Robust approachability and regret minimization in games with
partial monitoring

Shie Mannor
Israel Institute of Technology (Technion), Haifa, Israel

email: shie@Qee.technion.ac.il http://webee.technion.ac.il/people/shie/

Vianney Perchet

Université Paris-Diderot, Paris, France
email: vianney.perchet@normalesup.org| https://sites.google.com/site/vianneyperchet/home

Gilles Stoltz
Ecole Normale Supérieure — CNRS — INRIA, Paris, France & HEC Paris — CNRS, Jouy-en-Josas, France

email: gilles.stoltzQens.fr| http://www.math.ens.fr/~stoltz

Approachability has become a standard tool in analyzing learning algorithms in the adversarial online learning
setup. We develop a variant of approachability for games where there is ambiguity in the obtained reward that
belongs to a set, rather than being a single vector. Using this variant we tackle the problem of approachability in
games with partial monitoring and develop simple and efficient algorithms (i.e., with constant per-step complexity)
for this setup. We finally consider external regret and internal regret in repeated games with partial monitoring
and derive regret-minimizing strategies based on approachability theory.

Key words: Approachability; repeated games; partial monitoring; regret; online learning
MSC2000 Subject Classification: Primary: 91A20, 91A26, 62L.12; Secondary: 68Q32

OR/MS subject classification: Primary: decision analysis: sequential; games/group decisions: noncooperative;
secondary: computer science: artificial intelligence

1. Introduction. Blackwell’s approachability theory and its variants has become a standard and
useful tool in analyzing online learning algorithms (Cesa-Bianchi and Lugosi [5]) and algorithms for learn-
ing in games (Hart and Mas-Colell [13,[14]). The first application of Blackwell’s approachability to learn-
ing in the online setup is due to Blackwell [3] himself. Numerous other contributions are summarized in
the monograph by [Cesa-Bianchi and Lugosi [5]. Blackwell’s approachability theory enjoys a clear geomet-
ric interpretation that allows it to be used in situations where online convex optimization or exponential
weights do not seem to be easily applicable and, in some sense, to go beyond the minimization of the
regret and/or to control quantities of a different flavor; e.g., in the article by Mannor et all [20], to mini-
mize the regret together with path constraints, and in the one by [Mannor and Shimkin [18], to minimize
the regret in games whose stage duration is not fixed. Recently, it has been shown by |Abernethy et all [1]
that approachability and low regret learning are equivalent in the sense that efficient reductions exist
from one to the other. Another recent paper by [Rakhlin et all [27] showed that approachability can be
analyzed from the perspective of learnability using tools from learning theory.

In this paper we consider approachability and online learning with partial monitoring in games against
Nature. In partial monitoring the decision maker does not know how much reward was obtained and only
gets a (random) signal whose distribution depends on the action of the decision maker and the action
of Nature. There are two extremes of this setup that are well studied. On the one extreme we have the
case where the signal includes the reward itself (or a signal that can be used to unbiasedly estimate the
reward), which is essentially the celebrated bandits setup. The other extreme is the case where the signal
is not informative (i.e., it tells the decision maker nothing about the actual reward obtained); this setting
then essentially consists of repeating the same situation over and over again, as no information is gained
over time. We consider a setup encompassing these situations and more general ones, in which the signal
is indicative of the actual reward, but is not necessarily a sufficient statistics thereof. The difficulty is
that the decision maker cannot compute the actual reward he obtained nor the actions of Nature.

Regret minimization with partial monitoring has been studied in several papers in the learning the-
ory community. [Piccolboni and Schindelhauer [26], IMannor and Shimkin [17], [Cesa-Bianchi et all [6]
study special cases where an accurate estimation of the rewards (or worst-case rewards) of the decision
maker is possible thanks to some extra structure. A general policy with vanishing regret is presented
by [Lugosi et all [16]. This policy is based on exponential weights and a specific estimation procedure
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for the (worst-case) obtained rewards. In contrast, we provide approachability-based results for the
problem of regret minimization. On route, we define a new type of approachability setup, with enables
to re-derive the extension of approachability to the partial monitoring vector-valued setting proposed
by [Perchet [23]. More importantly, we provide concrete algorithms for this approachability problem that
are more efficient in the sense that, unlike previous works in the domain, their complexity is constant over
all steps. Moreover, their rates of convergence are independent of the game at hand, as in the seminal
paper by Blackwell |3] but for the first time in this general framework. For example, the recent purely
theoretical (and fairly technical) study of approachability [Perchet and Quincampoix |25], which is based
on somehow related arguments, does neither provide rates of convergence nor concrete algorithms for this
matter.

