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A. Proofs of Theoretical Results

This appendix contains the proofs of the various the-
oretical results presented in this paper.

A.1. Preliminaries

We begin by proving a number of lemmas about mono-
tone submodular functions, which will be useful to
prove our main results.

Lemma 1. Let S be a set and f be a monotone sub-
modular function defined on list of items from S. For
any lists A, B, we have that:

f(A@ B) = f(A) < |B|(Es~u(s

B)[f(A®s)] = f(4))

for U(B) the uniform distribution on items in B.

Proof. For any list A and B, let B; denote the list of
the first i items in B, and b; the i*" item in B. We
have that:

f(A® B) — f(A)

= YO f(A@B) ~ f(A® Bi)

< S Fawb) - f(4)

= |Bl(Bo~vn) [f(ADD)] - f(A))
where the inequality follows from the submodularity
property of f. O

Lemma 2. Let S be a set, and f a monotone submod-
ular function defined on lists of items in S. Let A, B be
any lists of items from S. Denote A; the list of the first
j items in A, U(B) the uniform distribution on items
in B and define ¢; = Eq uy)[f(Aj—1 ® )] — f(4)),
the additive error term in competing with the average
marginal benefits of the items in B when picking the

gt item in A (which could be positive or negative).

Then:
|| 4
f(A) = (1—(1=1/[B)N f(B) =) (1-1/|B])!* e
i=1
In particular if |A| = |B| = k, then:

f(A)= (1 —-1/e)f

k
)= > (1 =1/k)F~
1=1

and for a = exp(—|A|/|B|) (i-e. |A| = |B|log(1/a)):

|l

> (1-a)f(B) =) (1-1/|B)"

i=1

f(4)

Proof. Using the monotone property and previous
lemma 1, we must have that: f(B) — f(A) < f(4A &
B) — f(A) < |Bl(Eo~u(m)[f(A @ )] — f(A)).

Now let A; = f(B) — f(A;). By the above we have
that
A
< IBIEswu(s)f(A; ® )] — f(4;)]
= |B|[ s~ (B f (A5 ©8)] = f(Aj41)
+/(Aj11) — F(B) + f(B) — f(4;)]
= [Bllej+1+ A — Ajia]

Rearranging terms, this implies that Aj; < (1 —
1/|B|)Aj + €j41. Recursively expanding this recur-
rence from A4, we obtain:

|
Aa < (1=1/1BYAA+Y (1

i=1

~1/|B)" e

Using the definition of A|4| and rearranging terms, we

abtain £(4) > (1 - (1~ 1/|B)A)£(B) - £, (1 -
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1/|B|)!4l=%¢;. This proves the first statement of the
theorem. The following two statements follow from
the observations that (1 — 1/|B|)I4 = exp(]A|log(1 —
1/|B) < exp(-|A|/|B]) = a. Hence (1 — (1 —
IB)ANF(B) > (I — a)f(B). When [A| = |B],
a = 1/e and this proves the special case where |A| =
|B|. O

For the greedy list construction strategy, the ¢; in the
last lemma are always < 0, such that Lemma 2 implies
that if we construct a list of size k with greedy, it must
achieve at least 63% of the value of the optimal list of
size k, but also that it must achieve at least 95% of
the value of the optimal list of size |k/3], and at least
99.9% of the value of the optimal list of size |k/7].

A more surprising fact that follows from the last
lemma is that constructing a list stochastically, by
sampling items from a particular fixed distribution,
can provide the same guarantee as greedy:

Lemma 3. Let S be a set, and f a monotone sub-
modular function defined on lists of items in S. Let
B be any list of items from S and U(B) the uniform
distribution on elements in B. Suppose we construct
the list A by sampling k items randomly from U(DB)
(with replacement). Denote A; the list obtained after
j samples, and P; the distribution over lists obtained
after j samples. Then:

Ea~p [f(A)] 2 (1 - (1-1/|B)*)f(B)
In particular, for o = exp(—k/|B|):

