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Abstract

In this report we discuss the sleeping experts problem, a variant of online allocation where
only a subset of the experts E; C [N] are available at each time step ¢. We compare the
two main benchmarks for regret bounds: one based on the best ranking of experts, and one
based on the best mixture of experts. We prove these benchmarks are equivalent in general,
and the proof illuminates a fundamental connection between sleeping experts and Plackett-
Luce models, a well-studied statistical model for rankings. We also demonstrate that the
best-ordering loss is NP-hard to compute. Furthermore, we develop the first beyond-worst-
case regret bounds for sleeping experts, replacing the dependence on the number of rounds
with the cumulative variance of the losses over T rounds.
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1 Introduction

Learning with experts and multi-armed bandits are prototypical online learning problems.
The key difference between the two lies in the information revealed to the learner: in the
former, the learner sees the loss of every action, whereas in multi-armed bandits, the learner
sees only the loss of the chosen action. Against an oblivious adversary, the former can be
solved with O(y/T'log N) regret by the Hedge algorithm (Littlestone and Warmuth, 1994).
The latter can be solved with O(y/TN log N) regret by EXP3. Both algorithms are random
and hence the regret bounds are in expectation.

In this report, we study the sleeping experts problem, another partial-information vari-
ant of learning with experts. The complication here is that every day, only a subset E; C [N]
of experts are observed and available to play. It is not immediately obvious how to define
a regret benchmark in this set-up: comparing experts directly would be inappropriate be-
cause some may play for many more rounds than others. Comparing mixtures of experts
can work, but it is crucial that the loss incurred in each round is normalized by the mass
of awake experts. This gives rise to our first notion of regret for sleeping experts:

Definition 1 The distributional loss of a sleeping experts sequence {(ly, Et) }rerm s

T

Lru=Lr(u) =Y u(lEt) > il

t=1 1€EE;
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where py is the probability vector played by the learner at round t and v € An_1.

The second way, introduced by (Kleinberg et al., 2010), is to measure performance in
terms of a ranking of available actions. Note that, if the manner of choosing an action is
random, the following regret bound is random and hence could be analyzed in expectation.

Definition 2 The rank loss of a sleeping experts sequence {(lt, Et) }repr) s

T
Lo =Lr(0) = > o)
t=1

where o(E;) = min;ep, o(i) is the top-ranked awake expert according to some fized permu-
tation o € Sy, and i; is the action chosen by the learner at round t.

Compare these notions to the usual notion of loss for online allocation, L7 ; = Zle le i
The main contributions of this paper are as follows:

e We compare the distributional and rank benchmarks in novel detail. We show explicit
examples of the distributional benchmark not being well-defined as a minimum. Fur-
thermore, we find that the distribution and rank benchmark coincide in expectation
when either availability of experts or losses is stochastic. We conjecture this equiva-
lence inf,, Lp(u) = min, Ly (o) hold in the general case, where both expert availability
and loss is adverserial.

e We show, via a straightforward reduction from minimum feedback arc set, that com-
puting the optimal rank benchmark is an NP-hard problem.

e We present novel second-order bounds for two different settings of sleeping experts.
We derive a O(,/VART* log N) bound for sleeping experts in a stochastic availability,
Adversarial loss framework, and a O(y/VART?™ N log N) bound for the fully Adver-
sarial framework. VAR is a measure of the cumulative variance of the loss vectors,
defined formally in Section 4.

2 Background

In this section, we review the basic definitions and concepts behind the sleeping experts
problem; the major results and open questions; and the applications in prediction problems.

2.1 Definitions

Discrete Sleeping Experts Suppose there are N experts making binary predictions
every day: specifically, expert ¢ on day ¢ predicts x;; € {0,1}. Assume that predictions and
true outcomes are from [0, 1]. We define some non-negative loss measure L : [0, 1] — [0, 00)
that takes in a prediction and an outcome and outputs a measure of how different they are.
The sleeping experts game proceeds as follows.

e Adversary chooses the set of awake experts E; C [N] and predictions z;; for each
awake expert ¢ € F; at time t.
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e Learner sees {x;; : i € E} and makes a prediction g;.
e Adversary chooses outcome ;.

e Learner incurs loss L(9, y:) and each awake expert ¢ incurs loss L(z¢, yt)-

The goal is to make the total loss of learner, Zthl L(9¢,y¢), as small as possible compared
to the total loss of the best fixed mixture of the ”awake” experts, which can be defined as:

T
. ZieEi UiL(l'm', Yt)
min
uelAy Py ZiGEi U;

which computes the weighted average loss of the awake experts according to some best-in-
hindsight fixed distribution u € Ay. Alternatively, we can define the best fixed mixture as
the loss of the weighted average prediction according to best u € Ay as:

uelAyn ZiGEi U;

Note that if the loss is convex, a bound on the second implies a bound on the first. Regardless
of which definition above is chosen, denote the loss of fixed mixture of the "awake” experts
at time ¢t with respect to u as Ly(z¢, yt).