Outline. The paper is organized as follows. In Section 2] we recall some basic facts from approachability
theory in the standard vector-valued games setting where a decision maker is engaged in a repeated vector-
valued game against an arbitrary opponent (or “Nature”). In Section Bl we propose a novel setup for
approachability, termed “robust approachability,” where instead of obtaining a vector-valued reward,
the decision maker obtains a set, that represents the ambiguity concerning his reward. We provide a
simple characterization of approachable convex sets and an algorithm for the set-valued reward setup
under the assumption that the set-valued reward functions are linear. In Section Ml we extend the robust
approachability setup to problems where the set-valued reward functions are not linear, but rather concave
in the mixed action of the decision maker and convex in the mixed action of Nature. In Section [Bl we
show how to apply the robust approachability framework to the repeated vector-valued games with partial
monitoring. In Section [6l we consider a special type of games where the signaling structure possesses a
special property, called bi-piecewise linearity, that can be exploited to derive efficient strategies. This
type of games is rich enough as it encompasses several useful special cases. In Section [6.1] we provide a
simple and constructive algorithm for theses games. Previous results for approachability in this setup
were either non-constructive (Rustichini [29]) or were highly inefficient as they relied on some sort of
lifting to the space of probability measures on mixed actions (Perchet [23]) and typically required a grid
that is progressively refined (leading to a step complexity that is exponential in the number T of past
steps). In Section we apply our results for both external-regret and internal-regret minimization in
repeated games with partial monitoring. In both cases our proofs are simple, lead to algorithms with
constant complexity at each step, and are accompanied with rates. Our results for external regret have
rates similar to the ones obtained by [Lugosi et all [16], but our proof is direct and simpler. In Section [7]
we mention the general signaling case and explain how it is possible to approach certain special sets such
as polytopes efficiently and general convex sets although inefficiently.

2. Some basic facts from approachability theory. In this section we recall the most basic
versions of Blackwell’s approachability theorem for vector-valued payoff functions.

We consider a vector-valued game between two players, a decision maker (first player) and Nature
(second player), with respective finite action sets A and B, whose cardinalities are referred to as N4 and
Np. We denote by d the dimension of the reward vector and equip R? with the /2-norm || - ||,. The payoff
function of the first player is given by a mapping m : A x B — R?, which is multi-linearly extended to
A(A) x A(B), the set of product-distributions over A x B.

We consider two frameworks, depending on whether pure or mixed actions are taken.

Pure actions taken and observed. We denote by A;, Ag, ... and Bi, B, ... the actions in 4 and
B sequentially taken by each player; they are possibly given by randomized strategies, i.e., the actions
A; and B; were obtained by random draws according to respective probability distributions denoted by
x; € A(A) and y, € A(B). For now, we assume that the first player has a full or bandit monitoring of the
pure actions taken by the opponent player: at the end of round ¢, when receiving the payoff m(As, By),
either the pure action B; (full monitoring) or only the indicated payoff (bandit monitoring) is revealed
to him.

DEFINITION 2.1 A set C C R? is m—approachable with pure actions if there exists a strategy of the first
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player such that, for all € > 0, there exists an integer T, such that for all strategies of the second player,

T

1
C — T Zm(At,Bt)

P {VT >T., inf
ceC P

gs} >1—c.
2

In particular, the first player has a strategy that ensures that the average of his vector-valued payoffs
converges almost surely to the set C (uniformly with respect to the strategies of the second player).

The above convergence will be achieved in the course of this paper under two forms. Most often we
will exhibit strategies such that, for all strategies of the second player, for all § > 0, with probability at
least 1 — 6,

T
c—%Zm(At,Bt) gﬂ(T,é)

t=1 2
A union bound shows that such strategies m—approach C as soon as there exists a positive sequence e
such that > e; is finite and B(T,er) — 0. Sometimes we will also deal with strategies directly ensuring
that, for all strategies of the second player, for all § > 0, with probability at least 1 — 9,

inf
ceC

T

1
Cc — ; Zm(At, Bt)

t=1

< B(T,9).
2

sup inf
r>T c€C

Such strategies m—approach C as soon as 3(T, ) — 0 for all § > 0.

Mixed actions taken and observed. In this case, we denote by 1, 2, ... and y;, y,, ... the actions
in A(A) and A(B) sequentially taken by each player. We also assume a full or bandit monitoring for the
first player: at the end of round ¢, when receiving the payoff m(x,y,), either the mixed action y, (full
monitoring) or the indicated payoff (bandit monitoring) is revealed to him.

DEFINITION 2.2 A set C C R? is m-approachable with mixed actions if there exists a strategy of the first
player such that, for all € > 0, there exists an integer T, such that for all strategies of the second player,

. 1o
P {VT >T., irelg c— T ;m(wt,yt)

<5} >1—c¢.
2

As indicated below, in this setting the first player may even have deterministic strategies such that,
for all (deterministic or randomized) strategies of the second player,

T
c— %Zm(wt,yt) < B(T)
t=1

2

inf
ceC

with probability 1, where 8(T) — 0.

Necessary and sufficient condition for approachability. For closed convex sets there is a simple
characterization of approachability that is a direct consequence of the minimax theorem; the condition
is the same for the two settings, whether pure or mixed actions are taken and observed.

THEOREM 2.1 (THEOREM 3 OF [BLACKWELIL [2]) A closed convex set C C R? is approachable (with pure
or mized actions) if and only if

Vy e A(B), Jz e A(A), m(z,y) €C.

An associated strategy (that is efficient depending on the geometry of C). Blackwell suggested
a simple strategy with a geometric flavor; it only requires a bandit monitoring.
Play an arbitrary x1. For t > 1, given the vector-valued quantities

t t

1 ~ 1
RSB o =Y e,

s=1 s=1
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depending on whether pure or mixed actions are taken and observed, compute the projection ¢; (in
¢?>-norm) of m; on C. Find a mixed action ;41 that solves the minimax equation

min  max (M — ¢, m(x, , 1

zeA(A) yeA(B) < t t ( y)> ( )

where (-, -) is the Euclidian inner product in R?. In the case when pure actions are taken and observed,
draw A;y; at random according to @y 1.

The minimax problem used above to determine ;41 is easily seen to be a (scalar) zero-sum game and
is therefore efficiently solvable using, e.g., linear programming: the associated complexity is polynomial
in N4 and Ng. All in all, this strategy is efficient if the computations of the required projections onto C
in #2-norm can be performed efficiently.