Eavp, [f(A)] = (1 - a)f(B)

Proof. The proof follows a similar proof to the previ-
ous lemma. Recall that by the monotone property and
lemma 1, we have that for any list A: f(B) — f(A) <
JA® B) — f(A) < |BI(Byevmf (A0 b)] - FA)).
Because this holds for all lists, we must also have
that for any distribution P over lists A, f(B) —
Eanp[f(A)] < |BEavp([Evv(m[f(A @ )] — f(A)].
Also note that by the way we construct sets, we have
t})lﬁt IEAJ'+1~PJ'+1 [f(AJ-l-l)} - EAj’\‘Pj UESNU(B) [f(A] @
S

Now let A; = f(B)—Ea,~p,[f(4;)]. By the above we
have that:

|BIEA;~p; [Esnu ) [f(A; @ 5)] — f(A))]
|BIEa;~p; [Es~um [f(A; © s)] — f(B)
+f(B) — f(4;)]

‘B‘(EA]’+1~P]’+1 [f(Aj—i-l)] - f(B)
+f(B) —Ea,~p, [f(4))])

[BI[A; — Ajya]

[VAN >

Rearranging terms, this implies that A4, < (1 —
1/|B|)A;. Recursively expanding this recurrence from
A}, we obtain:

Ap < (1-1/|B))FA,

Using the definition of Ay and rearranging terms we
obtain Eap,[f(A)] > (1 — (1 —1/|B|)*)f(B). The
second statement follows again from the fact that (1 —
(1= 1/IB)M)f(B) = (1 — ) f(B) H

Corollary 1. There exists a distribution that when
sampled k times to construct a list, achieves an ap-
prozimation ratio of (1—1/e) of the optimal list of size
k in expectation. In particular, if A* is an optimal list
of size k, sampling k times from U(A*) achieves this
approzimation ratio. Additionally, for any « € (0,1],
sampling [klog(1/a)] times must construct a list that
achieves an approzimation ratio of (1 — «) in expecta-
tion.

Proof. Follows from the last lemma using B = A*. O

This surprising result can also be seen as a special case
of a more general result proven in prior related work
that analyzed randomized set selection strategies to
optimize submodular functions (lemma 2.2 in (Feige
et al., 2011)).

A.2. Proofs of Main Results

We now provide the proofs of the main results in this
paper. We provide the proofs for the more general
contextual case where we learn over a policy class II.
All the results for the context-free case can be seen as

special cases of these results when IT = IT = {m,|s € S}
and 74(x, L) = s for any state x and list L.

We refer the reader to the notation defined in section
3 and 5 for the definitions of the various terms used.

Theorem 2 . Let a« = exp(—m/k) and k' =
min(m, k). After T iterations, for any §,6' € (0,1),
we have that with probability at least 1 — §:

21n(1/9)

P m) > (1= a)F(Ly ) — 7 — 2y 20

and similarly, with probability at least 1 — 6 — §':

F(m * E[R k' In(1/8’
(W,m)> (1 a)F(lmk)_M_ 2k’ In(1/87)
21n(1/4)
-2 #
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)
3
2

F(m,m)

ELW,mNM [Ewer[fw(Lﬂ,m(x))H
JEenp[fu(L ()]

(1 = @)Esnp[ful(Ly 4 (2))]

A Erem [Eaenfo(Lam ()]

I M
T

e

Now consider the sampled states {z;}]_; and the
policies m;; sampled ii.d. from 7, to construct
the lists {L;}7; and denote the random variables
X; = (1= ) Emplfo(L2, @) — fu, (L3 4(21)) —
Er, .om [BenD [fo(Lam(2))]] = fo, (Le)]. If 74 is deter-
ministic, then simply consider all m;; = m;. Because
the z; are i.i.d. from D, and the distribution of poli-
cies used to construct L; only depends on {z, }!_} and
{L.}t2} then the X; conditioned on {X,}!_} have
expectation 0, and because f, € [0,1] for all state
x € X, X; can vary in a range r C [—2,2]. Thus
the sequence of random variables Y; = Zle X;, for t
=1 to T, forms a martingale where |Y; — Yi;1| < 2.
By the Azuma-Hoeffding’s inequality, we have that
P(Yr/T > €) < exp(—€2T/8). Hence for any § €
(0,1), we have that with probability at least 1 — d,