(Freund et al., 1997) provided a general method to convert an insomniac algorithm
(where every expert is always awake) and its respective regret bound into a corresponding
sleeping algorithm (where some experts sometimes sleep) and regret bound. Both algorithms
maintain a probability distribution vector p; € Ay as weights for N experts and define two
general black-box functions predict, and updatey: The function predicty maps the set of
N expert predictions z; and weights p; to a prediction ¢;. The function updatey takes in
the set of N expert predictions x; and weights p; and the true outcome g and outputs an
updated set of expert weights p;11. The subscript N is dropped for notational simplicity.
The general form of an insomniac algorithm is as follows:

e See the predictions of experts z; and predict §; = predict(z, p;) at time ¢.
e See true outcome y; and incur loss L(7, yt).
e Update the weights as p;+1 = update(zy, pt, yt).
which is converted into a sleeping setting as:
e See the predictions of awake experts xft and predict g = predict(xft, pft) at time t.

e See true outcome y; and incur loss L(7, yt).

e Update the weights of awake experts as pﬁﬁl = update(mft,pft, y¢) while keeping the
weights of sleeping experts the same and maintaining Zf\; 1Di+1,i = 1.

where :cft is the set of predictions of awake experts at time ¢ and pft is the set of normalized

weights of awake experts, such that pfj = ﬁjpm for all ¢ € Fy.
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Sleeping Expert Allocation We generalize sleeping experts in an analogous manner to
the way the basic learning with experts problem becomes online allocation. The sleeping
expert allocation game (full information) proceeds as follows:

o Everydayt=1,...,7T:

. Learner commits to an allocation vector p; € Ay_1.

. Adversary reveals E; C [N].

t

1

2

3. Learner samples i; ~ ptE and incurs loss I ;, .
4

. Adversary reveals l;; for all © € E;.

We can reduce to the discrete sleeping experts setting with l;; = L(xt;,y¢) - 1(i € Ey)
and predict(mtEt,pft) = 4; sampled from pft (note that, in this reduction, we do not use
today’s expert predictions at all). We often care about the expected performance of an
algorithm on the sleeping allocation game, which is given by:

ltzt ZPM xtlayt Z

i€Ey icE, ZlEEt Pt,i

Dic[N] Pl (pe, 1)
( Ttis yt) = =
ZieEt Pt EieEt Dt,i

Note that, when summed over ¢, this is very similar to the distribution benchmark, the key
difference being that the algorithm plays a time-varying distribution, whereas the distribu-
tion benchmark is defined according to a fixed distribution.

Furthermore, observe that in the insomniac setting, E[L(:, v¢)] = (pt, lt).

Variations Note that we can also consider a partial information (“bandits”) setting of
sleepy online allocation. The only difference is that we remove step 4, and the learner only
gets to see the loss of the chosen action l;;,. In either the full or partial information case of
sleeping experts, we are optimizing the following notion of regret:

Ry = alg[zlt zt:| Il’llI’lLT( *) (1)

where (x) depends on the choice of distribution or rank benchmark and the expectation on
the first term is taken with respect to the randomness in the algorithm.

Following the work of (Kleinberg et al., 2010) and (Kanade et al., 2009), we consider
cases where the adversary is restricted to acting according to a fixed distribution, either
when choosing losses or availability of experts.

e Stochastic Availability: E; ~ P,., a fixed distribution over P([N]), every day t.

e Stochastic Loss: Every day ¢, l;; ~ IP;; with time-invariant mean p;; = p; for each
1 € Ey.

We then usually consider regret in some sort of expectation over these distributions. Note
that this may change the notion of benchmarks. For instance, our second-order regret bound
stochastic availability compares performance to min, Eg, L7, rather than the expectation
on the outside.
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2.2 Results for Sleeping Experts

(Freund et al., 1997) introduced the sleeping experts problem, and, as discussed in the
previous section, proposed a general-purpose framework for converting an insomniac online
learning algorithm into a one that can handle the sleeping case. They also showed that, for
a log loss L(y,y) = —In(9)1(y = 1) — In(1 — y)1(y = 0), a sleeping version of the Bayes
algorithm achieves:

T T
Bag > w(Edli, — Y wile; < KL(u||p1)
t=1 t=1

where l;; = L(z¢;,y:) and we use the fact that the log loss is convex (see the original
statement in Theorem 1, Freund et al. (1997)). Ultimately, if we re-weight I ; — l; ; /u(Ey)
and set p; to a uniform distribution, we achieve Ry < In(N) (for Rp defined in 1, with
comparison to the distribution benchmark).

