=1
Adding 23" | d,, on both sides and by linearity of expectation, we get

m  dy

S E[W +2)19]<B+2Zd < 3B. (10)

u=1 i=1 u=1

On the other hand, we observe that the expected regret of the algorithm can be written as follows:

Reg(T) =E | ) Zyt ,
Iy,

u=1 i=1 te
where the expectation is with respect to both the choice of 6* and the random choices of A.
We define a filtration {ft}t 1» Where F; is the o-algebra generated by { (s, qs, ysqs)}

du

s=1’
which encodes the informative available to the learner up to time step ¢.! We note that ; is F;_1-

measurable. Denote by N7 (1) = ",/ o<y ¢s - 1 (ys = 1), which is the number of 1 labels seen

on example ¢, ; by the learner up to round ¢ — 1. Observe that both N7 (¢ — 1) and N, ;(t — 1) are
JFi_1-measurable. 7

Observe that conditioned on the interaction logs (x, Qs, ysqs) o— 1, the posterior distribution of
0y ; is Beta(1 + qu’l( 1),14+ Nyi(t—1) — NJr ;(t —1)). Therefore, define random variable

. 1+N+
9, =E [9:1- \ .7-}_1} N, We have by bias-variance decomposition,

E [ — 6u)° | ;H] =E (57 — 0507 | Fia] + (30— 30
>E {(@f - 9:,1‘)2 | ]:tfl}
Summing over all time steps, we have

m  dy

Reg(T) > E ZZZ

u=1i=1tel, ;

1. We use ysqs to indicate the labeled data information acquired at time step s; if ¢s = 1, ysqs = ys, in which case the
learner has access to label y,; otherwise gs = 0, ysqs = 0, in which case the learner does not have label y; available.

14
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On the other hand, from Lemma 11, we have for all t € I, ;,

. . 16;,)
E (- 05.% | u,<T>e}zz(Nuyi(T)+2),

where f(v) = min(y - (1 —7), (2y — 1)2).
By the tower property of conditional expectation and conditional Jensen’s inequality, we have
Nyi(T) + 2 ~ 2(E [Nug(T) | 0] +2)

E[(5 — 6u0)? | 67] > E

Summing over all ¢ in I, ;, and then summing over all subblocks (u, ) : u € [m],i € [d,], we have

m  dy

E [Reg(T) ZZZ [yt—euz |9*}

u=11i=1tel,;

m  dy T /d (9* )

_ZZ \0*]+2)

ulzl 7“

m T/d 105)
222 SE NG 0] 72

an

ulzl

Combining the above inequality with Equation (10), we have:

m  dy m  dy
3B-E [Reg(T) | 60"] > [ Y > T/d RACY ADD CE[(Nu(T) | 67] +2)
u:12:14 )’9 u=li=1
1 m  dy
10> (¢Tu/du-\/f<e:;,i>)
u=1 i=1

where the second inequality is from Cauchy—Schwarz Now taking expectation over ¢, using Jensen’s
inequality and Lemma 12 that E, / f (6} ;) > =, and some algebra yields

2

( T./4. E| fw:;,i)]) > Zwﬁ

m  dy
3B - ]E[Reg Z

u=1 i=1

l\.')M—t

In conclusion, we have

( u 1 Z 1V T /d )

7500 - B
As the above expectation is over #* chosen randomly from Dy, there must exists an 6* from
supp(Dy) = [0, 1]¢ such that

EReg(T) >

S VT

7500 - B

E [Reg(T) \ 9*] > (

15
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holds. This #* has ¢, norm at most 2?21(0;‘)2 < V. [ |

Lemma 11 Iftisin I, ;, then

- * 105.2)
B[ = 000" | NuaD)0°] 2 5

where f(v) = min (y(1 — ), (2y — 1)?).