The strategy presented above enjoys the following rates of convergence for approachability.

THEOREM 2.2 (THEOREM 3 OF |IBLACKWELL [2]; THEOREM I1.4.3 OF IMERTENS ET AL/ [21]]) We de-
note by M a bound in norm over m, i.e.,
b <M.
e [ma b,
With mized actions taken and observed, the above strategy ensures that for all strategies of the second
player, with probability 1,
T

1 2M

c— =Y m@ny,)|| <=
T t=1 2 \/T

while with pure actions taken and observed, for all § € (0,1) and for all strategies of the second player,
with probability at least 1 — 4,

inf
ceC

T

1
C — ; Zm(At,Bt)

t=1

2
<2My —

inf .
sup in 5T

r>T c€C

2
An alternative strategy in the case where pure actions are taken and observed. Convergence

rates of a slightly different flavor (but still implying approachability) can be proved, in the full monitoring
case, by modifying the above procedure as follows. For ¢ > 1, consider instead the vector-valued quantity

t
Z m(ms; Bs) y
s=1

compute its projection ¢; (in £2-norm) on C, and solve the associated minimax problem ().

S

me =

This modified strategy enjoys the following rates of convergence for approachability when pure actions
are taken and observed.

THEOREM 2.3 (SECTION 7.7 AND EXERCISE 7.23 OF |CESA-BIANCHI ET AL/ [6]) We denote by M a
bound in norm over m, i.e.,
a b <M.
il B <
With pure actions taken and observed, the above strategy ensures that for all strategies of the second
player, with probability at least 1 — ¢,

1 T
C — T Zm(At,Bt)
t=1

inf
ceC

2 <%(1+2m)-

In the next section, we will rather resort to this slightly modified procedure as the form of the resulting
bounds is closer to the one derived in the main section (Section[@]) of this paper.

3. Robust approachability for finite set-valued games. In this section we extend the results
from the previous section to set-valued payoff functions in the case of full monitoring. We denote by
S (Rd) the set of all subsets of R? and consider a set-valued payoff function m: A x B — S (Rd).
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Pure actions taken and observed. At each round ¢, the players choose simultaneously respective
actions A; € A and B; € B, possibly at random according to mixed distributions x; and y,. Full
monitoring takes place for the first player: he observes B; at the end of round ¢t. However, as a result, the
first player gets the subset m(A;, By) as a payoff. This models the ambiguity or uncertainty associated
with some true underlying payoff gained.

We extend m multi-linearly to A(A) x A(B) and even to A(A x B), the set of joint probability
distributions on A x B, as follows. Let

H= (ua;b)(a,b)GAXB
be such a joint probability distribution; then m(u) is defined as a finite convex combinatior] of subsets

of RY,
) = 35 o (a0, 5).
acAbeB
When p is the product-distribution of some @ € A(A) and y € A(B), we use the notation m(u) = m(z, y).

We denote by

1 T
= ;&At,&)

the empirical distribution of the pairs (A, By) of actions taken during the first 7' rounds, and will be

interested in the behavior of
1

el

T
> m(A,LBY),
t=1
which can also be rewritten here in a compact way as m(mr), by linearity of the extension of .

The distance of this set 7 (mr) to the target set C will be measured in a worst-case sense: we denote
by
er = sup inf |c—d,
dem(nr) €

the smallest value such that m(7y) is included in an ep—neighborhood of C. Robust approachability of a
set C with the set-valued payoff function 7 then simply means that the sequence of e tends almost-surely
to 0, uniformly with respect to the strategies of the second player.

DEFINITION 3.1 A set C C R? is Tm-robust approachable with pure actions if there exists a strategy of
the first player such that, for all € > 0, there exists an integer T, such that for all strategies of the second
player,

]P’{VT}TE, sup inf |c—d|2<5} >1l—c¢.

dem(ny) ¢€C

Mixed actions taken and observed. At each round ¢, the players choose simultaneously respective
mixed actions z; € A(A) and y, € A(B). Full monitoring still takes place for the first player: he observes
y, at the end of round ¢; he however gets the subset m(x¢, y,) as a payoff (which, again, accounts for the
uncertainty).

The product-distribution of two elements € = (24)qca € A(A) and y = (y)ves € A(B) will be
denoted by * ® y; it gives a probability mass of z,y, to each pair (a,b) € A x B. We consider the
empirical joint distribution of mixed actions taken during the first T rounds,

1 T
VT:T;mt(g)ytv

and will be interested in the behavior of

1 T
T Zm(mtvyt)v
t=1

which can also be rewritten here in a compact way as m(vr), by linearity of the extension of m.

IFor two sets S, T and « € [0, 1], the convex combination oS + (1 — )T is defined as
{as+(1—-a)t, seSandteT}.
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DEFINITION 3.2 A set C C R? is m-robust approachable with mixed actions if there exists a strategy of
the first player such that, for all € > 0, there exists an integer T, such that for all strategies of the second
player,

IP’{VT}TS, sup in£ ||c—d||2<£} >21l—c¢.

dem(vr) €

Actually, the bounds exhibited below in this setting will be of the form

sup inf e — dll, < B(T)
dem(vr) cec

with probability 1 and uniformly over all (deterministic or randomized) strategies of the second player,
where B(T) — 0 and for deterministic strategies of the first player.

A useful continuity lemma. Before proceeding we provide a continuity lemma. It can be reformulated
as indicating that for all joint distributions p and v over A x B, the set () is contained in a M || — v||,—
neighborhood of m(v), where M is a bound in /2-norm on m; this is a fact that we will use repeatedly
below.