(Blum and Mansour, 2007) discuss a generalization of sleeping experts where, in effect,
experts can be partially awake. More precisely, they discuss a notion of external regret where
we consider performance against a collection of time-selection functions I : [T] — [0,1].
The regret of an algorithm alg compared to an expert i € [IN] with respect to time-selection
function I is given by:

T
Rsllg = Z I( ) [lt alg(t) — lt :| = Lalg 11— Li,[
t=1

The sleeping experts problem can be seen as a specialization of this in the following sense:
consider pairs (u,1, I, ;) for each ¢ € [N] and v € Ay_y, where I,,;(t) = (E) 1(i € Ey).
Then we recover the distributional regret as follows:

N

Z :Ilgul Z La|g7 Iy, ] Z Z lt ,alg(t) ltz th alg(¢) Z Z tyi

i=1 t=1 i€ FE; t=11€F;

Lt,u

(Kleinberg et al., 2010) introduced the rank benchmark for sleeping experts and sketched
how the time-selection model of (Blum and Mansour, 2007) can also reduce to it. Namely,
define triples (0,1, I5;) where I, ;(t) = 1(i = o(E})). Then we have:

N T
Z ;il[ga i Z Z lt ,alg(t) — lt z Z lt,alg(t) - Z lt,O‘(Et)
=1 t=1 i:i=FE; t=1 = -

t,o

Note that the sum over i disappears since exactly one i = o(FE}) for each round t.

These vignettes suggest that the time-selection framework is quite general. However,
that generality comes at a cost; the regret bounds obtained by (Blum and Mansour, 2007)
are sub-optimal, both in terms of computational runtime and the information-theoretically
necessary number of rounds. (Kleinberg et al., 2010) points out that directly applying their
guarantee that

in Ry < in L) log(N - [Z]) + log(N - [
max min Ryr <  /(maxmin Lr,) log(N - [Z) + log(N - |Z])
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gives regret bound O(y/Tn?logn + nlogn) for the rank regret (and does not apply to the
distribution settings, since [{I, : v € Ay_1}| is infinite).

(Kleinberg et al., 2010) improves on this bound, showing that an application of Hedge
on N! experts (one for each permutation) achieves O(y/TNlog N). In the partial infor-
mation setting, EXP4 with N! experts and N actions achieves O(N+/T'log N). Both are
information-theoretically optimal (in the sense that they prove matching lower bounds).
The difficulty is that the algorithms are not computationally efficient, as they require the
maintenance of N! weights.

(Kleinberg et al., 2010) also develops bounds for the stochastic loss. In the full-information
case, they have a lower bound of Q(Y" ;(; — pi+1)~') where the p; means of all the ex-
perts are listed in descending order. This lower bound is a achieved by an algorithm they
dub Follow the Awake Leader (FTAL).(Kanade et al., 2009) extends this work by studying
the sleeping experts model under stochastic action availability. Most notably, they find an
efficient algorithm for stochastic availability and Adversarial losses, which we further extend
in this paper (to accomodate second-order bounds).

2.3 Results for Second-Order Bounds
Recall that the standard Hedge bound, from (Littlestone and Warmuth, 1994), is given by

d In N
Ry, = Z<pt,lt> - th,k S —+ Zl

If we assume [, € [0, 1], we can bound the rightmost term by 7" and then tune 1 using
the doubling trick to arrive at a O(y/T'log N) bound. If we had hindight knowledge of the

losses, we could get a O(\/ (Zle 12 ,)log N) regret bound, which would be nice since it

adapts to the hardness of the problem (if the losses are largely small, we expect to converge
faster). Unfortunately, as explained by (Gaillard et al., 2014), standard tuning methods
like the doubling trick cannot immediately fix this issue (since the optimal 7 would depend
on a non-monotone sequence).

There are, however, workarounds that allow us to replace T with some sort of second-
order statistic. (Hazan and Kale, 2010) had one of the first results in this direction, replacing
T with the maximum cumulative variance of loss for the optimal expert, VART**: see
Section 4, Equation 12 for the precise definition. This bound is uniform over all experts.
(Gaillard et al., 2014) replaces this with an expert-dependent second-order bound:

Ry S IHNZ ( Pty lt) lkt) Vk € [N]

Finally, there are other notions of beyond worst case bounds for online allocation, which,
loosely speaking, address the log N rather than the 7' in the Hedge bound. Let p; be
the initial setting of weights for online allocation (the prior). Quantile bounds like that of
(Chaudhuri et al., 2009) isolate K such that:

mlnRTk< Tn(1/pi1(K))

keK
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Note that this reduces to the original bound if our prior p; is uniform and |K| = 1. The
hope is that K is a large set, such that we can guarantee that it’s worst member does better
than the In V bound. (Koolen and Van Erven, 2015) presents an algorithm that combines
second-order and quantile methods.

