A Calibration Lemmas

Proof of Lemma 1. We start with the ramp loss. First since s € Rﬁ%, we know that the normalization
term in 7rramp(s) is

Z ¢’Y(SG) 2 ]-a

acA

from which the first inequality follows. The second inequality follows from the fact that s, < —y
implies that 7ymp(5)q = 0, along with the trivial fact that mump(s)a < 1.

The hinge loss claim is also straightforward, since here the normalization is

Zl/ﬂ(s“): Zmax{1+sa/'y,0}221+%azK. O

acA aeA a

Lemma 10 (Hinge loss realizability). Let £ € RX and let a* = argmin, 4 £,. Define s € RE via
Sq 2 KyI{a =a*} —~. Then we have

(E’ w’y(s)) = K(ga 7-‘-hinge(s)) = Kga*-

Proof. For this particular s, the normalizing constant in the definition of Tpinge is

Zmax(1+

acA

atla=e) o )
v

and so the first equality follows. The second equality is also straightforward since the score for every
action except a* is clamped to zero. O

Proof of Lemma 3.
For the case when S ¢ A(.A), this claim is a well-known property of importance weighting:

5\2 E,~ ZQ(a)sz(a) E,,. sQ(a)
E|Es,~ A = E P ad ¢ < E: —SemPtIt A7)
[ ' pt(St t> | jt] ae[ K] ' (a) (1 tu(a))Q : ae[ K] 1 tﬂ(a)

< Z EStNZtSt(a) _ Z Pt(a‘) )
ae[ K] Pf, (Cl) ae[K] (1_KM)Pt(a)+.u
Here we use Holder’s inequality twice, using that |[¢||o, < 1 and s € A(A). Now, since the function
2+~ 1/(1- Kp+ p/z) is concave in z, it follows that
P, 1 1
> a) = <K = K,
L T-EmP(@) +p o (=K +afPi(@) " (1= Kp2) + KA Soepre) Pr(@)

which proves the claim for S ¢ A(A).
We proceed in the same fashion for both the ramp and hinge loss. Recall the definition P/(a) =

(1- Kp)Es,p, #‘Z(a,) + 1. We have

Es,p, Ef(a)sf(a)

E[Estht<st,ft)2|$] 5 Ptu(a)Eswpt i (a)s;(a) ¥

ae[K] (Pf(a))? ae[K] Py (a)
EStNPt 8?((1) Est“’pt St(a‘)
< —— ———— < max maxs(a) - _—
ae%:(] Pt“(a) ae[K] seS ( ) ae%:(] Pt”(a)

E,~
max maxs(a)- ». i 51(0)

max mas B _ si(@)
e[K] ae[K] (1 MK) EStNPt Yarer) St(a) tH

2 E, “p %
<K- (max max s(a)) . Z T i :t((Z)) :
ae[K] se§ ae[ K] (1 - K,LL) ESt"‘Pt m tH
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Here we first apply the definition of ?, and cancel out one factor of P! in the denomator. Then we
apply Holder’s inequality, using that s;(a) > 0. Expanding the definition P/* and using the upper
bound ¥,k 5t(a’) < K max, max; s;(a), yields the final expression.

Now, let g, 2 E;, .p, %, and apply the concavity argument above. This yields

2
K?. (maxmaxs(a)) .
ac[K] seS

For the set S induced by the ramp loss we have max [ x] maxes s(a) < 1, and for the set S induced
by the hinge loss we have max,[ ] maxses s(a) < (1 + %) O

B Comparing Multiclass Loss Functions and Notions of Realizability

While our surrogate loss functions apply to general cost-sensitive classification, when specialized to
the multiclass zero-one feedback, as in bandit multiclass prediction, they are somewhat non-standard.
In this appendix we provide a discussion of the differences, focusing on the hinge loss.

Let us detail the multiclass setting: On each round, the adversary chooses a pair (x,y*) where x € X,
y* € A and shows z to the learner. The learner then makes a prediction . The 0/1-loss for the learner
is 1{) # y}. Using a class of regression functions G c (X — R¥), the standard multiclass hinge loss
for a regressor g € G is:

Cicninge (9> (2,y7)) £ max{1l -7 (g(x)y- - max 9()y),0}.

On the other hand, for our results we assume that the regressor class F c (X — RX)), and the
cost-sensitive hinge loss that we use here is:

Cecpinge(f (,97)) = Z Pr(f(x)y) = Z max{1+77" f(x),,0}.

More precisely in Corollary 7, we are measuring the benchmark using cc.hinge and our bound is

]EZEt(at)<1nf chcmge ), (xt,yt))+0( \/d_T)

t=1

On the other hand, the open problem of Abernethy and Rakhlin [2] asks for a \/dT bound when the
benchmark is measured using {mc-hinge- As we will see, the two loss functions are somewhat different.

Let us first standardize the function classes. By rebinding f4(z), 2 g(2), - K™' ¥,/ g(2), we can

easily construct a “sum-to-zero" class from an unconstrained class G ¢ (X — RE ), and with this
definition, the cost-sensitive hinge loss for any function g € G is:

EgC—hinge(g’(x’y*)) = Z VI (fo(x)y) = Z max{1 -~ (K™ Zg(m)y 9(z)y),0}.

The main proposition in this appendix is that if the cost-sensitive hinge loss is zero, then so is the
multiclass hinge loss, while the converse is not true.

Proposition 11. We have the following implication

CChmgg(gv (I Yy )) OZ}EMChmgg(ga (xvy*)) :O'

The converse does not hold: For any vy,% > 0 and K > 0 there exists a function g and an (z,y*) pair
such that €}y .. (9: (2, y")) = 0 but 0. pinge (9: (2:97)) 2 1.

V1 2
Note that EMC -hinge 2 EMC—hinge

replaced with EMC—hmge'

whenever ;1 > 79, so the first implication also holds when the RHS is

The proposition implies that cost-sensitive hinge realizability — that there exists a predictor g*
such that lecuninge (97, (2, y*)) = 0 for all rounds — is a strictly stronger condition than multiclass
hinge realizability. Under multiclass separability assumptions [26], the bandit multiclass surrogate
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benchmark is zero, while our cost-sensitive benchmark may still be large, and so the cost-sensitive
translation approach cannot be used to obtain a sublinear upper bound on the number of mistakes
made by the learner. In this vein, HINGE-LMC does not completely resolve the open problem
of Abernethy and Rakhlin [2], since the loss function we use can result in a weaker bound than
desired. Note that the cost-sensitive surrogate loss may also prevent us from exploiting small-loss
structure in the multiclass surrogate to obtain fast rates.

On the other hand, our cost-sensitive surrogate losses are applicable in a much wider range of
problems, and cost-sensitive structure is common in contextual bandit settings. As such, we believe
that designing algorithms for this more general setting is valuable.

Proof of Proposition 11. If Qc-hinge( g, (x,y*)) = 0 then we know that for all y # y*, we must have
, 1
Yyt 22 9(x)y - g(@)y 2y
y/
Adding these inequalities together for y # y* and subtracting g(z),+ from both sides we get

B S g@y - ¥ o)y - o)y 2 (K== g(a)y:

y#y*
1
= 9(@)y 2 (K -1)y+ 52 2 9(x),
y
= g(x)y 2 Ky+g(x)y Yy #y .
The last line follows from re-using the original inequality and proves the desired implication.

On the other hand, if éﬁg_hmge(g, (z,y*)) = 0 it does not imply that £lc ... (9, (z,y%)) = 0. To
see why, suppose K = 3 and assume y* = y; with ys,ys as the other labels. Set g(x),, = 37,

g()y, = 0 and g(z),, = —37. With these predictions, we have ¥, g(z), = 0 and also that

éi}ckhmge(g, (z,91)) = 0. On the other hand since g(z),, = ¥, g(x), = 0, we get:

EZC—hinge(g7 (2177@/)) 2 max{l - :y_l(zg(x)y _g(x)y2)70} = 17

for any 7. This proves that the converse cannot be true. O

C Proofs from Section 2

Let us start with an intermediate result, which will simplify the proof of Theorem 2.

Theorem 12. Assume |{|, < 1 forall £ € L' and sup,.s|s|., < 1. Further assume that S and L

are compact. Fix any constants 1 € (0,1], A >0, and 8 > « > 0. Then there exists an algorithm with
the following deterministic regret guarantee:

T T T 4 T
ZEStNPt(s,&g) - 21615 Z(g(:ﬁt),&g) <2n ZEStNPt(st,étf + Elog/\/'oo,oo(ﬂ/Zg,T) + 3% ZH&Hl
t=1 t=1

t=1 t=1

AL . 1) 8
+2e( S DN} + 5 f 108 Now oo (2, G, T de.
=1 a

The difference here is that have set R, B = 1. The first part of this section will be devoted to proving
this theorem, and Theorem 2 will follow from this result via Corollary 16.

C.1 Preliminaries

Definition 2 (Cover for a collection of trees). For a collection of R¥ -valued trees U of length T, we
let No oo (€, U), denote the cardinality of the smallest set V of R valued trees for which

VueU Vee {1} JveV st rn[ejmﬂ)]<||ut(e) —vi(€)] o <e.
te

"Measuring loss in ¢; may seem restrictive, but this is natural when working with importance-weighted
losses since these are 1-sparse, and by duality this enables us to cover in £, norm on the output space.
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Definition 3 (Lo, [/, radius). For a function class F, define
adeo, 0o (F,T) = min{e | logNew o (e, F,T) = 0}.
For a collection U of trees, define rades,0o(U) = min{e | log Neo o (¢,U) = 0}.

The following two lemmas are Freedman-type inequalities for Rademacher tree processes that we
will use in the sequel. The first has an explicit dependence on the range, while the second does not.

Lemma 13. For any collection of [- R, +R]-valued trees V of length T, for any n > 0 and . > 0,

! 2
]Eesup[zet(vt(e) i (€)) - anvt(e)]<2log|w (177 e )

veV | ¢ (e

Proof of Lemma 13. Take V' to be finite without loss of generality (otherwise the bound is vacuous).
As a starting point, for any A > 0 we have

E. sup[Z er(vi(€) w7 (€)) - ano; (6)]

veV | t=1

1 T

< X log( > Ee eXp(Z et)\('ut(e) - nvf(e)) - )\anvf(e))).
veV t=1

Applying the standard Rademacher mgf bound E, e*¢ < e3N

t =T, this is upper bounded by

< )\log(z maxexp(z X (ve(e) - nvt(e)) - Aanv; (6)))

veV

conditionally at each time starting from

Since v takes values in [- R, + R], the exponent at time ¢ can be upper bounded as
7)\ ('vt(e) nv; (e)) )\anvt (e) < /\2(1 +1n R2) f(e) - /\om'utz(e).