LEMMA 3.1 Let p and v be two probability distributions over A x B. We assume that the set-valued
function ™ is bounded in norm by M, i.e., that there exists a real number M > 0 such that

V(a,b) € A x B, sup ||d|l, < M.
dem(a,b)

Then

dw?)gg)Hd—ﬂz<AUW—MM<MVN%Mﬂu—N2
Eﬁ# cem(v

where the norms in the right-hand side are respectively the ' and €2—norms between probability distribu-
tions.

PROOF. Let d be an element of m(u); it can be written as
=2 D apbos
acAbeB
for some elements 6,5, € m(a,b). We consider
c= Z Z Va,b oa,b ;
acAbeB

which is an element of 77(v). Then by the triangle inequality,

Z Z (,Ua,b - Va,b)oa,b g Z Z ’,UJa,b - Va,b’ Hea,bHQ g M Z Z ’,Ua,b - Va,b’ .

acAbeB 9 acAbeB acAbeB

ld—cll, =

This entails the first claimed inequality. The second one follows from an application of the Cauchy-
Schwarz inequality. O

COROLLARY 3.1 When the set-valued function m is bounded in norm, for all y € A(B), the mapping
Dy : A(A) — R defined by
Vo e A(A), Dy(x) = sup inf|c—d|,
dem(x,y) ceC

1S continuous.

Proor. We show that for all x, ' € A(A), the condition ||’ — x|, < e implies that Dy(x) —
Dy(x') < Me, where M is the bound in norm over m. Indeed, fix ¢ > 0 and let ds » € T(z,y) be such
that

Dy(@) < inf e —dsa ||, + 0. (2)
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By Lemma [31] (with the choices ¢ =  ® y and v = ¢’ ® y) there exists ds» € m(x’,y) such that
|| dsz — dsar ||, < Me + 6. The triangle inequality entails that

ianc—d(;,mH2 < ianC—d&m/‘ 2+M€—|—5.
ceC ceC

Substituting in ([2]), we get that

Dy(x) < Me + 26 + ing |¢—dsar ||, < Me+ 25+ Dy(x'),
ce

which, letting 6 — 0, proves our continuity claim. |

Necessary and sufficient condition for robust approachability. This conditions reads as follows
and will be referred to as (RAC), an acronym that stands for “robust approachability condition.”

THEOREM 3.1 Suppose that the set-valued function m is bounded in norm by M. A closed convexr set
C C RY is m-approachable (with pure or mized actions) if and only if the following robust approachability
condition is satisfied,

Vy e A(B), Jx e A(A), m(x,y) CC. (RAC)

PROOF OF THE NECESSITY OF CONDITION (RAC). If the condition does not hold, then there exists
Yo € A(B) such that for every & € A, the set m(x,y,) is not included in C, i.e., it contains at least
one point not in C. We consider the mapping D, defined in the statement of Corollary 3.1l Since C is
closed, distances of given individual points to C are achieved; therefore, by the choice of y,, we get that
Dy, (x) > 0 for all z € A(A). Now, since Dy, is continuous on the compact set A(A), as asserted by the
indicated corollary, it attains its minimum, whose value we denote by Dy, > 0.

Assume now that the second player chooses at each round y, = y, as his mixed action. In the case of
mixed actions taken and observed, denoting

1 X
jT = T Z Tt ,
t=1
we get that v, = 1 ® y,, and hence, for all strategies of the first player and for all T" > 1,

sup inf ||c —d|, = Dy, (®1) = Dmin >0,
dem(vr) ceC

which shows that C is not approachable.

The case of pure actions taken and observed is treated similarly, with the sole addition of a con-
centration argument. By martingale convergence (e.g., repeated uses of the Hoeffding-Azuma inequality
together with an application of the Borel-Cantellilemma), 67 = || — vr||; — 0 almost surely as T' — oo.
By applying Lemma [3.1] we get

sup inf |lc—d|, > sup inf |c—d|, — Mér = Dy — Mor
dem(nr) €€ dem(vr) ¢€C

and simply take the liminf in the above inequalities to conclude the argument. g

That (RACQ) is sufficient to get robust approachability is proved in a constructive way, by exhibiting
suitable strategies. We identify probability distributions over A x B with vectors in RA*5 and consider
the vector-valued payoff function

m: (a,b) € Ax B §(qp € RA*E,
which we extend multi-linearly to A(A) x A(B); the target set will be
C={neAAxB): m(u)cC}. (3)

Since T is a linear function on A(A x B) and C is convex, the set C is convex as well. In addition, since
C is closed, C is also closed.

LEMMA 3.2 Condition (RAQ) is equivalent to the m—approachability of C.
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PROOF.  This equivalence is immediate via Theorem Il The latter indeed states that the m-—
approachability of C is equivalent to the fact that for all y € A(B), there exists some x € A(A) such that

u = m(x,y), the product-distribution between x and y, belongs to C, i.e., satisfies m(u) = m(x,y) C C.
]

The above definition of m entails the following rewriting,

1

T =

el

T T
1
A:, B d = — .
;:1 m(As, By) an v T ;_1 m(xe, y,;)

Let Pz denote the projection operator onto C: ; the quantities at hand in the definition of m—approachability
of C are given by

er = |70 = Pelnr) || = infllmr —pll,  and  eh = [vr = Patwr)|| | = in flvr - ull, -
2 pec 2 nec

We now relate the quantities of interest, i.e., the ones arising in the definition of m-robust approachability
of C, to the former quantities.