3 Relating the Notions of Regret

In this section, we compare two notions of cumulative loss. We find that the optimization
of the distribution loss is not straightforward.

Definition 3 Define the best distributional and rank benchmark, respectively, as:

(dist) . (rank) .
Ly = uel&l}i1 Ly(u) and L3 = Jnin Ly(o)

3.1 On Computing the Benchmarks

In this section, we consider the problem of actually computing the distribution and rank
benchmarks, assuming offline access to the loss vectors. Our first observation is that mini-
mizing L7 (u) is a non-convex, ruling out guarantees for gradient-based methods.

Claim 1 There exists ly,..,lp such that the distribution loss Lp(u) = Lp(u;ly,....lp) is
NON-CONVET N U.

Proof Consider the following loss table:

Expert 1 | Expert 2 | Expert 3
Round 1 asleep 0 1
Round 2 0 1 asleep
Round 3 1 asleep 0

Table 1: Non-convexity of distribution loss with respect to w.

Consider the weight vectors u; = (1 — €,€,0) and ug = (€,0,1 — €) for arbitrarily small
€ > 0. Then,

Lr(u1))=0+€e+1=1+4+¢€¢ and Lp(ug)=1+0+e=1+c¢

Take the average of two weight vectors: v’ = % =(1,¢,1— e)% Then,

€ 1

Lr(u) = (1 —
r(u) = ( 6>+1—|—6+2—6

For example, for € = 1/4, Lp(u') = 1.52 but Ly(u1) = Lr(ug) = 1.25. In fact, as €
approaches 0, Ly(u') — 1.5 but Ly(u1) = Ly(uz2) — 1. Hence, Ly (u) is not convex. [ ]

Note that above example also proves that the best ranking of experts is not unique. The
rankings 07 = (1 — 2 —3) and 092 = (3 — 1 — 2) both minimize the rank loss and give
Lr(o1) = Ly(o2) = 1.



BeErcaM OzcaN Hsu

While computing the distribution benchmark is a continuous optimization problem, the
rank benchmark is a combinatorial problem. A brute force solution takes superexponential
time O(N!). If E; = [N] every day (insomniac setting) then the best ranking is easily
computed as o* = sorti(ZtT:1 l;;) in increasing order. Also, as shown in sections below, if
either losses or expert availabilities are stochastically chosen, it is again easy to compute
the best ranking. It turns out that best ranking just amounts to sorting losses, either the
average losses or the total losses across all time steps, depending on whether the losses are
stochastic or not.

For the case when FE; and I; are both adversarial, however, there is no efficient algorithm
to our knowledge that finds the best ranking. Naive approaches such as ordering according
to the total losses incurred by each expert or the total number of time steps each expert
“wins” (has the smallest loss) do not give the best ranking. It is not even true that the best
expert provides the smallest total loss in the time steps that it is awake at. Consider the
following setup:

Expert 1 | Expert 2 | Expert 3
Round 1 asleep 1 100
Round 2 1 100 0
Round 3 1 10 0

Table 2: Demonstrating that the best expert need not provide the smallest total loss in the
time steps where it is awake.

For the best ranking, Expert 3 must be behind Expert 2 and Expert 2 behind Expert
1, which leads to the best ranking of o* = 1 —2 — 3, which suffers the rank loss Ly (c*) = 3.
However, note that Expert 1 suffers total loss of 2 in the rounds that it is awake, whereas
Expert 2 suffers 0 for the same rounds.

Indeed, we find that calculating the best ranking is NP-hard in general. We state the
problem below.

e Best-Ordering for Sleeping Experts (BOSE): Given loss vectors [y, ..., 7 € Rf,
expert availabilities /1, ..., Er C [N], and L > 0, compute 0* = argmin, g, Zthl li o(By)-

Note that, using binary search, we can use an oracle for this problem to find the loss of
the optimal o. The problem is clearly in NP, where o is the certificate. However, if BOSE
is an NP-hard problem, computing the best rank loss is clearly also NP-hard, as is finding
the optimal ranking.

Theorem 1 BOSE is an NP-complete search problem.