By setting A = 3 mln{ama/(nRZ)}, this is bounded by zero, which leads to a final bound of
log|V'|/ . O

Lemma 14. For any collection of trees V' of length T, for any n > 0,

E. sup[Z ervi(€) = oy (e )]

t=1

2n

Proof of Lemma 14. Take V to be finite without loss of generality. As in the proof of Lemma 13,
using the standard Rademacher mgf bound and working backward from 7', for any A > 0 we have

E. sup i erve(€) — no; (e)] < 3 log( > Ee exp(z et v (€) — 77)\’03(6)))

veV | t=1 veV t=1
< % ( > maxexp(z vy(€)? = nAv? (e)))

veV

w\'—'

The exponent at time ¢ is
20 (€) = nAvi (e).
By setting A = 27, this is exactly zero, which leads to a final bound of log|V|/\. O

Lemma 15. Let Z, W, and G be abstract sets and let functions Ay : W x Z x Z - R and
By : W x Z x Z - R be given for each element g € G. Suppose that for any z,z' € Z and w € W it
holds that A(w, z,2") = -A(w, 2, z) and B(w, z,2") = B(w, 2, 2). Then

T T
<< sup sup ]EZmZtNQt >> SupzAQ(whztuz{t) + Bg(wtazth;) (5)
wieW qeA(Z2) t=1 9¢€g t=1
T T
< << sup sup Ee E. .. >> sup Z et Ag(we, z¢, 2;) + By (wy, 2t, 21), (6)
wieW qieA(Z) t=1 9¢€G t=1

where € is a sequence of independent Rademacher random variables.
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See Subsection C.2 for a discussion of the () notation used in the above lemma statement.
Proof of Lemma 15. See proof of Lemma 3 in [40]. O

C.2 Proof of Theorem 12

Before proceeding, we note that this proof uses a number of techniques which are now somewhat
standard in minimax analysis of online learning, and the reader may wish to refer to, e.g., [41] for a
comprehensive introduction to this type of analysis.

Let 11,7m2,7m3 > 0 be fixed constants to be chosen later in the proof, and define

T T T
B(pir, Lur) =m0 Y0y +m2 Y167 + 203 Y. Eanp, (5, 4e).
) =1 t=1

=£B1(LrT) 2Bz (prT,l1:T)
We consider a game where the goal of the learner is to achieve regret bounded by B, plus some

additive constant that will depend on 71,72, 713, and the complexity of the class F. The value of the
game is given by:

T ro
Y= << sup inf suplEg.,, >> [Z (s, 1) mf Z (z4), ) — B(p1r, brr) |-
@€ X PeA(S) £yeL i=1Lt=1

Here we are using the notation (* )~ to denote sequential application of the operator  (indexed by
t) fromtime ¢ = 1,...,7, following e.g. [41]. This notation means that first the adversary chooses
x1, then the learner chooses pi, and then the adversary chooses ¢; while the learner samples s;
and suffers the loss (s1, ¢1). Then we proceed to round 2 and so on, so that the learner is trying to
minimize the (offset) regret after 7" rounds while the adversary is trying to maximize it. If we show
that V < C' for some constant C' then we have established existence of a randomized strategy that
achieves an adaptive regret bound of B(-) + C. See Foster et al. [20] for a more extensive discussion
of this principle.

C.2.1 Minimax swap

At time ¢ the value to go is given by

sup inf  sup| Eap, (s,6) = 203 Bacpy (5.00) —mu |£e], — 2|62
zeX PteA(S) pyel

T T T
+ f Es-p (s,0:) — inf )ilr) = B(prorr, brarr) | |-
<<§i%p722<s>5‘1‘2>> [Z pr (5.6 = inf 3 {g(ar) br) = B(prorcr ”T)H

r=t+1LT=t+1

Note that the benchmark’s loss is only evaluated at the end, while we are incorporating the adaptive
term into the instantaneous value. Convexifying the ¢; player by allowing them to select a randomized
strategy ¢, this is equal to

sup inf  sup Erpeq,| Eaup, (5,0e) = 203 Banp, (5, 06)% = mu e, —male]}
zteXPtEA(S)q,eA(L',)

T T T
+{{ su inf su Esep, (s,¢;) —inf 7 ), lr) — B(pri1:1, bri1: .
«%AUB»[Z pelsube) = 00 (o), 60) - Blprerr )|

This quantity is convex in p; and linear in ¢; so, under the compactness assumption on S and L, the
minimax theorem implies that this is equal to

sup sup inf _ Ee,eg,| Bavp (5, 0e) = 203 Bonp (5, £0)* = || el = m2]€e]]
zeX greA(L) PteA(S)

+ << sup inf sup>> [ Z Esep, (s,47) — !1]r€1£ Z:l(g(z:T),éT) - B(pTH:T,ETH;T):”.

2, eX PreA(S) t el ret+1bLT=t+1

Repeating this analysis at each timestep and expanding the terms from Bs, we arrive at the expression

V= <<sup sup  inf E[tht» [iESNm[(s,ét) 2n3(s, £¢) ] 1nfz g(xe), le) Bl(élzT)].

+€X qteA(L)PtEA(S) p=1 Lt=1
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C.2.2 Upper bound by martingale process

We now use a standard “rearrangement” trick (see [41], Theorem 1) to show that

V:<<sup sup ]Eepqt» [sup[i inf IESNP,Eg:th[<s,£;)—2773(3,4)2}—i(f(a:t),ft)]—Bl(ﬁl;T)],

z4eX qreA(L) t=1L9¢9 Lt 1PteA(S)

where ¢/ is a sequence of “tangent” samples, where ¢; is an independent copy of ¢, conditioned
on ¢1.;—1. This can be seen by working backwards from time 7. Indeed, at time 7', expanding the

((*»tT:l operator, we have

T-1
V= <<>>tT:’11 sup sup inf E@TNqT[ Z E Npt[ s,0) — 2773(5,&)2] +Esepp [(S,ET) —Qng(s,ZT)2]

zpeX qreA(L) PTEA(S) =1

Z: g(xt) Zt B1(€1:T):|,

Using linearity of expectation:

T-1
_ 2
= <<>>tT:11 zsjip; qTSeliI()ﬁ)pTle%f(S)ElTNqT[ Z E Npt[ s,0) — 2773(5,&)2] + EngNqT Esepy [(s,Z}) - 27}3(5,(%) ]

- igrg;(g(mt),ft) - Bl(£1:T)j|-

Using that only a single term has functional dependence on pr:

T-1
_ . ’ 2
= (i’ sup quigﬁ)EemT[ 2 B [(5,00) = 2ma(5,00)°) & 0l Bt g By (5. 0) = 2{s )

- si]relét;(g(wt),&) - Bl(ZI:T):I-

Expanding the infimum over g € G:

T-1
= () sup, sup Eerear sggg[ Y Eope[{s, €0) = 2n0(5,€:)°] + + il Eepogr Beepr [(s. 6r) - 2n5(s, ¢7)’ ]

Z<g($t) L) — By (41:T):|.

t=1

We handle time 7" - 1 in a similar fashion by first splitting the ))tT:_ll operator:

= (), sup  sup inf By g, SUp  SUD Eppgp
Tp_1€X qp_1eA(L) PT-1€A(S) TreX greA(L)
& 2 2
sup Z ]ES“‘Pt[<57Et) - 2773<5a£t> ] +Espr_y [(57€T*1> - 2773(57£T*1> ]
g€g

T
+ inf Eg .qp Espy [(S,fér) - 2773(8,13%)2] =2 Ag(@e), ) - Bl(ZLT)].
pTeA(S) t=1

Rearranging the supremums to make dependence on terms from time 7" — 1 clear:

= (())?;12 sup sup inf  Egpegr,
Tp_1€X qp_1eA(L) PT-1€A(S)

[ i ESNPt[(‘S?gt) - 2’73<3»£t)2] +]ESNPT—1 [(SveTfl) - 2773<S7£T*1)2]

t=1
T
Eq,.. inf By .o Eeopy [ (s, 00) - 205(s, € 0) - Bi(tr) ||.
+sup sup Eep qTigg[pTig(s) ar Bovnr | (3,07) = 2na(s,7)"] - 2la(we). fe) = Bu( 1T)”

Using linearity of expectation and moving the infimum over gp_;:

T-2
= <<"'>>t:1 sup sup K jngr,
zp_1€X gp_1€A(L)

T-2
[ ; Eoep, [(s,@t) - 2773(3,&5)2] + ijlgg(s) IEZT ~aro Esepr_ [(S,E'T_l) - 2n3<s,£'T_1)2]

T
+sup sup Egpngr sup[ inf By g ESNPT[(S,E'T) - 2ns(s, 07) ] d{g(me), ) B1(€1:T)”-
zreX greA(L) geG | P eA(S) t

=L/
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The last step is to move the supremums from time ¢ = T" and the supremum over g € G outside the
entire expression, similar to what was done at time ¢t = 7.
T-2

= {0,y sup sup  Egp j~gp, sup  sup Egp.q; sup
zp_1€X gp_1€A(L) zpeX greA(L) g€g

T-2
[ 2 Ee, [{s,00) = 2055, £0)°) + il Ber g, Bovpry [(s,001) = 2ms(s,601)7]

T
+ b Byar Euvpr | (5, 07) = 2m(s,7)"] - PUCHRY Bl(ﬂm)]-

Repeating this argument down from time ¢ = 7' — 2 to time ¢ = 1 yields the result.

To conclude this portion of the proof, we move to an upper bound by choosing the infimum over p, at
each timestep t to match g, which is possible because each infimum now occurs inside the expression
for which the supremum over g € G is taken:

V= << sup sup Elwm» sup i inf  Eeop, ]E[qut[<87€,’5)—27]3<S7€;>2:| i f(xi) et ] Bl(glfT):|

TreX qreA(L) _1L9eg Li=1 P (S)

N o

< << sup sup E[tht>> —sup ZEZQth[(g(mt),EQ—2773(9(:&),@;) ] ZT: (g(x¢), L) :| B1(€1:T)]

zteX qreA(L) 1Loeg Le=1 1

t=
T

S

Mé

= << sup sup [Eg .q, >> sup
zteX greA(L) | 9¢G |t

t=1

I
=

O]

C.2.3 Symmetrization

Introduce the notation H () = = — n322. We now claim that the quantity appearing in (7) is bounded
by

T
2 SUPSUPE [zug[;%ﬂ( {9(@:(€)), £:(€))) - 773;(9(%(6)),&(6))2]—Bl(flzT(e))], ®)

where the supremum ranges over all X'-valued trees « and £-valued trees £, both of length 7.