LeEMMA 3.3 With pure actions taken and observed,

sup inf |lc—d|, < M\/NagNper.
dem(nr) cec

With mized actions taken and observed,

sup in£ lc —d|l, < M\/NaNp e .

dem(vr) €

PROOF. Lemma [B1] entails that the sets m(mr) are included in M+/NNpger—neighborhoods of
m(Ps(mr)). Since by definition of C, one has m(Ps(mr)) C C, we get in particular that the sets m(mrr)
are included in M+/N4Nper—neighborhoods of C, which is exactly what was stated. The argument can
be repeated with the vr to get the second bound in the statement of the lemma. |

PROOF OF THE SUFFICIENCY OF CONDITION (RAC). First, Lemmal32lshows that Condition (RAC])
(via Theorems or [23)) ensures the existence of strategies m—approaching C. Second, Lemma B3]
indicates that these strategies also m—robust approach C. (It even translates the rates for the m—
approachability of C into rates for the m-robust approachability of C; for instance, in the case of mixed
actions taken and observed, the 2/ VT rate for the m-approachability of C becomes a 2M /N N3 /T
rate for the m—robust approachability of C, a fact that we will use in the proof of Theorem [6.11) 0

Two concluding remarks. Note that, as explained around Equation (), the considered strategies
for m—approaching 5, or equivalently m-robust approaching C, are efficient as soon as projections in
¢?>-norm onto the set C defined in (@) can be computed efficiently. The latter fact depends on the
respective geometries of m and C. We will provide examples of favorable cases (see, e.g., Section

about minimization of external regret under partial monitoring).

A final remark is that the proposed strategies require full monitoring, as they rely on the observations
of either the pair of played mixed actions m(x;,y,) or of played pure actions m(A;, By). They enjoy no
obvious extension to a case where only a bandit monitoring of the played sets m(x:,y,) or m(As, B)
would be available.

4. Robust approachability for concave—convex set-valued games. We consider in this section
the same setting of mixed actions taken and observed as in the previous section, that is, we deal with
set-valued payoff functions m : A(A) x A(B) — S(R?) under full monitoring. However, in the previous
section T was linear on A(A) x A(B), an assumption that we now weaken while still having that (RAC])
is the necessary and sufficient condition for robust approachability. The price to pay for this is the loss
of the possible efficiency of the approachability strategies exhibited and the worsening of the convergence
rates.

Formally, the functions 7 : A(A) x A(B) — S(R?) that we will consider will satisfy one or several of
the following properties.
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DEFINITION 4.1 A function m : A(A) x A(B) — S(R?) is uniformly continuous in its first argument
if for all € > 0, there exists n > 0 such that for all ®,x’" € A(A) satisfying ||x — x'||; < n and for all
y € A(B), the set m(x',y) is included in an e—neighborhood of M(x,y) in the Euclidian norm. Put
differently,
sup inf  |ld—c¢l, <e or  m(z',y) Cm(z,y)+eB,
dem(z’ y) c€m(z,y)

where B is the unit Fuclidian ball in RY.

Uniform continuity in the second argument is defined symmetrically.

DEFINITION 4.2 A function ™ : A(A) x A(B) — S(R?) is concave in its first argument if for all @, @' €
A(A), all y € A(B), and all « € [0,1],

m(az + (1 —a)z’, y) C am(z,y) + (1 —a)m(z’,y).

A function m : A(A) x A(B) — S(RY) is convex in its second argument if for all x € A(A), all
v,y € A(B), and all o € [0,1],

am(z,y) + (1 —a)m(z,y’) Cm(z, ay + (1 —a)y').

An example of such a function m is discussed in Lemma [5.1]

The following theorem indicates that (RAC) is the necessary and sufficient condition for the m-robust
approachability of a closed convex set C with mixed actions when the payoff function 7 satisfies all four
properties stated above. (Boundedness of T indeed follows from the continuity of 7 in each variable.)

THEOREM 4.1 If m is bounded, convex, and uniformly continuous in its second argument, then (RAC)
entails that a closed convex set C is m—robust approachable with mized actions.

On the contrary, if M is concave and uniformly continuous in its first argument, then a closed convex
set C can be m—-robust approachable with mized actions only if (RACQ) is satisfied.

PROOF OF THE SECOND STATEMENT OF THEOREM [L1l The proof of Corollary Bl extends to the
case considered here and shows, thanks to the ad hoc consideration of the result stated in Lemma [B.1] as
following from Definition @1}, that for all y € A(B), the mapping D, is still continuous over A(A). We now
proceed by contradiction and assume that (RAC) is not satisfied; the first part of the proof of the necessity
of (RAC) in Theorem Bl also applies to the present case: there exists y, such that Dy > Dyin > 0 over
A(A). Tt then suffices to note that whenever the second player resorts to y, = y, at all rounds ¢t > 1,
then for all strategies of the first player, the quantity of interest in robust approachability can be lower
bounded as follows, thanks to the concavity in the first argument:

T
. 1 _
sup{irelg ld—clly: de sz(wt,yo)}

t=1
1 — 1 «
> sup{érelg ld—clly: de m(T ;mt, y0>} =Dy, <T ;wt> > Dpin > 0.
Therefore, C is m-robust approachable with mixed actions by no strategy of the first player. O