Proof It is clear that BOSE is in NP (o* being the certificate for the corresponding decision
problem). To show NP-hardness, we proceed via a reduction from minimum feedback arc
set (MFAS for short), a well-known NP-hard problem. Start with an instance of G = (V =
[n], E'). Let the experts correspond to vertices, and the rounds correspond to directed edges.
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For each round e = (i — j) € E, the awake experts are the adjacent vertices ¢ and j (i.e.
E, ={i,j}). The loss vector is as follows:

for e = (i — j) le; =0 lej=1

So the BOSE loss becomes:

Z le,a({i,j}) = Z 1[] = U({Zvj})] =

(i—j)eE (i—j)eFE

> 1[j = argmino(j')]

(vi—vj)EE S U

= 2

(vi—vj)EE

1o (5) < o(i)]

On the RHS, we recover exactly the objective function for MFAS. Hence, a black-box poly-
time solver for BOSE gives us a poly-time algorithm for MFAS. |

3.2 Relationship between Benchmarks

The first observation is that there are some instances where the best rank loss is less than
any fixed distributional loss, only becoming equal to the infimum of distributional loss. For
example, consider the following three-round game:

Claim 2 There exist instances of sleeping expert allocation where inf, L1 (u) is not attained
and inf,, L7 (u) = min, Ly (o).

Proof Consider the following three-round game, where each entry represents the loss of
an expert at a given round, unless that expert is asleep.

Expert 1 | Expert 2 | Expert 3
Round 1 asleep 1 2
Round 2 3 asleep 4
Round 3 5 4 asleep

Table 3: Simple game where the infimum of the distribution loss is not attained.

Observe that best ranking of experts is ¢* = 2 — 1 — 3, which gives rise to the best
rank loss Lgank) = 8. It suffices to show, given any fixed distribution v = (uy,ug,us),
there exists «’ such that Ly(u') < Ly(u). First of all, if ug > 0, taking uf = 0 will always
decrease the loss, because every round Expert 3 is awake, its loss is greater than the other
awake expert. For uz = 0, we have u; = 1 — us. Note that us cannot be zero as otherwise
the loss in Round 1 would not be well-defined (likewise with u; and Round 2). Thus the

loss will be 14+-3+5(1—ug)+4ug = 9—ug — 8 = Lgrmnk) asymptotically, as uo approaches 1.

To our knowledge this has not been observed in the literature. Indeed, in previous
literature, the distributional benchmark has been written incorrectly as a minimum.
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Corollary 1 The definition of distribution benchmark given by (Freund et al., 1997) as
mingeay_, Li(u) (instead of infyen,_, Li(u) as defined here) is ill-defined.

The construction in this example lends itself to the question: can we use the optimal
ordering of experts to construct an optimal distribution (in the limit)? While we fall short
of showing this in the general case of adversarial losses and availability, we show a similar
statement when we relax one or the other to be stochastic.

3.2.1 ADVERSARIAL LOSSES AND AVAILABILITY

When the losses and experts availabilities are both adversarially chosen, we conjecture that
one can construct an optimal distribution based on the optimal ordering. We define this
construction below.

Definition 4 Fix ly,...,l7 loss vectors and let 0* = argmin, Ly(c). Define the e-rank-
induced distribution as:
w9 =o*(1e,...,eN 1) Z,

1—¢

1= (for normalization).

where Z, =

Question 1 Does lim¢_q LT(u(E)) = inf, Lp(u) for all ly,...,lp € Rf ?

Together with the following lemma, this would imply that the rank benchmark is always
dominated by the distribution benchmark.

Lemma 1 lim._,q LT(u(E)) = min, Ly (o).
Proof More concretely, we would like to show:

T

T
. 1 (e)
lim YIRS Z u; g = th,a*(E )
=0 ul)(Ey) i€E, =1 '

Fix a day 7. Note that, for all i € E; \ {oc*(E;)}, we have:
u(g)/u(e) <e—0ase—0
i /T (Er) =

So uge)/u(e)(ET) — 1[i = 0*(E7)]. Then loss per day becomes I, ,+(g,)- [ |

To show equality of the benchmarks, it suffices to show the following: for all loss vectors
(It Et)yerr and for all u € A(n), there exists u’ € A(S,) (a distribution over permutations)

such that: . .
1
2 u(Ey) D li= D (W Y liom)
t=1

S o€Sy t=1

then it is clear that the RHS is larger than min, Lr(o).
We construct the requisite u’ using a so-called Plackett-Luce model parameterized by u.

10
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3.2.2 STOCHASTIC LOSSES AND ADVERSARIAL/STOCHASTIC AVAILABILITY

The above analysis assumed that the losses and availability of experts are both Adversarially
chosen. In this section, we assume that the losses are chosen stochastically:

Claim 3 Suppose l; ~ Py ; with time-invariant mean py; = p; for all't € [T] and i € [N].
Consider two separate cases: 1) Ep ~ Pyyq for allt € [T, 2) Ey’s are chosen Adversarially

for allt € [T]. In either case,

Inain E[Ly(o)] = ianE[LT(u)]

and the infimum is achieved as € — 0 by u'®) the rank-induced distribution.
Proof The expected rank loss is computed for two cases as follows:
T
E[Lr(o)] = Z Z P(E)E[l; oy =T Z E)pspy  (Stochastic Availability)
t=1 EC[N] EC[N]

T
E[Lr(o)] = Z Ell; o(E,)] Z to(E,) (Adversarial Availability)
t=1

In either case, the expected rank loss is minimized by ¢* = sort;{u;} in descending order.
That is because always choosing the smallest-average-loss expert among all available experts
in any set F (or E;) minimizes the total loss in expectation. Now consider the expected
distribution loss for some u € An_;.