NS, LN
= N, = TFm , where

N;’ , can be seen as drawn from the binomial distribution Bin(m, 6,,;). Therefore,

Proof We condition on N, ;(T') = m, and a value of §*. Recall that y;

E |57 — 03,)% | Nug(T) = m, 0°]

=K (m —0,.)" | Nui(T) =m,0
S mby(1—0,,) (205 — 1)
- (m+2)? (m +2)?
m+1 f(0u)
. > )
~(m+ 2)2f(9“”) ~2(m+2)

Lemma 12 Suppose Z ~ Beta(1,1). Then E\/f(Z) > %

Proof We observe that

VD)= [ VIGEz [ | VG

5'5

Now, for all z € [%, %], VI(z) >4/ % = %, which implies that the above integral is at least % |

A.4 Proof of Theorem 6

First, we clarify that in the setting of Theorem 6, we require that the partition {Iu fu € [m] } to have
a properties that we call admissibility.

Definition 13 The partition {I,, : u € [m]} is called admissible, if uy = {u : t € I,,} is only depen-
dent on the interaction history up to t — 1 and unlabeled example x; formally, uy is o(Hy—1, xt)-
measurable.

16
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Recall that we define
B = 81 log (AN(F, 1/T°, | - [l20)/8) + 2k/T*(16 + \/20? In (16k2/2))

and
Ty . ~ _
Ry = 2 + dmin(d), T,) + 4d,rIn T, = O <n2d; log N (F, T2, | - ||OO)) .

Analogous to Theorem 1, the following theorem provides the query and regret guarantees of of
Algorithm 3.

Theorem 14 Suppose the example sequence {CUt}thl has the following structure: [T has an admis-
sible partition {Iu tu € [m]} where for each u, |I,,| = T,, and the eluder dimension of F w.r.t.
{wt}ieq, is dy,. Suppose o > n? MaXy ¢ L/ Tu. With probability 1 — 6, Algorithm 3 satisfies:

1. Its query complexity Q = O(7} - vad o, VRJTy).

2. Its regret R = O(i1 - 3., VRuTu) /v .

We shall prove Theorem 6 directly below; the proof of Theorem 14 follows as a corollary, us-
ing the same argument in the proof of Theorem 2; we note that the admissibility assumption on
{I,, : w € [m]} ensures that {A}(r; — p})1[t € I|}_, and {Aj(r] — p})A1[t € I]}L; are still
martingale difference sequences in our proof.

Proof [Proof of Theorem 6] We focus on proving the analogues of Lemma 7 and Lemma 8; and the
rest of proof follows the same argument as the proof of Theorem 2.

Lemma 15 (Analogue of Lemma 7) With probability 1 — §/2, R < Zthl JAVS

Proof Recall that the confidence set at time t is F; = {f € F : D> .o, (f(w:) — fi(z)? <
Bg,|(F,9)}. By Russo and Van Roy (2013, Proposition 2), we have that with probability 1 — /2,
f*e Fforallt € [T]. )

Meanwhile, if f* € F, forallt € [T, (fi(ze)— f* (1)) < supfhhejct(fl(gvt)—fg(:vt))2 = A;.
This implies that the regret is bounded by R < Zthl JAVE |

Lemma 16 (Analogue of Lemma 8) Zte I G At < Ry,

Proof Let k =|I, N Qr| and write d = d), as a shorthand. Let (D1, ..., D) be {A;: t € [, N Qr}
sorted in non-increasing order. We have

k k k
S A=Y D= DjaD; <114+ DD, > 1/TY.
teluNQr Jj=1 J=1 Jj=1
Clearly, Y°¢_, D;1[D; < 1/T4] < %y
We know for all j € [k], Dj < 4. Inaddition, Dj > €* <= >,/ 1o 1[A; > €?] > j. By
Lemma 17 below, this can only occurif j < (437/€%+1)d. Thus, when D; > €2, j < (487/e*+1)d,
which implies e < 4]./3_—Tj. This shows that if D; > 1 /T4, D; < min {4, 4]6_T dd}. Therefore
>, DD, > 1/TY < 4d+ 35, 54 < 4d+4dBrlog T,

17



WORKSHOP ON REAL WORLD EXPERIMENT DESIGN AND ACTIVE LEARNING

Consequently,

T
> aAi= > A;<min {4Tu, T +4d, +4d, Br logTu} < R,.

tel, tel,NQr

The following lemma generalizes Russo and Van Roy (2013, Proposition 3), in that it considers a
subsequence of examples coming from a subdomains of X'. We define dim}z as the eluder dimension
of F with respect to support {x; : ¢ € I}. It can be easily seen that dim]flfju < dimf .