The value

(e ) g5 o 01 .02 5 st 1] - |

T1€X qreA(L) 9€G | t=1

by adding and subtracting the same term, is equal to

(s sup Ew»Tl[sup[zwwqt[<g(mt> ) =mala(e), 6] - (g, 1) - mola(n). 6)°)

zreX qreA(L) 9€G [ t=1
-3 ;(]Ezwqt [(g(ze), 0:)°] + (g(wt)7ft)2)] - Bl(fl:T)]
=<<sup up E» [SHP[ZEZ,NQ,[H(@(%) ] - H((g(o), £))
21eX qreA(L) PN e =i
3 (B llo(e), 0] <g(xt)7ft>2)] - Bl(em)].

Using Jensen’s inequality, this is upper bounded by

T T
«bup sup Ewwqf» [SHP[ZH((Q(%)%))—H((g(xt),ft))

T1€X qreA(L) 9¢€G L t=1
T

(a8 oo ) |- )|

t=1
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where ], is a tangent sequence. We now claim that this is equal to

T T
«sup sup Ezz» [sup[zH«g(xt),em—H((g(x»,et))

xeX queA(L) t=1L9¢G Lt=1
=z 2 2 1
- 2 (a0, 60+ oo 00°) | - S o) - S|
t=1
This can be seen as follows: Let () be the joint distribution over /1, . .., {7 obtaining the supremum

above, or if the supremum is not obtained let it be any point in a limit sequence approaching the
supremum. Then the value of the B; term in (9) is equal to (respectively, e-close to)

T T
Eq Bi(Cir) =m Y, Eqlt], +m2 Y. Eqlt:]
t=1 t=1

T T
2
=M Z Eél;H E[Mt”l | gl:t—l] + 172 Z EZLH IE[”E,:Hl \ 51:t—1]

t=1 t=1
& ’ Z 72

= Y By B [ ] 400 Y Ba B[ 1G] | G ]
t=1 t=1

=Eor EZ'LT\ZLT B, (gllT)
Replacing ¢; with £} follows from the definition of the tangent sequence, since ¢; and ¢; are identically
distributed, conditioned on ¢1.;—;. This shows that we can replace B;(¢1.r) with By (¢1.7)/2 +
Bi(¢}.1)/2 above, since we are working with the expectation.

We have now established that (9) is equal to
T T T
(s, s Bea) [ sun] 5 a0, 1) - Hate), ) - 3 . 0t )

zieX qreA(L) =1 geG L t=1 t=1
Ay Az As

T

i 2

(Zwl |e’|1) ;(Zwtme;nl)].

t=1 “——————— t=1 “——————
Ay As

Fix a time ¢ and suppose the values of ¢; and ¢; are exchanged. In this case the value of A; — A is
switched to As — Ay, while the values of A3, A4, and A5 are left unchanged. Appealing to Lemma 15,
we can therefore introduce Rademacher random variables €1, . . . , e with equality as follows:

<<sup sup E»T [sup[iet(m(g(m),é;))—H((g(mft»)—na(i(g(m,a)z+<g<xt>,et>2)]

TteX qreA(L) t=1L 9¢9 Lt=1 t=1

T T
-5 (S ) -5 (et 1)
& =1

Splitting the supremum, this is upper bounded by

2-<<sup sup EE>> [sup[zetﬂ(<g<xt>,a>>—n3z< (), 1) ]——Zuetnl ”zznetnl]

TreX qreA(L) 9€G Lt=1 t=1

:2.<<supsupraﬁ>> [sup[zetH«g(zt),em—n32<g(xt> 0 ]——antul ”QZM]

xieX Lrel g€G | t=1 t=1

- 2esupsup | sup| 3 (faCe ()£ - o (). £OF |- 5 L1l - 2 Tl |

The first equality is somewhat subtle, but holds because at time 7', the expression is linear in g7 so it
is maximized at a point ¢, allowing us to work backwards to remove the ¢; distributions.

C.2.4 Introducing a coarse cover

We now break the process appearing in (8) into multiple terms, each of which will be handled by
covering. Consider any fixed pair of trees x, £. Note that with the trees fixed (7) is at most

T T
2-E. sup t_ZletH((g(wt(e)),ft(e))) — 3 ;(g(wt(e))&(e))z —Ec Bi (b1 (e))-
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We will focus on the supremum for now. We begin by adapting a trick from Rakhlin and Sridharan
[37] to introduce a coarse sequential cover at scale 3. Let V' be a cover for G on the tree  with
respect t0 Lo, /oo at scale 3/2. Then the size of V' is N o0 (3/2,G, ), and

max max min maX (€ vi(e 9.
90 ce{+1)T VeV te[T] Hg( t( )) t( )”oQ B/

Recall that since g(z) € RE for all g € G, we may take each v’ € V' to have non-negative coordinates
without loss of generality. Likewise, it follows that we may take each v’ € V' to have ||v;(¢)]|., <
SUP,.c x SUP,eg |9() |, Without loss of generality.

We construct a new 3-cover V! from V' by defining for each tree v’ € V/ a new tree v as follows:
Vee {1} Vte[T]Vae[K]: wi(€)a = max{vi(e)a - 3/2,0}.

It is easy to verify that for each time ¢ and path € we have |v.(¢) - v|(¢) |, < 8/2,so V! is indeed
a B-cover with respect to L, /{. More importantly, for each g € G and path ¢, there exists a tree
v € V' that is B-close in the Lo, /{o sense and has v;(€), < g(x:(€)), coordinate-wise. We will
let v![e, g] denote this tree, and it is constructed by taking the 3/2-close tree v’ promised by the
definition of V”’, then performing the clipping operation above to get the corresponding 3-close
element of V1. The clipping operation and 3/2 closeness of v’ imply that for each time ¢ € [T'] and
coordinate a € [ K],

max{v;(€)a = #/2,0} - g(z:(€))a
max{[|v;(e) - g(@:(€)) | + g(21(€))a = B/2,0} = g(21(€))a
max{g(@:(€))a; 0} - g(@:(€))a = 0.

This establishes the desired ordering on coordinates. Returning to the process at hand, we have

vtl[ea g]a _g(xt(e))a

IN A

[T T
Ecsup| > ecH{g(xi(€)). £:(€))) — s Z(g(wt(e))vft(e))z]-

9€G Lt=1 t=1

Now we add and subtract terms involving the covering element v! (e, g):

[T T
=E. sup ; et ((v; [€, 9], €e(€))) = ms ;(g(wt(e)),ft(e))Q

+ ;etH(<9(mt(e))7€t(e))) - e H((v} [e,g],ﬁt(e»)],

We now invoke the coordinate domination property of v![¢, g] described above. Observe that since
g(x¢(€)), vi[e, g], and £;(€) are all nonnegative coordinate-wise, it holds that (vtl [e, g],ﬂt(e))2 <

(g(x4(€)),£:(€))”. Consequently, we can replace the offset term (not involving ¢;) with a similar
term involving v} [¢, g]

T T 2
<E, zgg[getm(vt FLO) = (ol ena).4(0)

+ ;€tH(<f(mt(€))vet(€)>) - e H((v} [e,f],ﬁt(e)))].

Splitting the supremum and gathering terms, this implies that V' is upper bounded by

T T 9
E. sup [zetH«vé(e),et(e)))—ngz<v3(e)7et(e>> ]

vleV1| =1 t=1

(*)

+E, sup[zetm 9((6)). £())) ~ e H (v} [€. 1. £:(6))) ] E. By (£11(0)).

9¢G Lt=1

(x*)
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C.2.5 Bounding (*)

We appeal to Lemma 13 with a class of real-valued trees U 2 {e > ((vtl(e),ét(e)))tq |vle Vl}.
The class U has range contained in [-1, +1], since |(v} (), £:(€))| < Hvtl(e)”ooﬂft(e)Hl <1, where

these norm bounds are by assumption on G and £. Recall that H(z) = x — n3x2. We therefore
conclude that

T
(+) =Ec sup zetm(vt(e) L)) =1 3w} 0) et<e>>]

vleVl

1
32;— oglV| = 22 ’Smg/vw(/zgw)
3

C.2.6 Bounding (**)

Fix o > 0 and let N = |log(3/a)] - 1. For each i > 1 define &; = B¢™("), and for each i > 1 let
V' be a sequential cover of G on x at scale &; with respect to Lo, /{o. (keeping in mind that V! is

defined as in the preceding section). For a given path € ¢ {:{:l}T and g € G, let v'[¢, g] denote the
ei-close element of V'?. Below, we will only evaluate H () = z — n3x2 over the domain [-1, +1]; it
is (1 + 2n3)-Lipschitz over this domain. Then the leading term of () is equal to

E, sup[zet<H<<g<xt<e>>,zt<e>>>—H((vg[e,g],me))))].

9€G Lt=1
Introducing the covering elements defined above to this expression, we have the equality

T
=E. sup[z et(H({g(x:(€)). £e(€))) = H({vy" [e. 9], £:(€))))

9¢G Lt=1

5T e (o e g1, 406)) - (<v;[e,g],et<e>>))]

T
<E. sup[zet(H«g(xt(e)),et(e») () [e,g]vexe))))]

2Oy
+ "1]Eesup[z er(H((vi"'[e.9],£:(e))) - ((vi[@g],[t(e))))].

=C

C.2.7 Bounding C'y

We first bound C'y in terms of one of the terms appearing in B .

T
Cy -F. sup[z e (H((g(@:(6)), () - H({w] [e,g],et(e))))]

geg

< B Ssupl (). 4N - H({o? sl i)

< (1+2m)E. [tzlsup| o(@:(). £:()) ~ (v [e,gJ,et<e))|]
< +2n3>n4:s[t_zl|et<e>|l suplae: () - o [e,ng]
< (1+2773)maxsupmax”g (xi(€)) —v; [e g H [Z|Et(e)|1:|

<(1+2n3)e*a- EG[ZW(G)M]-

t=1
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The first inequality uses that e; € {+1}, while the second uses the Lipschitzness of H over [-1,+1].
The third and fourth are both applications of Holder’s inequality, first to the ¢ /¢, dual pairing, and
then to for the distributions over L1 /L. Finally, the definition of the covering element vi\’ —in
particular, that it is an L, //..-cover—implies that the supremum term is bounded by e < €? - a,
which yields the final bound.

C.2.8 Bounding C;

Our goal is to bound

T
C.-E, sup[zet(ﬂ(@;ﬂ[e, g1 6:(9)) - H({v e, g1, .N) |

geg Lt=1

We define a class W of real-valued trees as follows. Let 1 < a < |VZ| and 1 <b< |V“1|, and fix an

arbitrary ordering v® € V* and v® € V**! of the elements of V*/V**!. For each pair (a,b) define a
tree w(*? via

w9 (0 - { H({v}(6).£(0))) ~ H({v{(e).£:())).  Tge G st v" = vfe.g] 0" = vfe,g]",

0, otherwise.