ElLr(w)] = P(E) Z %E[lm] =7 Y P(E) Z @“ (Stochastic Availability)

t=1 EC[N] €E EC|N] i€E
T w T ws

E[Ly(u)] = - (];t)i-«:[zm] => > (bit) pi  (Adversarial Availability)
t=1icFE; t=1 i€ FE;

In either case, to minimize the expected cumulative loss, one should choose the distribution
u such that ( i (and u( o) ;) is minimized for each set E' (and E;). The more the expert

with the smallest-average-loss in each given set F (and E}) is weighted, the smaller ﬁ Lbi
(and ﬁ ;) will get. To accomplish that, the weight vector u should be chosen such that
the normalized weight of the smallest-average-loss expert in any set £ (and F;) dominates
all other normalized weights of experts in that E (and FEj). This is best accomplished by
choosing the rank-induced distribution u(® = 6*(1,e, ...,eN~1)Z, (where the indices of u(¢)
follows the best ranking o*) for small e.

As e — 0, u /u )(E;) — 1(i = o(Fy)), and the distributional loss will approach the
rank loss. Thus, min, E[L7 | = inf, E[L7,,]. [ |

11
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3.2.3 ADVERSARIAL LOSSES AND STOCHASTIC AVAILABILITY

In this section, we assume that the losses are adversarially chosen but the expert availabil-
ities are chosen stochastically:

Claim 4 Suppose l;;’s for all t € [T| and i € [N] are chosen adversarially and E; ~ Pgyq
for allt € [T]. Then, min, E[Ly(o)] = inf, E[Lp(u)].

Proof The rank loss is given by:

T
Ly(o) = Z P(E)lt,a(E)

Z t—l
> #

P LT O'(E Where LT o E) Z lt 0.
CIN]

&

Note that P,y.i is fixed. Then to minimize the rank loss, among the experts in any set
FE, one must always follow the expert whose total loss over all rounds is the smallest. To
achieve that, one must rank the experts in the increasing order of their total losses over all
rounds. That is, c* = sorti(thzl L;;) in increasing order. See Claim 5 for a more detailed
proof of this idea.

Meanwhile, the distributional loss is:

T
Le(w) =2 > B( -zm-
t=1 EC[N]
= Z 2 P
=2 t=1
T
- Z Z (E)LTJ where Lp; = thvi
EC[N ick —1

To minimize the distributional loss, for any set E, one must put as much weight as
possible to the expert in the set £/ with the smallest total loss over all rounds, Ly ;. Thus,
again it suffices to choose the rank-induced distribution u(® = o*(1,¢,...,eN"1)Z,, hence
min, E[L7 ;] = inf, E[L7,].

|

3.2.4 ADVERSARIAL LOSSES AND AVAILABILITY

Before we tackle the general adverserial case, it is instructive to consider the case of the
uniform distribution over experts.

12
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Claim 5 Let u be the uniform distribution over [n]. Then:

Lp(u) > min Lg(o)
Proof Let v/ = Unif(S,,) and v = Unif([n]). We have:

Lp(w) =YY li/lE] (2)

t i€k

= Z Eowu/lt,a(Et) (3)
t
=E,uuw Z lt’g(Et) (4)
t
= EpwLr(c) > min Lg(o) (5)

Step (2) follows from the fact that o(E;) = argmincp, 0(i) = o~ (minep, o(i)), i.e. it
outputs the top-ranked element in F;. A uniform distribution over ¢ makes o(F;) uniform
over Fj. [ |

The goal is to generalize this argument. Note that we make the transformation, without
loss of generality, from arbitrary loss vectors and expert availabilities, to losses collated based
on expert availability: (I;, E¢)i<r +— (ZE)EC[n]a where I = Zt:Et:E l;. The generalized
argument, would look something like the following;:

Lp(u) = Z u(lE) ZUZ[EZ (6)

EC|n] i€eE
= Z Eiwu[[E,i ’ 1€ E] (7)
EC|n]
= Z Eimug[15,4] (8)
EC|[n]
(WTS 3/ over S,) = Z anu/[ZE,o(E)] )
EC|n]
:]Eo'fvu’ Z [E,U(E) (10)
EC[n]
= ]EUNUILR(J) (11)

Note that a distribution over o € S, induces 2" distributions, one for each subset E,
via 0 — o(FE). We are basically asking about the surjectivity of this map. More precisely:
given u € Ap, and all of its marginals up € Ap, can we construct v’ € Ag, such that
o(E) = o~ min;cg (i) has distribution ug? It turns out, the answer is yes.