Lemma 17 Fix IA C [T If{B > ()}th1 is a nondecreasing sequence and F; := {f € F :
>icg, (flzi) — Je(xi))? < B, |(F,0)}, then

6T . B
Ve > 0, Z 1A, > €2 7+1 dimy (F,e).

teINQr

Proof Let k = [INQr|, (a1,...,ar) = (z¢ : t € 1N Qr), and (by,...,bx) = (A : t €
I N Qr). First, we show that if b; > €2 then a; is e-dependent on fewer than 457/ €2 disjoint
subsequences of (a1, ...,a;_1), for j < k. If b; > €2 and a; = x4, there are fi, fo € F; such
that fi(a;) — fa(a;) > e. By definition, if a; is e- dependent on a subsequence (a;,,...,a;,)
of (a,...,a;—1), then >0, (fi(a;) — fa(a;,))* > €. Thus, if a; = z; is e-dependent on K
subsequences of (a1, ...,a;j-1), then > ..o (fi(w:) — fg (7;))? > Ke2. By the triangle inequality,

S (A) = foz)2 < D (falw) @))2+ [ (falws) — f(2:))? < 2/Br.

1€Qt 1€Qy 1€Q¢

Thus, K < 4871/€>.

Next, we show that in any sequence of elements in I, (ci,...,c;), there is some c; that is
e-dependent on at least 7/d — 1 disjoint subsequences of (cy, ..., cj_1), where d := dim¥ (F, ).
For any integer K satisfying Kd + 1 < 7 < Kd + d, we will construct K disjoint subsequences
Cy,...,Ck. Firstlet C; = (¢;) for i € [K]. If cx41 is e-dependent on C1, ..., Ck, our claim
is established. Otherwise, select a C; such that cx 1 is e-independent and append cx 41 to Cj.
Repeat for all j > K + 1 until ¢; is e-dependent on each subsequence or j = 7. In the latter case
> |Ci] > Kd, and |C;| = d. In this case, ¢, must be e-dependent on each subsequence, by the
definition of dim?¥ .

Now take (cy, ..., c;) to be the subsequence (a¢,,...,a, ) of (ai,...,ax) consisting of ele-
ments a; for which b; > 2. We proved that each a, is e-dependent on fewer than 437/ €2 disjoint
subsequences of (a1, ...,at;—1). Thus, each c; is e-dependent on fewer than 457/ €2 disjoint sub-
sequences of (ci, ..., cj—1). Combining this with the fact that there is some c; that is e-dependent
on at least 7/d — 1 disjoint subsequences of (ci,...,cj_1), we have 7/d — 1 < 487 /€% Thus,
T < (481/€* + 1)d. [ |

18



ICML 2020 WORKSHOP ON REAL WORLD EXPERIMENT DESIGN AND ACTIVE LEARNING

Algorithm 3 QuFUR(«) for Nonlinear Regression

Require: Hypothesis set F, time horizon 7', parameters «, 9, 7).

1:
2:
3:

R A A

Labeled dataset Q «+ .
fort =1toT do
Predict ft — argminfe; Zieg (f(zs) = yi)2-
Fi e {f € F: Yo (f(@i) = fe(x:)? < Bio(F,6)}
where 8, := 8n%log (4N (F,1/T?,| - ||ls0)/d) + 2k/T?(16 + /2n% In (16k2/5))
2
Ay = Supfl,fzeft’fl(iﬂt) - f2($t)’ .
With probability min {1, aA}, set ¢; = 1; otherwise ¢, = 0.
if ¢ = 1 then
Query y;. Q + QU{t}.

Algorithm 4 Fixed-budget QuFUR for general function class

Require: Hypotheses set F, time horizon T, label budget B, parameter d, noise level 7.

1:
: Number of copies k < 4[logy T'].
: fort =0tokdo

10:
11:
12:

2
3
4
S:
6
7
8
9

Labeled dataset Q < 0.

Parameter o; + 2¢/T2.
fort =1toT do
Predict ft ¢ argmin e x ZiEQ (f(x:) —yi)%
Confidence set F; < {f € F : ZiGQ (f(x;) — f(a:z))2 < Bjg|(F, 5},

. where 3y := 8n?log (AN (F,1/T2, || - |0c)/S) + 2k/T?(16 + /2n%In (16k2/5))

Uncertainty estimate Ay = supy, p,ecr, !fl (x¢) — folzy) |2.
for i =0to k do
if Y/~ ¢! < | B/k] then |
With probability min {1, a; A}, set g; = 1.
if >, ¢! > 0 then
Query y;. Q + QUU{t}.