Then C; is bounded by

T
E, sup Zetwt(e).
weW =1

Then Lemma 14 implies that for any fixed n > 0,

I log|W
e sup | 3 e (0) - i ()| < 24
weW | t=1

Rearranging and applying subadditivity of the supremum, this implies

log|W
Ee sup Zetwt(€)<77 E sup Zw?( )+ Log/W1],
weW =1 2

Optimizing over 7 (which is admissible because the statement above is a deterministic inequality)
leads to a further bound of

T
Ec sup Y. eqwy(e) < \l 2E, sup Zw (€) - log|W|.

weW ¢=1 Wt=1

We proceed to bound each term in the square root. For the logarithmic term, by construction we have
. . .2

(W[ < |VI[VF <[V = Nos,eo (€141, G, ).

For the variance, let w(**) € TV and the path € be fixed. There are two cases: Either w(e) =0, or

there exists g € G, such that v® = v[e, g]* and v = v[e, g]**!. The former case is trivial while for the
latter, in a similar way to the bound for C, we get

ZwE“”’(e)Q tZl( ((vi' e, 91,:(0))) - H((vi[e, 91, £(6))))’
< (1+29)? z(( e, g1,£:(0)) - (vile 9] £(0)))”
< (1+205)° znet i e, 0] - wile )2,
< (1+203)” masema| o} [¢ ] - ll, Zuet(e I3

Where we have used Lipschitzness of H in the first inequality and Holder’s inequality in the second
and third.
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Finally, using the L., /., cover property of v'[e, g] and v**![e, g] and the triangle inequality, we

have

mamaslof [e.0] - vile 1l

< m?xgl[a;](“v?l[ea gl- 9(93t(€))||oo + mgxgl[%(”g(wt(@) - vi[e,g]Hm

<g;+egim £ 265

We have just shown that for every sequence e and every w(®?) ¢ W, Zthl wt(a’b)(e)2 < 4(1+
m3)2e2 - 37 £,(e)|3. It follows that

T T
E. sup S wi(e)? <4(1+2m3)%? B Y [e(e)]3
wew t=1 t=1

Plugging this bound back into the main inequality, we have shown

T T
E. su£ Z ewy(e) <de(l+ 2773)si+1\j E. ZHZt(e)H? 1og N0 (€ix1, G, ).
weW =1 =1

C.2.9 Final bound on (**)

Collecting terms, we have shown that

(%)
T T N-1

<(1+ 2773)6204~E€|:Z”et(6)H1:| +4e(1+2n3)\| Ee > | £:(e) Hf > £i+1V/10g Neo oo (€141, G, ) — Ec Bi (L1:7(€)).
t=1 t=1 i=1

(10
Following the standard Dudley chaining proof, we have

N-1 N

N
3 €ir1V10g Noo oo (€141, G, @) < Y. €in/10g Neo 00 (€1, G, ) <2 (g — £421) /108 Now oo (€4, G, )
i-1

i=1 =1

B B
S2f Vi0og New oo (£,G, ) de < Qf Vi0og New oo (,G, ) de

N+1
B
szf V108 Now oo (2, G, T) de.

Where we are using the definition of /N, which implies that o < e 1.
Now recall the definition of By (£1.7(¢€)):

Bi(€rr(e)) = m ;Hme)\h + 12 ;Hme)uf

Taking 11 > (1 + 2n3)e?a, the first term in B; cancels out the first term in (10), leaving us with

T 8 T
(+#) < 8e(L+ 2m)\| E Y1)} [ ViogNow (5,9, T)de = mEc Y[14(6)]]
t=1 @ t=1

T 1 B T
sse(1+2n3>(7f&z|et<e>|?+m) [ VIogNe (6,6, T)de = B Y ()]
t=1 @ t=1

Where the last step applies for any 74 > 0 by the AM-GM inequality. For any 75 > 8e(1 + 2n3)n4 -

08N (&, Y, £, the first and third terms cancel, leaving us with an upper bound o
0 /108 New oo (€, G, T)de, the first and third 1, leaving us with an upper bound of

(ex) < SE(L+20) /ﬁ\/logj\/oom(s,g,T)de.
N4 a

This term does not depend on the trees @ or £, so we are done with (**).
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C.2.10 Final bound

Under the assumptions on 7, 72, 113, 74, @, and 3, the bounds on (*) and (**) we have established
imply

1+n3 1+2 8
V<o B log Neo 00 (8/2,G,T) + Se(1+ 2m3) [ V10g Now oo (2, G, T)dz.
3 T4 a

The definition of V implies that there exists an algorithm with regret bounded by V + B(p1.1, ¢1.1)
on every sequence. The final regret inequality is

™M=

Egp, (s, 41) mfz g(xt), )

~+
I

1

< 2773 Z ESNPt (S’ €t>2 + 2% logNOO,OO(ﬁ/Za ga T)
t=1

T 1 B T
+86(1+2’I73)(14 ZH&H?-%U— f V9IogNeo oo (2,6, T)de + (1 + 2n3)e*a . €] -
t=1 4/ t=1
To obtain the bound in the theorem statement, we rebind 1 = 13, A = 74 and use the assumption 1 < 1.

C.3 Proofs for remaining results

Our bandit results require a generalization of Theorem 12 to the case where losses and the class G
may not be bounded by 1.

Corollary 16. Suppose we are in the setting of Theorem 12, but with the bounds < R for all

e Land|s| . < Bforall seS. Forany constantsn € (0,1], A >0, and 8 > a > 0, there exists an
algorithm making predictions in S that attains a regret guarantee of

T T T
> Eayopi (st le) - Z g(xe), ) < —— RB Z]ESfNPf si, )" +

=
2 B
+ 246(@ ;H&Hl + X) /a VI0og Neo,oo (€,G, T de.

B T
10g Noo,oo (8/2,G,T) +3¢°a Y. |44,
t=1

Furthermore, if upper bounds Y | 0> < V and Y1 By, (51, £:)” < V are known in advance, 1)
and X can be selected to guarantee regret

T T
D Epmp (52, 0e) - ;ﬂé > (g(we), Le)
Y =1

t=1

< 8Y/V 10g Now e (8/2, T, T) + 8RB 10g New o (8/2,G,T)
T

+ 24V fﬁ V10g Noo,oo (£,G, T)de + 3ea Y[ 4],
«@ t=1

Proof of Corollary 16. Apply Theorem 12 with losses ¢;/R and class G/B. The preconditions of
the theorem are satisified, so it implies existence of an algorithm making predictions in S/B with
regret bound

T

L 1 4
72 St~pt va‘ef _E inf Z(g (xt) €f>< Z ZEStNPt<St74t)2+EIOgNOO,"O(/B/Zg/BvT)*'
-1 t=1

2
3ea &

2N,
t=1

D:J

eQ/B

A Z 5 1 B
+24e(4—R2;||£t||1+X)fa V10g Neo oo (€,G/ B, T de.
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Rescaling both sides by BR and letting §; = s; - B (s0 §; € S), this implies

By, (51, £0) — inf 3 )« 2L S Eg (51, 0)?
e~ - < == Sg~ 5
; St Pt(stv t) ;Eb;(g(xt)v t) RB; t Pt(st t> +

B T
10g Noo oo (8/2,G/B,T) +3e>aB > |4,
t=1

fﬁ\/log./\/'oo,oo(a,g/B,T)da.

4RB

AB L RB
+24e(— S)ee]? + —)

T T
R—n > Espnp, (80,0,)° log Neo.oo (BB/2,G,T) + 3¢*aB >lel,
t=1

=1
B
+24e(4RZH€tH1 RB)] V108 Now (e B, G, T) de.

Using a change of variables in the Dudley integral, we get

T
= RB Z Eétht

BB
24e| 2 2 7[ V108 Now (2, G, T) de.
+ 6(4R;H£tHl+>\) . 08 Noo,o(£,G,T)de

The final result follows by rebinding o = @B and 3’ = 5B.

B T
l0g Neo o (8B/2,G,T) + 3¢’ aB Y |
t=1

For the second claim, apply the upper bounds to obtain

2 4RB

R”BV 108 Noo oo (3/2,G,T) + 3¢ B Zuetnl

+24e (%v ¥ %) fa V108 Noo oo (€, G T de.
Now set A = 2R/\/V and 1) = ﬂRB\/logNw,oo(ﬂ/Z,g,T)/f/ A 1 to obtain the claimed bound.
Note that the range term arises from the constraint that € (0, 1]. O

Proof of Theorem 4. Recall that we use the reduction:

* Initialize full information algorithm whose existence is guaranteed by Theorem 12 with G = ¢7 o F:

e Fortimet=1,...,T"

— Receive x; and define P;(a) = Eg,~p, % where p; is the output of the full informa-

tion algorithm at time ¢.

— Sample action a; ~ P/ and feed importance-weighted loss /;(a) = 1{a; = a}¢,(a)/ P! (a)
into the full information algorithm.

With this setup, Corollary 16 guarantees that the following deterministic regret inequality holds for
every sequence of outcomes (i.e. for every sequence aq, ..., ar sampled by the algorithm):

ZEStNPt<Stvéi> - 12£Z(¢W(f(xt))"ét)

B T .
< RB ZEsf~P1<St,€t) log./\/oo,oo(ﬂ/2,¢70.7:,T)+362Oéz‘|‘€t”1
t=1

~ 2 B8
+ 246(@ t;”étul + X) fa V10g Neo oo (€, ¢7 0 F, T)de,

where the boundedness of the ramp loss implies B < 1 and the smoothing factor  in P}* guarantees
R < 1/u. Taking expectation over the draw of a, . . ., ar, for any fixed f € F we obtain the inequality

B3 B (o) - 218 2 )

4 A
< E[l/u ZE[ sppt(st,ét) \ﬂ]+77—M10gNm,oo(ﬁ/2,¢Vo.7-',T)+3e a;E[Hétul | 7]

iszE[Z

4fu =

B
+24e( f \jt]+$)fa V10g Neo, oo (€, ¢7 oJ—',T)ds],
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where the filtration J; is defined as in Lemma 3. Using that the importance weighted losses are
unbiased, we have that the left-hand side is equal to

T T
E[ZEStNPt<St,£t) - ;(¢7(f($t))7£t) :

t=1

We also have the following three properties, where the first two use that 0y is 1-sparse, and the last
follows from Lemma 3:

L B[|e], | 7] = Zaerey P (@)le(a) = Taeixy e(a) < K.