The proof of the first statement of Theorem [£.1] relies on the use of approximately calibrated strate-
gies of the first player, as introduced and studied (among others) by [Dawid [g], [Foster and Vohra [9],
Mannor and Stoltz [19]. Formally, given n > 0, an n—calibrated strategy of the first player considers
some finite covering of A(B) by N,, balls of radius 1 and abides by the following constraints. Denoting
by y!,...,y"" the centers of the balls in the covering (they form what will be referred to later on as an
n—grid), such a strategy chooses only forecasts in {yl, N T } We thus denote by L; the index chosen
in {1, .. .,Nn} at round ¢ and by

T
Nr(0) = Tip,—g
t=1

the total number of rounds within the first 7" ones when the element ¢ of the grid was chosen. We denote
by (- )+ the function that gives the nonnegative part of a real number. The final condition to be satisfied
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is that for all 6 > 0, there exists an integer 75 such that for all strategies of the second player, with
probability at least 1 — §, for all T' > Ty,

Nr(f)
ol

Ny,

Lir,—ey

(=1

—n) <4, (4)
1 +

This calibration criterion is slightly stronger than the classical n—calibration score usually considered in
the literature, which consists of omitting nonnegative parts in the criterion above and ensuring that for
all strategies of the second player, with probability at least 1 — ¢, for all T' > Ty,

1 T
- I _
N, (é) ;yt {Li=t}

The existence of a calibrated strategy in the sense of [@l) however follows from the same approachability-
based construction studied in [Mannor and Stoltz [19] to get (B) and is detailed in the appendix. In the
sequel we will only use the following consequence of calibration: that for all strategies of the second
player, with probability at least 1 — §, for all T' > T,

Nr(£) ¢ 1
max ( v -5

I Ny (0)

T

<n+4. (5)
=1

¢=1,.,N, T =t}

—n) < 4. (6)
1 +

PROOF OF THE FIRST STATEMENT OF THEOREM [L1l The insight of this proof is similar to the one
illustrated in [Perchet [22]. We first note that it suffices to prove that for all € > 0, the set C. defined
as the e—neighborhood of C is m—robust approachable with mixed actions; this is so up to proceeding in
regimes r = 1, 2, ... each corresponding to a dyadic value &, = 27" and lasting for a number of rounds
carefully chosen in terms of the length of the previous regimes.

Therefore, we fix ¢ > 0 and associate with it a modulus of continuity > 0 given by the uniform
continuity of 77 in its second argument. We consider an 7/2-calibrated strategy of the first player, which
we will use as an auxiliary strategy. Since (RAC) is satisfied, we may associate with each element y¢ of
the underlying 7/2-grid a mixed action &’ € A(A) such that m( ) C C. The main strategy of the
first player then prescribes the use of ; = &’* at each round ¢ > 1. The intuition behind this definition
is that if y”* is forecast by the auxiliary strategy, then since the latter is calibrated, one should play as
good as possible against y”¢; in view of the aim at hand, which is approaching C, such a good reply is
given by

To assess the constructed strategy, we group rounds according to the values ¢ taken by the L;; to that
end, we recall that N7 (¢) denotes the number of rounds in which y* was forecast and x* was played. The
average payoff up to round T is then rewritten as

T Ny T
=N mlany) = S (et y) r—g | -
T2 m(xe, Yy) 2T <NT(€) tdm(m y) L, =

We denote for all £ such that Np(¢) > 0 the average of their corresponding mixed actions y, by

T
= — Iir.—p -
N, (é) ;yt {Li=t}

The convexity of m in its second argument leads to the inclusion

Ny/2 Ny/2
Z m(xt, y;) Z NT(E <NT Z w Yt H{Lt_l}> c Z NT(E) m(mé y?p)

t=1 =1 t=1

To show that the above-defined strategy m-robust approaches C. = C + ¢B, it suffices to show that for
all § > 0, there exists an integer Ty such that for all strategies of the second player,

LN ()

PAVT > T}, =

m(z’,y7) CC+(e+0)Bp>1-6.
=1
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We denote by M a bound in ¢?>-norm on m, i.e., for all z € A(A) and y € A(B), the inclusion
m(x,y) C MB holds. We let §' = §(n/2)/(M N, ) and define T§ as the time Ty corresponding to (@).
All statements that follow will be for all strategies of the second player and with probability at least
1 -9 >1-4, for all T > Ty, as required. For each index ¢ of the grid, either ¢'T/Np(¢) < n/2 or
§'T/Nrp(€) > n/2. In the first case, following @), ||y* —¥%|| < n/2+ 8'T/Nr(€) < n; since n is the
modulus of continuity for €, we get that

Nr(f)
T

Nr(f)
T

(m(z',y") +eB) C —N:;@) (C+¢eB),

m(xt, gh) C

where we used the definition of ¢ to get the second inclusion. In the second case, using the boundedness

of m, we simply write

Nr () o'
T ~n/2

MB.

n/2 4

N N,y /26

S MOt g coven ";22 MB=C+(c+9)B,
n

=

—

where we used the definition of ¢’ in terms of §. This concludes the proof. g

5. Approachability in games with partial monitoring: statement of the necessary and
sufficient condition; links with robust approachability. A repeated vector-valued game with
partial monitoring is described as follows (see, e.g., Mertens et all [21], [Rustichini [29], and the references
therein). The players have respective finite action sets Z and J. We denote by r : T x J — R? the
vector-valued payoff function of the first player and extend it multi-linearly to A(Z) x A(J). At each
round, players simultaneously choose their actions I; € Z and J; € J, possibly at random according to
probability distributions denoted by p, € A(Z) and g, € A(J). At the end of a round, the first player
does not observe J; nor r(1I;, J;) but only a signal. There is a finite set H of possible signals; the feedback
S that is given to the first player is drawn at random according to the distribution H (I3, J;), where the
mapping H : T x J — A(#H) is known by the first player.