A.5 Analysis of uniform query strategy for online active linear regression with oblivious

adversary

Theorem 18 With probability 1 — 6, the uniformly querying strategy with probability p achieves
R = O(i7*d/u) and Q = O(uT + 1).

Proof [Proof sketch] Let §' = §/3.

AsQ = Zthl ¢+ 1s a sum of 7" independent Bernoulli random variable with mean p, by Chernoff

bound, @ = O(uT + In }) with probability 1 — &

We still define A = 7” min{1, [[z] . }.
t
Using Lemma 8 with {a;,}*_ | = {z;}__ |, and S = Qr, 3, @A = O(7%d). Let Z; = qiA;.

We have Z; < A; < 72, By_1Z; = ul\¢, and Et_lZf < PP ud\. Applying Freedman’s inequality,
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with probability 1 — ¢,

ZMAt thAt—O ] ZuAtln (InT/8") +7*In (InT/48"))

= ZAt O(id/ ).

In addition, applying Lemma 7, with probability 1 — ¢,

:OZA,: = 2d/ﬂ)

Union bound over the three events above completes the proof. |

A.6 Lower bound for unstructured domains

We have the following lower bound in the case when there is no domain structure.

Theorem 19 For any set of positive integers d,T', B such that d < T and d < B, there exists an
oblivious adversary such that:

1. it uses a ground truth linear predictor 0* € R? such that ||6*|]2 < V/d, and| (0*, l‘t>‘ <1

2. any online active learning algorithm A with label budget B has regret at least 7500 5

Proof This is an immediate consequence of Theorem 3, by setting m = 1, d; = d, T1 = T, and the
label budget equal to B. |

Appendix B. The c-cost model for online active learning

We consider the following variant of our learning model, which models settings where the cost ratio
between a unit of square loss regret and a label query is c to 1. In this setting, the interaction protocol
between the learner and the environment remains the same, with the goal of the learner modified to
minimizing the total cost, formally C' = ¢R 4 (). We call the above model the c-cost model. We will
show that Algorithm 1 achieves optimal cost up to constant factors, for a wide range of values of
and c.

Theorem 20 For any set of positive integers { (d.,, Tu)}u suchthat d,, < T,,Yu € [m]; >0 | dy,

d

d; cost ratio ¢ > max,, *; real number 1) > 1; there exists an oblivious adversary such that:

1. it uses a ground truth linear predictor 6* € R? such that ||0* |2 < V/d, and|(0*, z4)| < 1; in
addition, the subgaussian variance proxy of noise is n>.

2. it shows examples in m tasks, where the examples from task v has dimension d,, and the
duration of task w is T},.
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3. any online active learning algorithm A has total cost ) (ﬁ (X \/duTu)).

Proof Consider any algorithm .A. Same as in the proof of Theorem 3, we will choose 6* randomly
where each of its coordinates is drawn independently from the Beta(1, 1) distribution, and show the
exact same sequence of instances {xt}thl and reveals the labels the same say as in that proof. It can
be seen that the 7;’s are subgaussian with variance proxy 1, which is also subgaussian with variance

2
proxy n-.
As A can behave differently under different environments, we define E [Q ] 9*} as A’s query
complexity conditioned on the adversary choosing ground truth linear predictor 6*.
We conduct a case analysis on the random variable E [Q | 6*] :

1. If there exists some 6* € [0,1]4, E [Q | 6*] > /¢ (Zum:1 \/duTu>, then we are done: under

the environment where the ground truth linear predictor is 6%, the total cost of A, E [C’ | 9*} ,

is clearly at least E [Q | 9*} >0 <\ﬁ (ZT:l duTu)>.