~A 2 A a
2. E[nztnl | J] = Saepr) P (@)8(a) = Taepr) 10y < 5

~ 12
3. E[]EStNPt(st,Zt) | jt] < K2
Together, these facts yield the bound

T
EI:ZESWM(Shzf) - logNw,w(rB/Qv ¢’Y o \7:7 T) + 3620‘KT

T
t=1 t=1

W(f(o:t)),&)] <2 g, A
p nu

AKT
4

Optimizing 1 and A (as in the proof of the second claim of Corollary 16) leads to a bound of

1 B
+ 246( + /\—) f V108 New oo (€, 7 0 F, T)de.
Yo e

E[z Evven (51,61} - Z(W(f(wt)),&)]

t=1 t=1

<4\/2K2T1og Neo, oo (B/2, 7 0 F,T) + %log/\/}o,m(ﬁ/ldﬂ o F,T)

B
+3e¢°aKT + 24ey | % / V10g Neo oo (€, 47 0 F, T)de.

Since ¢ is %-Lipschitz with respect to the /., norm (as a coordinate-wise mapping from R¥ to R¥),
we can upper bound in terms of the covering numbers for the original class:

T T
E[Z Esyvp (s, be) = Z(W(f(xt))ﬂt)] < 4V/2K2T log Neo o (75/2, F, T)) + %log/\/oo,oo(vﬂ/lfy T)

t=1
KT 8
+3e2aKT+24e\/—f V1og Neo oo (78, F, T de.
12 @

Using a change of variables and the reparameterization o’ = oy, 3’ = 37, the right hand side equals

4\/2K2T1og New,oo (82, F,T) + %log./\foo,oo(ﬂ'/lf, T)

ﬁ,
+ 1(362aKT +24ey | KT f \/1og/\/'oo,°o(57.7-',T)de).
¥ p Jar
Lastly, via Lemma 1, we have

Yacrx) st(a)li(a)
Yaek] St(a)

T T
> Espepe(st:be) 2 Y Esyop,
t=1

T
= Z EatNPt ét(at).
t=1 t=1

Finally, the definition of the smoothed distribution P}* and boundedness of ¢ immediately implies
T T
Y Eapp, li(ar) 2 Y Eyppr li(ar) - pKT. O
t=1 t=1

Proof of Proposition 5. Suppose log Noo oo (€, F,T) o< 7P,
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« When p > 2, it suffices to set 8 = rade oo (F,T), pp = (KT) /@D y=2/(+1) "and o =
1/(KT )P in Theorem 4 to obtain O((KT/~)?/ P+ .

« When p € (0,2], it suffices to set o = 1/(KT), p = (KT) 2/ P+9~=20/(4+p) "and g =
72/ 2+P) [( KT )Y (2*P) in Theorem 4 to obtain 5((KT)(p+2)/(p*4)7’2p/(p*4)).

For the parametric case, set o = 3 = v/KT and p = \/dlog(KT/v)/KT to conclude the bound.
Similarly, in the finite class case, set & = 3 = 0 and p = \/log|II|/ KT O

Proof of Example 3. Let F|, = {z —~ f(x), | f € F}. Then clearly it holds that

10g Noo,oo (6, F, T) < . logNewo(e,Fla,T) < K In[z}?] log Noo (g, Fla, T),
ae[K] ac
where have dropped the second “co” subscript on the right-hand side to denote that this is the covering

number for a scalar-valued class. Let a* be the action that obtains the maximum in this expression.
Returning to the integral expression in Theorem 4, we have just shown an upper bound of

T B
3620[KT+246K\/7/ Viog Noo (€, Flas, T)de.
M Ja

For any scalar-value function class G ¢ (X — [0,1]), define

T
R(G,T) =supEc Sug > eg(ze(e)).
@ geG =1

Following the proof of Lemma 9 in Rakhlin et al. [42], by choosing 8 = 1 and a = 29R(F .+, T)/T,
we may upper bound the L., covering number by the sequential Rademacher complexity (via
fat-shattering), to obtain

1

1\/log(ZeT/E)dzz.

1
6eKR(Flar, T) + 96\/561(\/79%(?@* T
" 2R (F| *,T)/T €

Using straightforward calculation from the proof of Lemma 9 in Rakhlin et al. [42], this is upper
bounded by

0(fﬁwmmﬂlog3/2<T/m(f|a*,T)))-

Returning to the regret bound in Theorem 4, we have shown an upper bound of

a*aT)) +:uKT)7

K

O(m(fb* T)log™(T/R(F
WH

where we have used that log Voo (1, F|4+,T') = 0 under the boundedness assumption on F. Setting

o< (R(Fla, T)/(T7))?? yields the result. O

Proof of Example 4. This is an immediate consequence of Example 3 and that Banach spaces for
which the martingale type property holds with constant 3 have sequential Rademacher complexity

O(\/BT) [45]. O
C.4 Additional results

Here we briefly state an analogue of Theorem 4 for the hinge loss. Note that this bound leads to the
same exponents for 7" as Theorem 4, but has worse dependence on the margin + and depends on the
scale parameter B explicitly.

Theorem 17 (Contextual bandit chaining bound for hinge loss). For any fixed constants 3 > o > 0,
hinge loss parameter v > 0, and smoothing parameter i € (0,1/K] there exists an adversarial
contextual bandit strategy ( Py )< with expected regret bounded as

=1

E[ift(“f)] % {}?ﬁE[ti(w”(f(xt)),et)] + VAR Tlog N (B2, 7, T) + uB KT

B
+8310g./\fw,w(5/2,]-',T)+1(3eaKT+24e ﬂf \/logNw,w(s,]-‘,T)de)},
Y ¥ V o u Ja

28



where we recall B =sup ez sup ey | f ()| -

D Analysis of HINGE-LMC

This appendix contains the proofs of Theorem 6 and the corresponding corollaries. The proof has
many ingredients which we compartmentalize into subsections. First, in Subsection D.1, we analyze
the sampling routine, showing that Langevin Monte Carlo can be used to generate a sample from an
approximation of the exponential weights distribution. Then, in Subsection D.2, we derive the regret
bound for the continuous version of exponential weights. Finally, we put the components together
together, instantiate all parameters, and compute the final regret and running time in Subsection D.3.
The corollaries are straightforward and proved in Subsection D.4

To begin, we restate the main theorem, with all the assumptions and the precise parameter settings.

Theorem 18. Let F be a set of functions parameterized by a compact convex set © c R? that
contains the origin-centered Euclidean ball of radius 1 and is contained within a Euclidean ball of
radius R. Assume that f(x;0) is convex in 0 for each x € X, and that sup, 4 || f(x;0) e < B, that
f(x,a;0) is L-Lipschitz as a function of 6 with respect to the {3 norm for each x,a. For any v, if we

set
dv?log(RLTK [7) 1
- = M = \/T
g \/ skeprr 0 PO\ K ’

in HINGE-LMC, and further set

1 1 R?
U= ——"—""—=, A= ————, o =—,
T3/2LByRn\/d 8T /2R3 N
2 18 7 1206 712 R24L48d12 2 3 412 n2 -2
N:O(R LT +K24), m=0(T°dR*L*B; (K~)7?),

in each call to Projected LMC, then HINGE-LMC guarantees

T T
Y Bl (a;) <min Y E(C, 07 (f(2:0))) + @ + 2d log(RLTK [v) + 10—QTZBzKT
=1 0<0 i v Kn gl

T
<min S E(6, &7 (f(21:0))) + O (gm—).

00 3

. . . ~ R22L14d14BQT10 R28L50d14B2T4
Moreover, the running time of HINGE-LMC is (9( K22 £ + T2 £ )

D.1 Analysis of the sampling routine

In this section, we show how Projected LMC can be used to generate a sample from a distribution
that is close to the exponential weights distribution. Define

() =n i(z;w«f(xf;e))x P(6) < exp(~F(6)). an

We are interested in sampling from P(0).

Let us define the Wasserstein distance. For random variables X, Y with density p, v respectively

Wilp) 2 ot [ X =Y adr(X,Y) = s | [ f(du(X) - dv(Y))].

mel'(p,v) fiLip(f)<1

Here I'(u, v) is the set of couplings between the two densities, that is the set of joint distributions
with marginals equal to u,v. Lip(f) is the set of all functions that are 1-Lipschitz with respect to £5.

Theorem 19. Let © c R? be a convex set containing a Euclidean ball of radius v = 1 with center
0, and contained within a Euclidean ball of radius R. Let f : X x © — Rﬁ% be convex in 6

with f,(x;-) being L-Lipschitz w.rt. {3 norm for each a € A. Assume |0, < By and define
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Algorithm 3 Smoothed Projected Langevin Monte Carlo for (11)

Input: Parameters m, u, A, N, av.
Set 0y < 0 ¢ R?
fork=1,...,Ndo
Sample z1,...,2m, o (0,u%I,) and form the function

m

. 1 A
Fr,(0) = . ;F(G +2z;) + 5”9”%.
Sample & ~ N (0, I;) and update

~ ~ o o~ o~

Ok < Po (91@71 - 5VF1<:(91<71) + \/aﬁk) :

end for
Return 0.

F and P as in (11). Let a target accuracy T > 0 be fixed. Then Algorithm 3 with parameters
m, N, \,u,a € poly(1/7,d, R,n, By, L) generates a sample from a distribution P satisfying

Wi (P, P)<T.
Therefore, the algorithm runs in polynomial time.

The precise values for each of the parameters m, N, u, A\, « can be found at the end of the proof,
which will lead to a setting of 7 in application of the theorem.

Towards the proof, we will introduce the intermediate function F'(9) = EzF(0 + Z) + %HGH%, where

Z is a random variable with distribution A/(0, u?I,;). This is the randomized smoothing technique
studied by Duchi, Bartlett and Wainwright [19]. The critical properties of this function are

Proposition 20 (Properties of F). Under the assumptions of Theorem 19, The function F satisfies
1. F(0) < F(0) < F(9) +nTB,Luvd/y + 3R>
2. F(0) is nT ByL/~ + AR-Lipschitz with respect to the {5 norm.
nTByL
Y

3 F (0) is continuously differentiable and its gradient is == + A-Lipschitz continuous with

respect to the {5 norm.
4. F (0) is \-strongly convex with respect to the £y norm.

5. EVF(0+Z)=VF(0).

Proof. See Duchi et al. [19, Lemma E.3] for the proof of all claims, except for claim 4, which is an
immediate consequence of the {5 regularization term. O
Using property 1 in Proposition 20 and setting £; = T]TB(LU\/E/’Y + AR?, we know that

e exp(~F (6) < exp(~F(8)) < exp(~F(9)),

pointwise. Therefore, defining P to be the distribution with density p(#) = exp(-F(0))/Z, where
Z = [ exp(-F(0))dh, we have
-F(9)

Z

e—F(9)+F(0)

. -1
Z]Z

df < et —1<2¢q,

TV(P|P)- [ ©

for £, < 1. This shows that P approximates P well when v and A are sufficiently small. The next
lemma further shows that the F}, functions themselves approximate F' well.
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Lemma 21 (Properties of E). For any fixed 0, k € [N], and constant e5 > 0,

R N 2 nT'B/L —4e3y*m
P||VF(0) - VEF,(0)|. > — < rrnra2 |-
|VE(6) - VEy( )||2—52+\/m v ]‘ex ((nTLBg)2

Proof of Lemma 21. Let £ be fixed. Since Fy, are identically distributed for all £ we will henceforth
abbreviate to F.