EXAMPLE 5.1 Ezamples of such partial monitoring games are provided by, e.g., |Cesa-Bianchi et all [€],
among which we can cite the apple tasting problem, the label-efficient prediction constraint, and the multi-
armed bandit settings.

Some additional notation will be useful. We denote by R the norm of (the linear extension of) r,

R= max |rGi),-

The cardinalities of the finite sets Z, J, and H will be referred to as Nz, N7, and Ny.

Definition 2.1] can be extended as follows in this setting; the only new ingredient is the signaling
structure, the aim is unchanged.

DEFINITION 5.1 Let C C R? be some set; C is r—approachable for the signaling structure H if there exists
a strategy of the first player such that, for all € > 0, there exists an integer T, such that for all strategies
of the second player,

P {VT >T., inf
ceC

T
1
C—TZT(It,Jt) gs} >1—c¢.
t=1 2

That is, the first player has a strategy that ensures that the sequence of his average vector-valued payoffs
converges to the set C (uniformly with respect to the strategies of the second player), even if he only
observes the random signals S as a feedback.
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Our contributions. A necessary and sufficient condition for r—approachability with the signaling struc-
ture H was stated and proved by [Perchet [23]; we therefore need to indicate where our contribution lies.
First, both proofs are constructive but our strategy can be efficient (as soon as some projection opera-
tor can be computed efficiently, e.g., in the cases of external and internal regret minimization described
below) whereas the one of [Perchet [23] relies on auxiliary strategies that are calibrated and that require
a grid that is progressively refined (leading to a step complexity that is exponential in the number T of
past steps); the latter construction is in essence the one used in Sectiondl Second, we are able to exhibit
convergence rates. Third, as far as elegancy is concerned, our proof is short, compact, and more direct
than the one of [Perchetl [23], which relied on several layers of notations (internal regret in games with
partial monitoring, calibration of auxiliary strategies, etc.).

5.1 Statement of the necessary and sufficient condition for approachability in games with
partial monitoring. To recall the mentioned approachability condition of [Perchetl [23] we need some
additional notation: for all ¢ € A(J), we denote by H(q) the element in A(H)T defined as follows. For
all i € Z, its i—th component is given by the convex combination of probability distributions over H

H(q)i = H(i,q) = Y ¢;H(i, j).
€T

Finally, we denote by F the convex set of feasible vectors of probability distributions over H:
F= {ﬁ(q) L q EA(J)}-

A generic element of F will be denoted by o € F and we define the set-valued function m, for all p € A(Z)
and o € F, by

m(p,o) = {r(p.q'): ¢ € A(J) such that H(q) = o}.

The necessary and sufficient condition exhibited by [Perchet [23] for the r—approachability of C with
the signaling structure H can now be recalled. In the sequel we will refer to this condition as Condi-
tion (APM]), an acronym that stands for “approachability with partial monitoring.”

CONDITION 1 (REFERRED TO AS CONDITION (APM)) The signaling structure H, the vector-payoff
function r, and the set C satisfy

VgeAJ), IpeAD), V4 €A), H(g=Hd) = rip.d)eC.
The condition can be equivalently reformulated as

VoeF, dpe A(D), m(p,o) CC. (APM)

This condition is necessary. The subsequent sections show (in a constructive way) that Condi-
tion (APM)]) is sufficient for r—approachability of closed convex sets C given the signaling structure H.
That this condition is necessary was already proved in Section 3.1 of [Perchet [23].

5.2 Links with robust approachability. As will become clear in the proof of Theorem[6.1], the key
in our problem will be to ensure the robust approachability of C with the following non-linear set-valued
payoff function, that is however concave-convex in the sense of Definition

LEMMA 5.1 The function
(p.q) € A(Z) x A(T) ~— m(p, H(q)).
is concave in its first argument and convex in its second argument.

Unfortunately, efficient strategies for robust approachability were only proposed in the linear case, not
in the concave-convex case. But we illustrate in the next example (and provide a general theory in the
next section) how working in lifted spaces can lead to linearity and hence to efficiency.

EXAMPLE 5.2 We consider a game in which the second player (the column player) can force the first
player (the row player) to play a game of matching pennies in the dark by choosing actions L or M; in
the matriz below, the real numbers denote the payoff while & and O denote the two possible signals. The
respective sets of actions are T ={T, B} and J = {L, M, R}.
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L M R

T 1/& -1/% 2/0
B -1/& 1/& 3/0

In this example we only study the mapping p — T (p, &) and show that it is piecewise linear on A(Z),
thus, is induced by a linear mapping defined on a lifted space.

We introduce a set A = {pr, pp, P12} of possibly mixed actions extending the set Z = {T, B} of
pure actions; the set A is composed of

1 1
pr =07, pp=90p, and p1/2:§5T+§5B.

Each mixed action in A(Z) can be uniquely written as py = Adp + (1 — A) é7 for some A € [0,1]. Now,
for A > 1/2, first,
py=02A-1)ép+ (1 —(2A - 1)) Pij2;
second, by definition of 77,
m(py, &) = [1—2X, 2)\ — 1];

since in particular m(pl/z, &) = {0} and m(0p, %) = [—1, 1], we have the convex decomposition
m(py, ) = (2A —1)m(dp, %) + (1 - (2A — 1)) (P12, ),
which can be restated as
W(P,\, 0‘) = m(@/\ —1)ép + (1 —(2A - 1)) P1/2; ") =2A-1)m(ép, ) + (1 —(2A — 1)) m(?l/m*)-
That is, m( -, &) is linear on the subset of A(Z) corresponding to mixed actions p, with A > 1/2.