Claim 6 For all {lg}pcn)<r and u € A(n), there exists u' € A(Sy) such that:
Eicullgs | 1 € E] = Eguw [[E,U(E)]

This shows equivalence of rank and distribution losses.

13
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Proof u' € A(S,) is given by a Plackett-Luce model with weights given by u. Namely:

P(o) = L S
i1 2jeln\S; Yo

where S; = {1,...,5 — 1}. Once can check that this is indeed a distribution and that it
satisfies the following nice property:

Uj

P(o(E) = i) = P(“pick i from B”) = ————
ZjeE Uj

Therefore:

Eoow [ZE,O'(E)] = Z u;'[E,O'(E) = Z iE,a(E) Z sz

o€Sn i€[n] o:0(E)=1i

= lpemPlo(E) =)

i€[n]

= Z iE,O’(E) o

i€n] 2jen
= EicuglE,i]

We can show the margin-matching property of the Plackett-Luce model explicitly for
three experts. Let E = {1,2}. Then:

!/ /! / /
E Uy = Ujgg + U3 T Ug1g

o:0({1,2})=1
Ul U2 Ul us us3 Ui
= + +
U1 + U2 + uz U2 + U3 U1 + U2 + uz Uz + U3z U1 + U2 + usz Ul + U2
ul ( u9 us us )
Ul + U2 +u3z \uUg +u3 U2 + U3 Ul + u2

S
_u1+UQ+U3 Ul + u2
_ U1 (u1+uz+u3)

U1 + u2 + usg U1 + u2
ul

Ui + ug

4 Second-Order Bounds for Sleeping Experts

In this section, we seek to take the usual bounds for sleeping experts and replace the
dependence on T with a measure of variation in the loss vectors:

t

max __ I e +)2
VARE™ = max{VARy ;:} I%zsz({z_;(l i)} (12)

14
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where f = argmin;{3_._, l;;} is the best expert up until round ¢ and p;; = + 30, L.
In the usual (non-sleeping) online allocation problem, one can achieve O(,/VART**log N)
regret, using a variant of Hedge developed by (Hazan and Kale, 2010).

For the sake of completeness, we review the Variation MW algorithm and give a brief
sketch of how its regret bound arises.

Algorithm 1 Variation MW
Initialize wy ; = 1 for all i € [N].
fordayt=1,...,T do

Play Pt = w,g/H’U)tHL
Update weights:

Wii1,; = Wej €Xp < — 0 (li + 4l — p)?) )

ly;

Incur loss (p¢, ;).
end for

Theorem 2 Let n = min{1/10, \/log N/VART**}. Then Variation MW achieves.
T

Z Dty 1) manl“ < 8y/VART*log N + 10log N
t=1

Since VART™ increases with T', the correct 1 can be learned via the doubling trick.

The proof proceeds as follows:

e Instead of analyzing VAR;; directly, analyze

t—1

Qi = Z(ls,i — f15,7)”

s=1
which is an asymptotic proxy for VAR, ;. Specifically, Q*** < 4 VAR,

e Define g; = I — a1 where oy = iz +4AnQy i /t. Apply the standard Hedge guarantee

to g; as the sequence of loss vectors. Since exp(—n)_, g¢;) and exp(—n)_, ZNM) only
differ by a constant factor (independent of i), the weight updates are equivalent, so
the guarantee gives us:

T

Zlnpt thz* <772 gtvpt logN
t=1

Simplifying gives us an upper bound of:

log N

nz <gt —4(fe — ) 7Pt> +4n(Qr™ +1) +
t=1

e Irom here, it suffices to show the sum in the first term is on the order of Q7%*. We
refer the reader to (Hazan and Kale, 2010) for the details of this calculation.

15
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4.1 Stochastic Availability, Adversarial Loss

It turns out there is an efficient algorithm with O(y/T'log N) regret for sleeping experts in
the setting where the adversary is oblivious, the availability of experts is chosen according
to a fixed probability distribution, and the losses are chosen Adversarially. This is shown
in (Kanade et al., 2009). We get the same guarantee for sleeping experts with stochastic
availability. Our proof is similar to that of (Kanade et al., 2009) but instead of applying
the usual Hedge guarantee, apply the variation-adaptive guarantee from (Hazan and Kale,
2010). We call our algorithm Variation MW for Sleeping Setting (VMWS).