We proceed using a crude concentration argument. Observe that by Proposition 20, EVF(0) = VE(6)

and moreover VF (0) is a sum of m i.i.d., vector-valued random variables (plus the deterministic
regularization term).

Via the Chernoff method, for any fixed 6, we have
P[IVF(0) - VE(O)2 > t] < inf exp(~tB)Eexp(B[VF(9) - VF(9)]2)

Using the sum structure and symmetrizing:

: I &
< ,113’22 exp(-tB)E,,,, E. exp(?BH p” Z; e VG0 + z;)

)

where G(0) = X (0,0 (f(z;0))). Condition on 2y, and let W(e) =
Y eVG(0+ ZZ)H2 Then for any 7,

|
1
[W(er,. . €iyenosem)—W(er,...,—€yeenyem)| < E”VG(Q“‘ZZ')HQ

t ~
< L Y] 10T (Fri0+ 20))al
T=1

< nTBgL
Sy
By the standard bounded differences argument (e.g. [11]), this implies that W —E W is subgaussian
2
with variance proxy o2 = ﬁ(%) . Furthermore, the standard application of Jensen’s inequality

implies that EW < 20.
Returning to the upper bound, these facts together imply

Ee eXP(25H i Z EtVG(a + Z,L)
m

i=1

) < exp(28%0? + 4B0).
2

The final bound is therefore,

P [HVF(G) ~VE(9)]2> t] < }agg exp(~tf + 23%0% + 450).
Rebinding ¢ = ¢’ + 40 for t’ > 0, we have
P[|VE(®) - VE@O) 2>t + 4o < }322 exp(~t'B +26%0?) = exp(~(t')?/80?).
O

Now, for the purposes of the proof, suppose we run the Projected LMC algorithm on the function F,
which generates the iterate sequence 6y = 0

0 < Po (9}71 - %Vﬁ(ék—l) + \/aﬁk) .

Owing to the smoothness of F, we may apply the analysis of Projected LMC due to Bubeck,
Eldan, and Lehec [12] to bound the total variatiqn distance between the random variable 6 and the
distribution with density proportional to exp(—F'(0)).
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Theorem 22 ([12]). Let P be the distribution on © with density proportional to exp(—F’ (0)). For
any € > 0 and with o = ©(R?|N), we have TV (O, P) < ¢ with

RSmax{d, RpT B;L/y + R*\, R(nT By L/ (ury) + \)}'? )
c12

N>Q(

This specializes the result of Bubeck et al. [12] to our setting, using the Lipschitz and smoothness
constants from Proposition 20.

Unfortunately, since we do not have access to F in closed form, we cannot run the Projected LMC
algorithm on it exactly. Instead, Algorithm 3 runs LMC on the sequence of approximations Fk and
generates the iterate sequence 0. The last step in the proof is to relate our iterate sequence 6 to a
hypothetical iterate sequence 0), formed by running Projected LMC on the function F.
Lemma 23. Let €5 be fixed. Assume the conditions of Theorem 19—in particular that

m > 16(nTLBy/v)*1log(4R/aes)/e2,  a<2(nTBeL/(uy)+ )™ .
Then for any k € [ N] we have

Wl(ék,ék) < kaes.

Proof of Lemma 23. The proof is by indgction, where the base case is obvious, since éo = éo. Now,
let 7r;_, denote the optimal coupling for §j_1,0;_1 and extend this coupling in the obvious way by

sampling 21, ..., Zy, i.i.d. and by using the same gaussian random variable ¢, in both LMC updates.
Let & = {z1:m ¢ |[VF(Or-1) = VEF(0-1)| < e2 + &'}, where &’ = ﬁ . "TSZL; this is the “good”

event in which the samples provide a high-quality approximation to the gradient at 04_1. We then
have

Wi (0., 01,
- if fHGk—Gngdw
61)

el (B,
. o A ~ O~ ~ .
< f E.... (1{&} + 1{ECH) [ Po (Or-1 - EVF(Hk—l) -Vagr) - Po(Op-1 - §VF(91@—1) - Vage) |2dmy
~ 6] PPN ~ « ~ = * *
< f E.,., H{&k}0k-1 - §VF(0k—1) = (Og-1 - ng(gk—l))HQdﬂk—l + QRf Pl Jdmy 4
—4e2v*m
(nTLBy)?

The first inequality introduces the potentially suboptimal coupling 7;_,. In the second inequality
we first use that the projection operator is contractive, and we also use that the domain is contained
in a Euclidean ball of radius R, providing a coarse upper bound on the second term. For the third
inequality, we apply the concentration argument in Lemma 21. Working just with the first term, using
the event in the indicator, we have

A Q_ -~ oA ~ a_ = .
f Eepp HEHOk-1 = 5 VE (Or-1) = (-1 = 5 VE (Or-1)) 2y

< [ Eer 48N = STFOr) = B = SV One)) ladriy + 2Rexp(

a(es +€)
5 .
Now, observe that we are performing one step of gradient descent on F from two different starting

points, Ok 1 and 0),_;. Moreover, we know that F' is smooth and strongly convex, which implies that
the gradient descent update is contractive. Thus we will be able to upper bound the first term by

Wi (ék_l, ék_l), which will lead to the result.

A~ o A A - o . . .
< [ W = S9POner) = O = SV One)) ladriy +

Here is the argument. Consider two arbitrary points 8,6’ € ©. Let G : 6 — 6 — a/2V F'() be a vector

valued function, and observe that the Jacobian is I — o/2V>E'(6). By the mean value theorem, there
exists #” such that

|6~ SVEO) - (6 - SVEO))]2 < |(L - /29 F(0"))(0-6)]
< |12 - af29°F(")]]6 - 6.
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Now, since F' is A-strongly convex and T ByL/u + X\ smooth, we know that all eigenvalues of
V2F(0") are in the interval [\, nT By L/(u~y) + A]. Therefore, if o < 2(nTB,L/(u7y) + \)™* < 1/,
the spectral norm term here is at most 1, implying that gradient descent is contractive. Thus, we get

A R ~ . alea+e) —4e2v*m
W@,&gfa_—a_ drr + ME2TE) o pexp | 22207
1(0k, Or) 10k-1 = Or—1[2dm}_y eXp((nTLBg)z
A ~ «@ a nTByL ~4e2+v*m
<Wi(0p_1,0k_1) + =0+ — - +2R — .
1(Ok-1,0%-1) 252 Jm ~ eXp((nTLBg)Q
The choice of m ensures that the second and third term together are at most aes, from which the
result follows. O

Fact 24. For any two distributions u, v on ©, we have
Wi (p,v) < R-TV(u,v).

Proof. We use the coupling characterization of the total variation distance:

Wi (1, v) = inf f 10— 0 |odr < diam(©) inf Po[0 % 0'] < R-TV (1, v). 0

Proof of Theorem 19. By the triangle inequality and Fact 24 we have
Wi (On, P) < Wi(On,0xn) + R-(TV (O, P) + TV (P, P)).
The first term here is thg Wasserstein distance between our true iterates 6 ~ and the idealized iterates
from running LMC on F', which is controlled by Lemma 23. The second is the total variation distance
between the idealized iterates and the smoothed density P, which is controlled in Theorem 22. Finally,
the third term is the approximation error between the smoothed density P and the true, non-smooth
one P. Together, for any choice of € > 0 and €2 > 0 we obtain the bound
Wi (6y, P) < Nagy + Re + 2R(nT By Luv/d|y + AR?), (12)
under the requirements
N coR® max{d, RpT B, L]y + R*X\, R(NT B L/ (uy) + \)}'2
= 212 ’
s 16(nTLB./v)?log(4R/azes)
> 5 .
=)

N (13)

There are also two requirements on «, one arising from Theorem 22 and the other from Lemma 23.
These are:

a<2(nTBL/(uy) + N, and «a=cR?/N, (14)
for any constant c;.

Returning to the error bound, if we set
T T

u=———"6+— and A= —,
8RnTB,L\/d 8R3
the last term in (12) is at most 7/2.

We will make the choice a = ¢ R? /N. In this case, the values for v and A above, combined with the
inequality (14) give the constraint

15)

2
NZQCle.(W+ T )

T 8R2

Now for the first term in (12), plug in the choice o = ¢; R*/N and set e5 = 7/(4c; R?) so that this
term is at most 7/4. For the second term, set € = 7/(4R) so that this term is also at most 7/4. With
these choices, the requirements on m and N become:

s B4R (T By[7)? log(7/(16RN))
> 3 ,
-
where we have noted that the first constraint (13) clearly implies the second constraint (15), and this
proves the theorem. O

and N > ¢y R*® max{d, (RyTB,L/v)*V/d/r}*?|r'2,

33



D.2 Continuous exponential weights.

The focus of this section of the appendix is Lemma 25, which analyzes a continuous version of
the Hedge/exponential weights algorithms in the full information setting. This lemma appears in
various forms in several places, e.g. [13]. For the setup, consider an online learning problem with a
parametric benchmark class F = {f(-;0) | 6 € ©} where f(+;0) € (X - RE)) and further assume
that © € R? contains the centered Euclidean ball of radius 7 = 1 and is contained in the Euclidean ball
of radius R. Finally, assume that f(z;-), is L-Lipschitz with respect to £5 norm in 6 for all x € X.
On each round ¢ an adversary chooses a context x; € X’ and a loss vector /; € Rf , the learner then
choose a distribution p; € A(F) and suffers loss:

EfNPt <£t7¢’y(f('rt))>

The entire loss vector ¢; is then revealed to the learner. Here, performance is measured via regret:

T T
Regrel(T, F) 2 33Epp {fe 7 (£(20))) ~ o {6007 (/)

Our algorithm is a continuous version of exponential weights. Starting with wq(f) = 0, we perform
the updates:

__exp(=nwi(f))
[rexp(=nw:(f))dA(f)’

Here 7 is the learning rate and A is the Lebesgue measure on F (identifying elements f € F with
their representatives 6 € R%).

pe(f) and w1 (f) = we(f) + (€, 07 (f (1))

With these definitions, the continuous Hedge algorithm enjoys the following guarantee.