Yr/T < 24/ M. Hence we have that with proba-
bility at least 1 — §:

F(7,m)
= (1= a)Eenp[fo(L: (2))]
(01— ) B fa (L ()]
_% Zle EmeNWt [E1~D[fx (LW,m(x))m
= (1= )Esuplfa(L; 4 (2))]
(1= @) AT o (L2 ()
—% Zle fxt (Lt)] - YT/T
= (1= a)Espn|fe(Ly x(2))]
(=) A S (L ()

AT fa(Ly)] - 2y 2L

Let w; = (1 —1/k)™~*. From Lemma 2, we have:

(1 - O‘)% Z?:l fmf, (L;,k(xt)) - % 23:1 fa:f, (Lt)

< F Y S 0iBrnuwe ) [fe (L1 @ (@)
—fa, (Lt))

= Erev(e e Simy Sy wilFe, (Lrio @ ()

~fao (L))

maxﬂen[% Z?:l 2?;1 wz(fxr (Lt,i—l ® W(xt))

~fau (L))

max, eyl g Yy iy wilf (Lio ® ()

—fa,(L1.1))]

= R/T

IA

IN

Hence combining with the previous result proves the
first part of the theorem.

Additionally, for the sampled environments {w;}7_;
and the policies 7 ;, consider the random variables
Qmt—1)+i = WiLrr,[fo,(Ltic1 © m(24, Liio1))] —
W; fz, (Lt ;). Because each draw of 7, ; is i.i.d. from 7,
we have that again the sequence of random variables
Z; =>1_,Q;, for j = 1to T'm forms a martingale and
because each @); can take values in a range [—w;, w;]
for j =1+ mod(: — 1,m), we have |Z; — Z;,_1| < wj.
Since Y"1 Zi — Zi a2 < T, (1 — 1/k)20m=) <
T min(k,m) = Tk', by Azuma-Hoeffding’s inequality,
we must have that P(Zr,, > €) < exp(—e?/2TK').
Thus for any §’ € (0, 1), with probability at least 1—¢,
Zrm < /2Tk'In(1/6). Hence combining with the pre-

vious result, it must be the case that with probabil-

ity at least 1 — § — ¢’ both Yy /T < 2\/@ and
Zrm < /2Tk'1In(1/6") holds.

Now note that:

max e (g Sims ity wilf (Lot © 7(20)) = fo, (L))
= maxﬂeﬁ[% Dot Doiey Wi fa, (Lii1 © (1))

—Ertom, [f(Ltim1 @ 7' (24, Lt i—1))))] + Zrm /T
= E[R]/T + Zrm/T

Using this additional fact, and combining with previ-
ous results we must have that with probability at least
1—-6—0"

F(7,m) ,
> (1=a)F(L; ) = [(1— &) Xy fo (L) ()

AT fa(Le)] — 24/ 2000

> (1—a)F(L:,) = EB[R)/T — Zpy, /T — 24/ 2202
> (1-)F(L3,) - E[R)/T — /2005
_o./2n(1/6)
T
O

We now show that the expected regret must grow with
Vk" and not k', hen using Weighted Majority with the
optimal learning rate (or with the doubling trick).