Algorithm 2 Variation MW for Sleeping Setting (VMWS)
Initialize wy; = 1 for all i € [N].
for day t =1,...,7 do
Observe Ey ~ lgpail
Play ¢ where qi; = wti/ ) ;cp, Wta for i € Ey.
Play i, incur [ ;, loss.
Observe full loss vector [;.
Update weights:

{wt,i exp < — 77(lt7i + 4n(lt’i — ,um-)2)) i€ B,
Wty1,5 = .
wt,i 2 g Et

where i, = (1/t) Y'24 L.
end for

Theorem 3 If n = min{1/10, \/log N/VART}**}, algorithm VMWS has regret

T T
E[szt ~ min Eg, 3 zt,c,(Et)} < O(N/VAR’T”M log N)
t=1 t=1

where the other expectation is taken with respect to the inherent randomness in the algorithm.

Note, by Jensen’s inequality, that

T T
in E I >E . I ) L(T’ank)
Urrelgil E tzl to(Ey) = LB, UYQISI; t21 t,o(Et) [ T ]

So a regret bound with respect to E[Lgprank)] is a bit stronger than Theorem 8. The reason
we use this slightly modified notion of rank regret is that it is easier to analyze. Consider
the following claim (not directly related to the algorithm, just a statement about the nature
of stochastic availability). It tells us that, under a fixed distribution of expert availability,
the best post-hoc ordering of experts is given by simply sorting the post-hoc losses.

Claim 7 Let 0* = argmin, Ep, g, .-, li o(5,)- Then o* = sort; (31, Ir4) (ascending)

16
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Proof Let p,; = Pr(o(E) = i) = Pg(minjeg o(j) = i), where E ~ [i4qi. Note that
Pid; = Pr(min E = @), s0 piq,1 > ... > Pidn- This implies that p, is ordered in descending
order by o.

T
EEtthaEt)_Z Z P(E, ) lto(E)
t=1 EC[N]

T
—ZZP (By) =) -1y
t=1 4€[N]

T

T
- Z<pm le) = (po, Z lt)

Without loss of generality, suppose 23:1 l; is arranged in ascending order. Note that o*
minimizing the above expression is such that p,+ matches its largest values with the smallest
values of ), I; (since everything is non-negative). Hence, o* = sorti(ZtT:1 lti) (po descend-
ing, loss ascending). [ |

Proof Consider a fixed action set £ C [N]. Let i* = argmin;cp Zthl lt;. Applying the
bound from Theorem 4 of (Hazan and Kale, 2010) for the Variation MW algorithm, we
have the following regret bound:

Zz%zltz Zlm* < 8/VARF™log N + 10log N

t=11€A bound

Let 0* be the post-hoc best action list, given by ¢* = sort;(_,_; l¢;) as per Claim 1. Then
i* = 0*(A) where o* = argmin, Eg, [Zthl U o(E))

E;, [zT:lt,it - Urgglv Eg, [ilt,a(&)” =Ei,..ir ZEEt [ Z Eiyjio,....i {lt,it} - lt,a*(Et)}
=1 =1

1€EFE:
(Claim 1) ZEEt[th’lltl_ ﬂ-*}
1€by
= Z Z P(E; = E) [ Z Gtilei — lt,i*}
t=1 EC[N] i€y
T
= Z P(E = E)(Z Z Geilei — lt,i*)
ECI[N] t=1 icE;
< Y P(E, = E)- bound
EC[N]
= bound

17
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Note that in first steps, we use tower property to be precise about the nature of the ran-
domness in the algorithm. |

4.2 Adversarial Availability and Loss

There is a simple but inefficient algorithm to deal with the case where availability of experts
is adversarial. The idea is to transform the problem into an insomniac setting with N!
experts, each one corresponding to a permutation on N elements. Each expert predicts
o(E;) for each round ¢.

Theorem 4 Using Variation MW with N! weights, one per permutation on [N], we achieve:

T T
E [ >l — min by o Et)} < 0(\/VARTTWN log N + N log N)
t=1 t=1

where i, 1s the action chosen by the algorithm at time t and the expectation is made over
the randomness in the algorithm.

Proof An immediate application of the Variation MW algorithm achieves:

T T
S Dolio(my —min Y o5, < 8/ VARF*log N! + 10log N!
t=1

t=1 c€SN

Observe that log(N!) < Nlog N, and the first term is the expectation. [ |

5 Conclusion

There are a few interesting open questions that follow naturally from this work. First of all,
can we extend the beyond worst-case analysis of sleeping experts? While the application
of second-order bounds is fairly immediate, what are the challenges of applying quantile
bounds? Could we extend the work of (Chaudhuri et al., 2009) to develop parameter-free
hedging for sleeping experts?

There is also more work to be done in regard to the comparison between rank and
distribution loss for sleeping experts. It is left as conjecture whether these losses coincide
for the case when both losses and action availability are adversarial. It would also be
interesting to settle whether computing the rank loss is truly an NP-hard problem.
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