Lemma 25. Assume that the losses {; satisfy |¢; |0 < By, © c R% is contained within the Euclidean
ball of radius R, and f(x;-), is L-Lipschitz continuous in the third argument with respect to 5. Let
the margin parameter vy be fixed. Then the continuous Hedge algorithm with learning rate 1 > 0
enjoys the following regret guarantee:

T
TKBe | zlog(RL/s) + g Z;]Efwt(ét, ¢7(f(15t))>2}-
t=

Regret(T,F) < in(f){
£>

Proof. Following the standard analysis for continuous Hedge (e.g. Lemma 10 in [32]), we know that
the regret to some benchmark distribution Q € A(F) is

T B T
3 (Brep, = Bp-0) (f0 1 () - KL(@[po) nKL(Q lpz) , LY KL || 0

For the KL terms, using the standard variational representation, we have

KL(pi-1 || pt) =1ogEfep,, eXP(—n<ft,W(f(xt)) - ]Ef~p,,_11b”(f(wt))>)
2 2
< log(l + %Eﬁptﬂ <ft7w7(f(wt)) - Ef~ptﬁ/ﬂ(f(wt))> )

< fE Vi Y 2
=9 fNPt—1< tﬂﬁ (f(xt))> .

Here the first inequality is e™® < 1 — 2 + 22 /2, using that the term inside the exponential is centered.
The second inequality is log(1 + ) < .

Using non-negativity of KL, we only have to worry about the KL(Q || po) term. Let f* be the
minimizer of the cumulative hinge loss. Let 8* € © be a representative for f* and let () be the
uniform distribution on F. (6%, x1.7) £ {6 : maxye 1) || f(24;0) = f(24:0”) | < £}, then we have

[rdMf) Vol (F)
Jr. ()~ P NVOIl(F (07, a1)

KL(Q10) = [ a(Dlos(a(£)/po(N)ANS) = [ dQ(1)-log
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where Vol(.S) denotes the Lebesgue integral. We know that Vol(©) < ¢;R? where ¢ is the Lebesgue
volume of the unit Euclidean ball and R is the radius of the ball containing ©, and so we must lower
bound the volume of F.(f*,z1.7). For this step, observe that by the Lipschitz-property of f,

sup [ (;0) = f (250" ) oo < L]0 =072,
xTe

and hence F.(6*,x1.7) o B2(0*,¢/L). Thus the volume ratio is

Vol (F) B caR?
Vol(F.(0*,z1.7)) ~ ca(e/L)4

= (RL/e)%.

Finally, using the fact that the hinge surrogate is 1/~-Lipschitz, we know that

T
Y Ep{lr, 07 (f () =7 (f* (@) <TBe  sup |97 (f(x)) =7 (f* ()|
t=1 te[T], fesupp(Q)

TKBye
< —.
Y

D.3 From full information to bandits.

We now combine the results of Subsection D.1 and Subsection D.2 to give the final guarantee for
HINGE-LMC.

We begin by translating the regret bound in Lemma 25, followed by many steps of approximation.

At round ¢, let P; denote the Hedge distribution on © using the losses ¢1.;—1. Let P; denote the
distribution from which 6; € © is sampled in Algorithm 3.

Let p; € A(A) denote the induced distributions on actions induced by P, i.e. the distribution induced
by the process 6 ~ Py, pi(a) o< 7 (f(x¢;0)). Likewise, let ~ p; € A(A) be the distribution induced
by 6 ~ Py, py(a) o< 97 (f(x4;0)); in this notation j is precisely the distribution from which actions
are sampled in Algorithm 1.

Recall that we use p in the superscript to denote smoothing (e.g. p}’). Let m, denote the random
variable sampled at round ¢ to approximate the importance weight.

We also let 7, (a) = %l{at = a} denote estimated losses under the true importance weights, which
are not explicitly used by Algorithm 1 but are used in the analysis.

Let 1, € RE be the vector with 1 at coordinate a and 0 at all other coordinates.

Proof of Theorem 18. The thrust of this proof is to show that the full information bound in
Lemma 25 does not degrade significantly under importance weighting and under the approximate
LMC implementation of continuous exponential weights.
Variance control Controlling the variance term in Lemma 25 requires an application of Lemma 3.
After taking conditional expectations, the variance term is

T 5 T
ZEGNPtEat~ﬁ¢Emt (et,lp’y(f(xt’e)))Q = zE’SNPtE’at~ﬁfE’mtm?<€t(at)lat’8)2'
t=1

t=1

Here we are identifying s with 17 (f(z;6)) and marginalizing out 6 in the outermost expectation.
Note that this is the same definition of s as in Lemma 3.

First let us handle the m; random variable. Note that conditional on everything up to round ¢ and
at, my is distributed according to a geometric distribution with mean p}' (a;), truncated at M. It is
straightforward (cf. [33]) to show that m; is stochastically dominated by a geometric random variable
with mean m and hence the second moment of this random variable is at most 13,;(%)2. Thus, we
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are left with

<2 (a1, s)?

M=

EopB, e
T (a)?

~+
I

(ét7s>2

M=

2

E;.p,E

Sh
at~Py

~+
Il
Juy

H <‘€t7 S)z.

atNﬁt

M=

2

IN

(E,.p, = Eour)Eq,pi{lr,8)° +E,_pE

~+
|

-1
We can apply Lemma 3 on the second term, since the only condition for the lemma is that the action
distribution is induced from the distribution in the outer expectation. It follows that this term is
bounded as

T A

P B, 5 Ea e (li,s)? <TK?*(1+ BJv)*.

t=1
For the first term, evaluating the inner expectation, using the fact that p}‘(a) > u and applying the
Lipschitz properties of 17 (), f(«x;-) (in particular that f(x;-) is L-Lipschitz with respect to £» and
that the Wasserstein distance we work with is defined relative to £5) we have

P 2(a
(ESNﬁf, - ]ES~Pt)]Eth,”ﬁl; (£t7 S>2 = Z(]EGNﬁt - ]Ee"‘Pt )ﬁib((a)) w’y(f(xtv 9)&)2
a t
1+B/v)KL ~ 1+B/v)KL ~
<WHBEL gy | [ g(ap, - apy| =2 2w, (b, ),
TH g:lglLip<1 Y

Finally, using the Wasserstein guarantee W (P, I5t) <7 from Theorem 19, we conclude that the
cumulative variance term is upper bounded as

S E( 7 (f (0:0)))2 < 2L BIDETLT
- Y

+2(1+ B/v)?K°T.

Bounding regret We first relate the cumulative loss under Algorithm 1 to the cumulative loss of
continuous exponential weights. Observe that

T T
S, LY < uKT + (4, Bie)
t=1 t=1
1 T
< ‘uKT-F ? ZEQN[}t<€t7w’Y(f(xtae))>
t=1
TLr 1 XL

SPKT + ——+ — > Eop, (€, 07 (f (2450))).
v K iH
This first inequality is a straightforward consequence of smoothing, while the second is a direct
application of Lemma 1.

The third inequality is based on the fact that (¢;, 97 (f(x¢;6))) is K L/~-Lipschitz in 6 with respect
to /2 norm under our assumptions. This step also uses the Wasserstein guarantee in Theorem 19
which produces the approximation factor 7.

Following the analysis in [33] and using the boundedness of )7, the bias introduced due to using
geometric resampling with truncation at M instead of exact inverse propensity scores is

T £ -
> B (017 (£ 00) < B 3 Boer (Bt (s 0))) + 200,
t=1 t=1

For the remaining term, we apply Lemma 25 with € = /(T K'M), since M is an upper bound on the
norm Hét H , of the losses to the full information algorithm.

T ~
Eal:T,mlzT Z EGNPt <£t7 1/17(f(35ﬁ 9)))
t=1

(1+B/y)KTLr

<Einf i(ét,w(f(zt, 0))) +1+ j log(RLTK M /) +n ( +(1+ B/y)2K2T) )
€O ¢=1
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The first term here is the benchmark we want to compare to, since Einf(-) < inf E[-] and so the regret
contains several terms:

TLr T(1+B 21+ BJ7)KTL
ukT s L LA+ By 1 d foy OB(RLTEM ) + U+ BIMKTLT )4 4 Bl KT
eMK K Y
1
cukr+ L [ TA+Bf) L d 1og(RLTKM/ )+ 2” (LKTLTHLBQKQT).
MK K

Here we use the assumption B/ > 1. We will simplify the expression to obtain an (7)(\/ dKT)-type
bound, first set p1 = 1/(K/T), M = ﬁ and 7 = \/1/(TL2 . This gives

2T + 2Bf

1 (BK®T + 4B°K°T)
K2
< O(B\/_/q/) e log(RLTK/v) + iBQKT
7?

dy?log(RLTK [v)
5K2B2T

O(NT/)+0 (g\/dTlog(RLTK/y)) ( \/d_T)

Finally set n) = to get

This concludes the proof of the regret bound.

Running time calculation. At each round make M + 1 calls to the LMC sampling routine for a
total of O(T/?) calls across all rounds. We now bound the running time for a single call.

We always use parameter 7 = \/1/(TL?) and we know |||y < 1/p = K+/T and 1) = @(\/%).

Plugging into the parameter choices at the end of the proof of Theorem 19, we must sample
m=O(T*dR*L*B}|(K~)?)
samples from a gaussian distribution on each iteration, and the number of iterations to generate a
single sample is:
~ R24L48d12
_ 18 7 126 712
N=0 (R L>=T°d = + oy |
Therefore, the total running time across all rounds is
@ R22L14d14BgT10 N R28L50d14B?T4
K2'y? K2672 ’

D.4 Proofs for corollaries

Corollary 7 is an immediate consequence of Theorem 6. For Corollary 8, we apply Lemma 10, since
0™ e O satsifies the conditions of the lemma pointwise. Thus

KB, 07 (f(24:07))) = KE[(l, 07 (f (26507))) | 2] = E[min £ (a)]].

Therefore, letting a} denote the optimal action minimizing /;, we obtain the expected regret bound

E[(f;,a; ~a;)] < O((B/)VdT).

M=

1

~+
Il

E Analysis of SMOOTHFTL

Recall we are in the stochastic setting. Let D denote the distribution over (X', RX).

The bulk of the analysis is the following uniform convergence lemma, which is based on chaining for
the function class F. Recall that Nw,oo (e,F) is the Lo [lo, covering number from Definition 1.
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Lemma 26. Fix a predictor f and let {x;,a;,0;(a;)}1 be a dataset of n samples, Suppose that
(4, 4;) are drawn i.i.d. from some distribution D and a; is sampled from p; = (1=K 1) Tpinge f (2:) + .
Define RY (f) = % Y, WY (f(24))), where £; is the importance-weighted loss. Then:

Esup [RY(f) - RY(f))|
feF

< 1 inf{QKﬁ +12 f2 (\/2K log(nNw (e, F,n)) + 310g(nNeo,oo (5, 7)) ) da}.
8 nu

Y >0 nu

Proof of Lemma 26. Note that since the data-collection policy f is fixed, and since we are in the
stochastic setting with (x;, ¢;) ~ D, the samples {z;, a;,¢;(a;)}} are i.i.d. Consequently, we can
apply the standard symmetrization upper bound for uniform convergence. Beginning with

Emlmalml sup[Rw( )_Rg(f)]a

we introduce a second “ghost” dataset of samples 7 =n + 1,...,2n via Jensen’s inequality.