2. If forevery 0% € [0, 1]L, E [Q | %] < /¢ (Zum:1 \/duTu), A can be viewed as an algorithm
with label budget B = /¢ (Zum:1 \/duTu>. By the premise that ¢ > max,, %, we get that
B>Y" Vd, T, - % =Y, dy. Therefore, from the proof of Theorem 3, we get that

there exists a 0* in [0, 1]%, such that

E[R| 0] > Vbl w >0 \2 (Z \/duTu> ,

which implies that the total cost of .4, under the environment where the ground truth linear

predictor is 0%, E [C' | %], is atleastc- E [R | 6*] > Q <\ﬁ (Zu \/duTu)>.

In summary, in both cases, there is an oblivious adversary that uses 6* in [0, 1]d, under which A has

a expected cost of <\/E (Eu \/duTu>) ) [ |

In the theorem below, we discuss the optimality of Algorithm 1 in the c-cost for a range of
problem parameters.

m

Theorem 21 Suppose 1 < n < O(1); in addition, consider a set of {(Ty,dy)}

min,, T, /d, > n. Fix ¢ € [max, %, 77% min,, %} We have

such that

u=1’

1. Under all environments with domain dimension and duration {(T,, d.,) }um:r such that ||0*]] <

C and maxg |7y ’ (0, aztﬂ < 1, QuFUR(c) (with the knowledge of norm bound C') has the
guarantee that

C§O<ﬁ-;m>,
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2. For any algorithm, there exists an environment with domain parameters {(Tu7 dy) }21:1

that ||6*|| < V/d and maXtE[T]RQ*,J:tH < 1, under which the algorithm must have the
following cost lower bound:

such

Czﬂ(ﬁ-zu:ﬂ),

Proof We show the two items respectively:

1. As ¢ < 7% min, %, applying Theorem 1, we have that QuFUR(c) achieves the following

regret and query complexity guarantees:
Q < VO VTudy), R<OY  /Tudu/Ve).

This implies that

C=cQ+R<OY VTudy-\e)=0(ec- Y VTud).

2. By the premise that ¢ > max,, %, applying Theorem 20, we get the item.

Appendix C. Clarification of regret definition

Recall that in the main text, we define the regret of an algorithm as R = Zle (9t — f* (). This is

different from the usual definition of regret in online learning, which measures the difference between

the loss of the learner and that of the predictor 6*: Reg = 321 (5 — y)? — Yoo (f* (z¢) — we)2.
We show a standard a result in this section that the expectation of these two notions coincide.

Theorem 22 E[R]| = E[Reg].

Proof Denote by F;_; be the o-algebra generated by all observations up to time ¢ — 1, and x;. As a
shorthand, denote by E;_1[-] = E[- | Fi_1].
Let Z; = (?)t — yt)2 — (f*(l‘t) — yt)2; we have
Bi1Z =B (G — S (@) + f*(@0) = ) = (F(20) = w)?]
= Eu [(F* (@) = 500 + 205 — £ (20)(F* (20) = w0)]
= (f*(xt) = %)°

where the last inequality uses the fact that E;_; (f*(z¢) —y:) = 0 and ¢ — f*(x¢) is F¢—1-measurable.
Consequently, EZ; = E(f*(x;) — §:)2. The theorem is concluded by summing over all time steps ¢
from1to 7. |
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Appendix D. Online to batch conversion

In this section we show a straightforward result on online to batch conversion in active learning
setting.

Theorem 23 Suppose online active learning algorithm A sequentially receives a set of iid examples

(¢, yt)g;l drawn from D, and at every time step t, it outputs predictor f; : X — Y. In addition, sup-

pose l : Y xY — Ris aloss function. Define regret Reg = Z?:l O(fi(z0), ye) —Z?zl 0(f*(x), yt),
and define Up(f) = By y)-pl(f(z),y). I E [Reg] < Ro, then,

* RO
E By itorm(is, oy 0] — E0(S") < 22

Proof As Reg = ZtT:1 f(ft(ﬂﬁt), Yt) — ZtT:1 O(f*(zt), yt), We have

T

T
Ry > E[Reg] = ZE [Ep(ft)} —-E Zf(f*(ﬂﬂt)ayt)
=1

t=1

T
=7 (438 [10(0)] - Bt 010
t=1

The theorem is proved by dividing both sides by 7" and recognizing that % Zle E [E D ft)} =
|

-----

Combining Theorem 23 with Theorem 2, we have the following theorem on fixed-budget QuUFUR
(Algorithm 2) when run on iid data with domain structure:

Theorem 24 Suppose the unlabeled data distribution Dx - a mixture Dx = " | py Dy, where D,
is supported on a subspace of R? of dimension d,, - intersects with the set {x : ||z||2 < 1,[(6*, z) ‘ <1}
The conditional distribution of y given x is y = (0%, x) + & where  is a subgaussian with variance

2 . . . B Inm
roxy n*. In addition, suppose integers B, Ty satisfy Tp > € | max .
proxyn pp g o satisfy To = S Vi pa-mmin B i

If Algorithm 2 is given dimension d, time horizon I’ > Ty, label budget B, norm bound C, noise
level 1) as input, then, with probability 1 — 6:

1. It uses T unlabeled examples.

2. Its query complexity QQ is at most B.

3. Denote by £(3),y) = () — y)? the square loss. We have,

(772(Zu V dupu)2

E Efwuniform(fl,...fT)gD(f)] - gD(f*) <0 B )

Proof [Proof sketch] From Theorem 23 it suffices to show that

772T ) (Zu V dupu)z
B

E[Reg] < O( )-
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By Theorem 22, E [Reg] = E [R], it therefore reduces to showing that

T - (2, Vdupu)®
B )

We first show a high probability upper bound of R. Given a sequence of unlabeled examples
(xt)?zl, we denote by S, the subset of examples drawn from component D,,, and denote by T, the
size of S,,. From the assumption of D,,, we know that .S,, all lies in a subspace of dimension d,,.

First, from the assumption that 7' > Ty > Q(minlu o), we have that by Chernoff bound, with
probability 1 — %, for all u, T, € [T'py/2,2Tp,]. We call the set of unlabeled examples good.

Conditioned on a set of good unlabeled examples, we have that

B <O(T- Z Vdupu m&n VPu/dy) < O(Z Vd, T, mgn VT /dy).

E[R] <O(

Therefore, applying Theorem 2, we have that conditioned on a good sample, with probability 1 —

™
over the draw of (y;)L_;,

R <O ) < O )-

Combining the above two equations, we conclude that with probability 1 — %,
=2 ST )2
B
Observe that with probability 1, y; € [—1,1] and (0*, ;) € [—1, 1]. Therefore, R = Zle(gt -
(0*,24))* € [0,4T). Hence,

T - 2 A2 2
BIR| < (1 - ) O( L VRny | 2y oL (R VA

The theorem follows. [ |

- (> v d,T,)? 0T - (>u v dupu)®
B B

Appendix E. Additional experimental details

Datasets We create a synthetic dataset with 20 domains. Each domain has either 7, = 100 and
dy = 6, orT,, = 50 and d,, = 3. Inputs from each domain spans a random subset of d,, out of d = 40
dimensions, with potential overlap between domains. #* is a random vector on the unit sphere in R¢,
as are x;’s from domain u in R%. Noise &’s are iid zero-mean Gaussian with variance n2 =0.1.

We also experiment on two real-world LIBSVM datasets (Chang and Lin, 2011) cpu-small and
Abalone. cpu-small uses 12 features, such as system reads/writes per second, to predict portion of
time that cpu runs in user mode. Abalone uses 8 features (physical measurements) to predict animal
ages.

Algorithms We run QuFUR(«) for € [1/400,400] and uniform queries with probability p €
[0.01, 1]. Figure 1 shows that QuFUR achieves the lowest total regret under the same labeling budget
across all 3 datasets. Notably, QuFUR’s advantage is more significant on cpu-small. We conjecture
that this task has underlying domain structure, as different CPU usage modes may be predicted
from a subset of metrics. QuFUR potentially exploits this latent structure without knowledge of its
existence.
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Synthetic CPU_small Abalone
240
—— Greedy 800 —— Greedy —— Greedy
50 Uniform queries Uniform queries 220 Uniform queries
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® 200
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= g 500 g
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= 30 400
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300
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Figure 1: Total regret vs. total number of queries in synthetic dataset (left), cpu-small dataset

(middle), and Abalone dataset (right), averaged across 5 runs. QuFUR is best and has more advan-
tage on cpu-small potentially due to latent domain structure, whereas Abalone is more homogeneous.
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