Corollary 2 . Under the event where Theorem 2 holds
(the event that occurs w.p. 1—6—4'), if IL is a finite set
of policies, using Weighted Majority with the optimal
learning rate guarantees that after T iterations:

4k’ In |TI E/ In |TI
ER/T < *plilyo/Hill

+29/4(k' /T)3/*(In(1/6")) /44 /In |TI|
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For large enough T in Q(k'(In|II| 4 In(1/4"))), we ob-
tain that:
!/
B[R/ < o( M)
T

Proof. We use a similar argument to Streeter &
Golovin Lemma 4 (Streeter & Golovin, 2007) to
bound E[R] in the result of theorem 2 . Consider
the sum of the benefits accumulated by the learning
algorithm at position ¢ in the list, for i € 1,2,...,m,
ie. let Yi = Zle b(ﬂ-t,i(xtvLt,i—1)|xtaLt,’i—1)7 where
m,; corresponds to the particular sampled policy by
Weighted Majority for choosing the item at position i,
when constructing the list L; for state x;. Note that
S (1= 1/k)y™y; < Sy < T by the fact that
the monotone submodular function f, is bounded in
[0, 1] for all state x. Now consider the sum of the bene-
fits you could have accumulated at position 7, had you
chosen the best fixed policy in hindsight to construct
all list, keeping the policy fixed as the policy is con-
structed, i.e. let z; = Ethl b(m* (@, Ly i—1)|xe, Liiz1),
for * = argmax . > (1 —
1/k)™ SO0 b(7* (2, L) e, Lei1)  and  let
r; = z; — ;- Now denote Z = \/221(1 —1/k)ym—iz,.
We have 22 = YT (1 — 1/k)™ ' =
(= 1/k)™" " (y; + ;) < T + R, where R is
the sample regret incurred by the learning algorithm.
Under the event where theorem 2 holds (i.e. the
event that occurs with probability at least 1 —§ — ¢'),
we had already shown that R < E[R] + Zr,,, for
Zrm < +/2Tk'In(1/¢"), in the second part of the
proof of theorem 2 . Thus when theorem 2 holds, we
have Z2 < T + /2Tk'In(1/8') + E[R]. Now using
the generalized version of weighted majority with
rewards (i.e. using directly the benefits as rewards)
(Arora et al., 2012), since the rewards at each update
are in [0,%'], we have that with the best learning

rate in hindsight ': E[R] < 2Z\/k’In|II|. Thus we
obtain Z2 < T + /2TK'In(1/) + 2Z+/k In|II|.
This is a quadratic inequality of the form
72 —27\/K' In|Tl| - T — \/2Tk In(1/6") < 0, with the

additional constraint Z > 0. This implies Z is less
than or equal to the largest non-negative root of the

polynomial Z2 — 2Z\/k'In|l| — T — /2Tk In(1/¥").
Solving for the roots, we obtain
Z < Wi+ kW + T+ /2TF (/)

< 24K In|l| + VT + (2TK In(1/8"))"/*

Lif not a doubling trick can be used to get the same
regret bound within a small constant factor (Cesa-Bianchi
et al., 1997)

Plugging back Z into the expression E[R] <
27/ k' In |TI|, we obtain:

E[R] < 4K In|TI| + 21/Tk In 1|

+2(2TIn(1/6"))/4(k')3/*1/In |TT|

Thus the average regret:

E[R] 4K In |T1| / K/ 1In |TT|
T = T T2 T

+29/4(K' /T)3/*(In(1/6")) /44 /In |TI|

For T in Q(k’(In1I + In(1/48"))), the dominant term is

24/ M8 and thus ELAL js O(y/ =m0, 0

Corollary 3 . Let a« = exp(—m/k) and k' =
min(m, k). If we run an online learning algorithm on
the sequence of convex loss Cy instead of ¢y, then af-
ter T iterations, for any § € (0,1), we have that with
probability at least 1 —§:

F(7,m) > (1 - a)F( ;;,,C)_%_Q M_g

where R is the regret on the sequence of con-
vex loss Cy, and G = %[Zil(&(ﬂt) — Cy(m)) +
min_ g Zthl Ci(m) — min_, g Zthl l(n")] is the
“convex optimization gap” that measures how close the
surrogate losses Cy is to minimizing the cost-sensitive
losses ;.

Proof. Follows immediately from Theorem 2 using the
definition of R, R and G, since G = % O
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