2n

< Eripnivantinn 0 3 (7)) - 3 S0 ()

eF T r=n41

Introducing Rademacher random variables and splitting the supremum:
< 2]:Ezl 1301 L1 ,€1in bU‘p Z £T7w7(f(x7'))>

Now condition on z1.,, and define a sequence /3; = 21~ for i € {0,1,2,..., N}, where N is such
that Sy 41 > B = By for the value of 5 in the lemma statement. For each j3; let V; be a (classical)
Lo [loo cover for f at scale 8; on x1.,, that is

VfeF,Vi,qveVs.t In[a)]( I f(x) = velloo < Bi-
te(n

We can always ensure |V;| < Ne oo(Bi,F,n) and since |f(z)| < 1, we know that
Noo.oo(Bo, F,n) < 1. Now, letting v(V(f) denote the covering element for f at scale f3;, we
have

Ealmflmelnsup Z va’y(f('r‘r)»

<Ear ot S~ S el 7 (F(20)) - 7 (0 (1))
feF N 121
N n . . )
i3 ?‘cujr_g 1 > el () = (D (1))
=1 J€

+sup — Zefe 7 (0(f))).

feFr

Since [Vp] < 1, the expected value of the third term is zero. The remaining work is to bound the first
and second terms.

For the first term note that by Holder’s inequality, for any f € F,

ieT@T,W(f(xT))—W(vﬁN)(f)))S 171197 (f () = 07 (0 (F)) oo

=1
n
Z 14711,

since ¢ is 1/~y-Lipschitz. Thus for the first term, we have

S
LM=

S|

‘Q
3|~

SRS

13 17 K
Ealzn,7€1:n,7€1:n, iu}_p E Z €T<£Ta ¢7(f($7')) - w’y(US_N)( ))) < 7Ea1 nlin Z Hf.,_ Hl < ﬁN .
€ =1 =
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Note that there is no dependence on the smoothing parameter p here.

For the second term, let us denote the ith term in the summation by

Ealnzlnelnf}lp ZET {7 (W) = (WD (f))).

n =3

L&
We control &; using Bernstein’s inequality and a union bound. First, note that the individual elements
in the sum satisfy the deterministic bound

en (7 (0 (£)) ~ 7 (WD (£)))] < ‘Zﬁ (16)
and the variance bound,
E{lr 47 (v () =07 (8D (1)) < 1{“’(‘)2}<w< D (f)a) =47 (08D (£)a))?
sZ ww)z iK (17)

Here we are using that v(*) () and v""1) (f) are the covering elements for f, Lipschitzness of 17,
and the definition of the importance weighted loss /...

Using (16) and (17), Bernstein’s inequality (e.g. [11], Theorem 2.9) implies that for any ¢ € (0, 1),

n 2
L3 i ) - ) 6y 2

with probability at least 1 — §. The important point here is that 1/(nu) appears in the square root, as
opposed to 1/(npu?). Via a union bound, for any § € (0, 1), with probability at least 1 - d,

p 3 el 17 (08 (1) - 0 D)

ﬁz

2
36\'5 log([VillVi-1l/9) + -~ og([VillVi-a /)
112

68 ( 2K Vi) + 2log<|vi|/6>)7
Y nu

since |V;_1] < |V;|. Now, recalling the shorthand definition &;

30;

E & <infE1{& < ¢} C+E1{E > (-
< ey

a1:n,€1:m €10

< inf 6@( (V) 2log<|vi|/6>)+3ﬁi@
5e(0,1) 7y nu np [y

65%( 2 1og (Vi) + 31g("'V'))

v n

Thus, the second term in the chalnlng decomposition is

6 X 2K 3log(n|V;
Z&( l%mm0+g('D)
V=1 ny

ny

E]ZV:(& Bin) (\/Mlog<n|vi|)+3bg(”'vi'))
ni np

Choosing § = 1/n:

12 ho 2K 310g(NNoo 0o (8, F
<= (\/ log(nNe,e0 (8, F)) + B Noo,eo (5, 7)) ) g
Y JBn+ ny o
This concludes the uniform deviation statement. Exactly the same argument applies to the other tail,
so the bound holds on the absolute value. O
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Proof of Theorem 9. Let us denote the right hand side of Lemma 26, when the dataset is size n, as

A,,. Define,
fr= ar}gr;inﬂ?(& VI (f(2))),

Since the m™ epoch proceeds for n,,, = 2™ rounds, and the predictor that we use in the m' epoch is
the ERM on all of the data from the (m — 1)* epoch, the expected cumulative hinge regret for the
th :
epoch is
" (BRY (fm1) = RV(f))-

Using the optimality guarantee for ERM:

<2 (BRG) -  S e Gae s S o) - RO ))

m=1 7=n,,_1 m=1 T=nm;_

2’””1Esup\Rw(f) Ry ().

Using the guarantee from Lemma 26:

<2MHA, (18)
Summing this bound over all rounds, the cumulative expected regret after the zero-th epoch is
Zlog2(T) 2™*1A,, . The zero-th epoch contributes 1/v to the regret, which will be lower order.

m=1

This gives the following upper bound on the cumulative expected hinge loss regret.

log, (T')
Regret(T,F) < Y. 2™MA, |
m=1
%) 2 Log(1tn- 1Moo 00 (2,
A" Z mf nnkp 12270 [ \/ 2K g (11N (e, 7)) + 2B Moo (6 7)) )
,y m=1 >0 B Nm-14 Non—1 1

- 1nf{KT6 +121logy(T) - f;B (\/NET 10g(TNoo.co (€, F)) + 310g(T'Noo,oo (<, 7)) ) de}.

v B>0 1%
£ C.

Let z; = fm_1 (¢ ) for each time ¢ in epoch m. We have just shown

ET:]E%,W(%)) <T-E(4,¢7(f"(2))) +C

t=1
Using Lemma 1, this implies

S Bl (1) < B (P @)+

t=1
Finally since p; = (1 — K 1) Thinge (2¢) + i and | €4, < 1, this implies the bound

S Efu(an) € 1o E(67 (7 (2))) + 2 + uET.

—_———
ENeoid

We proceed to bound the final regret C’ under the specific covering number behavior assumed in
the theorem statement. Assume that log(Neo o (¢, F)) < 7P for some p > 2. Omitting the log(T)

additive terms, which will contribute O(B~y~'\/KT log(T)/u + By~ 'log(T)/u) to the overall
regret, the bound is now

KT + - [ inf 4KT8 + 12108, (T) f2 2K T e 4 36108, (T) fgid
a vK B30 o8 B UEP © 082 B peP °)

Choosing 3 = (KTu)~'/P, this bound becomes

O(uKT S log(T)(KT)l_l/p/[l/p).
vK

Finally, we choose 1 = TﬁT—ﬁ K1, leading to a final bound of O((T/fy) T ) O
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F SMOOTHFTL for Lipschitz CB

Here we analyze SMOOTHFTL in a stochastic Lipschitz contextual bandit setting. To describe the
setting, let X’ be a metric space endowed with metric p and with covering dimension p. This latter
fact means that for each 0 < € < 1, X’ can be covered using at most C'xye~? balls of radius ¢. Let A be
a finite set of K actions. In this section, we define the benchmark class G c (X — A(A)) to be the
set of 1-Lipschitz functions, meaning that ||g(z) — g(z')|1 < p(x,z") for all g, z, 2" (The choice of
£1 norm is natural since we are operating over the simplex).

We focus on the stochastic setting where there is a distribution D over X' x [0, 1]%. At each round
(x¢,4y) ~ D is drawn and x; is presented to the learner. The learner chooses a distribution p; € A(A),
samples an action a; € A from p;, and observes the loss £;(a;). We measure regret via

T
Regret(T,G) = > Ely(a;) - iné TE(g(x),¥).
ge

t=1

In this setting, SMOOTHFTL takes the following form. Before the m™ epoch, we choose a function
Jm-1 by solving the empirical risk minimization (ERM) problem

Ny —1

gm-1 =argmin Y. (L, g(x,)),

9€G  T=n,,_1

where éT is the importance weighted loss. Then, we use g,,—1 for all the rounds in the mb epoch,
which means that after observing x;, we set py(a) = (1 — Kp)gm (x4, a) + u. We sample a; ~ py,
observe ¢;(a;) and use the standard importance weighting scheme:

iv(a) - ft(“f;f({;‘): ar}

For this algorithm, we have the following guarantee.

Theorem 27. SMOOTHFETL in the Lipschitz CB setting enjoys a regret of O((K T)ﬁ ).

This theorem improves upon the recent result of Cesa-Bianchi et al. [14], who obtain (’N)(T%;) in
this setting.

Proof. We are in a position to apply Lemma 26. The main difference is that there is no margin
parameter, since our functions are 1-Lipschitz, instead of 1/~-Lipschitz after applying the surrogate
loss. The /.,-metric entropy at scale ¢ is C'xye™ up to polynomial factors in K and logarithmic
factors, and so in the m™ epoch the ERM has sub-optimality (see (18)) at most

~ . 1 Kﬁ—p 5*;0
Olinf KB+ \/ + ,
(1:% ﬁ —//@ Nm-1H nm—l“)

where O hides dependence on Cy. Following the argument in the proof of Theorem 9, the overall

regret is then
- 1 -p -p
Regret(T7g):(’)(MKT+irﬁ1fTK/3+fB \/TKB +5).
I 0

Set 3 = (TK)~"/? and then = (TK)z;Tll now to obtain the result. O

In principle our technique can be further extended to the setting where the action space is also
a general metric space, and the losses are Lipschitz, which is the more general setting addressed
by Cesa-Bianchi et al. [14]. If the action space has covering dimension p 4 then we discretize the
action space to resolution €, set K = ¢ P4 in the above argument, and balance € with an additional
Te factor that we pay for discretization. This is the approach used in Cesa-Bianchi et al. [14] to

p+p g+1

obtain T'7*»74+2 Unfortunately, our argument above obtains a somewhat poor dependence on K
1
(K 7T as opposed to K »+T, which is more natural). Consequently, the argument produces a bound of

~ P+PP A
O(T »+vra+T) which only improves on Cesa-Bianchi et al. [14] when p4 < 1/(p - 1).
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