A similar property holds the subset of distributions with A < 1/2, so that we have proved that m( -, &)
is piecewise linear on A(Z).

The linearity on a lifted space comes from the following observation: m is induced by the linear
extension to A(A) of the restriction of m to A (see Definition for a more formal statement).

6. Application of robust approachability to games with partial monitoring: for a particu-
lar class of games encompassing regret minimization. In this section we consider the case where
the signaling structure has some special properties described below (linked to linearity properties on lifted
spaces) and that can be exploited to get efficient strategies. The case of general signaling structures is
then considered in Section [ but the particular class of games considered here is already rich enough to
encompass the minimization of external and internal regret.

6.1 Approachability in bi-piecewise linear games. To define bi-piecewise linearity of a game,
we start from a technical lemma that shows that m(p, o) can be written as a finite convex combination
of sets of the form T(p, b), where b belongs to some finite set B C F that depends on the game. Under
the additional assumption of piecewise linearity of the thus-defined mappings (-, b), we then describe
a (possibly) efficient strategy for approachability followed by convergence rate guarantees.

6.1.1 Bi-piecewise linearity of a game — A preliminary technical result.

LEMMA 6.1 For any game with partial monitoring, there exists a finite set B C F and a piecewise-linear
(injective) mapping ® : F — A(B) such that

VoeF, VYpeAD), m(p,o) =Y _ ®y(o)m(p,b),
beB

where we denoted the convex weight vector ®(o) € A(B) by (q)b(a))bels"

PROOF. Since H is linear on the polytope A(J), Proposition 2.4 in [Rambau and Zieglen [2&8] implies
that its inverse application H ~! is a piecewise linear mapping of F into the subsets of A(7). This means
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that there exists a finite decomposition of F into polytopes {Pi,..., Pk} each on which H~1 is linear.
Up to a triangulation (see, e.g., Chapter 14 in [12]), we can assume that each P is a simplex. Denote by
Bi, C F the set of vertices of Pg; then, the finite subset stated in the lemma is

K
B=|] B,
k=1

the set of all vertices of all the simplices.

Fix any ¢ € F. It belongs to some simplex Py, so that there exists a convex decomposition
o = ZbeBk Ap b; this decomposition is unique within the simplex Py. If ¢ belongs to two different
simplices, then it actually belongs to their common face and the two possible decompositions coincide
(some coefficients A\, in the above decomposition are null). All in all, with each o € F, we can associate
a unique decomposition in B,
o= Z Dy(0) b,

beB

where the coeflicients (@b(a))bes form a convex weight vector over B, i.e., belong to A(B); in addition,
®y(0) > 0 ounly if b € By, where k is such that o € Py.

Since H~1! is linear on each simplex Py, ..., Pk, we therefore get
H o)=Y @y(0) H'(b).
beB

Finally, the result is a consequence of the fact that

m(p.o) =r(p, A (o)) = r<p, S y(0) Hl(b)) ,

beB
which implies, by linearity of r, that

(p.0) = > ®y(o)r(p A (1) = D @u(0) (p,b).

beB beB
which concludes the proof. 0

REMARK 6.1 The proof shows that ® is piecewise linear on a finite decomposition of F; it is therefore
Lipschitz on F. We denote by kg its Lipschitz constant with respect to the £?-norms.

The main contribution of this subsection (Definition [6.1]) relies on the following additional assumption.

ASSUMPTION 6.1 A game is bi-piecewise linear if (- ,b) is piecewise linear on A(Z) for every b € B.

Assumption means that for all b € B there exists a decomposition of A(Z) into polytopes each
on which m(-,b) is linear. Since B is finite, there exists a finite number of such decompositions, and
thus there exists a decomposition to polytopes that refines all of them. (The latter is generated by the
intersection of all considered polytopes as b varies.) By construction, every m(-,b) is linear on any of the
polytopes of this common decomposition. We denote by A C A(Z) the finite subset of all their vertices: a
construction similar to the one used in the proof of Lemmal6.1] (provided below) then leads to a piecewise
linear (injective) mapping © : A(Z) — A(A), where O(p) is the decomposition of p on the vertices of the
polytope(s) of the decomposition to which it belongs, satisfying

VbeB, VpeA(), m(p.,b)=) Ou(p)m(a,b),
acA

where we denoted the convex weight vector O(p) € A(A) by (@a(p))aeA. This, Lemma B and

Assumption show that on a lifted space, m coincides with a bi-linear mapping m, as is made formal
in the next definition.

DEFINITION 6.1 We denote by m the linear extension to A(A x B) of the restriction of m to A X B, so
that for all p € A(T) and o € F,

m(p, o) =m(6(p), ®(0)).
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Approaching Strategy in Games with Partial Monitoring

Parameters: an integer block length L > 1, an exploration parameter v € [0, 1], a strategy ¥ for m-robust
approachability of C

Notation: uw € A(T) is the uniform distribution over Z, Pr denotes the projection operator in £*>-norm of RM*xZ
onto F

Initialization: compute the finite set B and the mapping ® : F — A(B) of Lemma [6.I] compute the finite set A
and the mapping © : A(Z) — A(A) defined based on Assumption [6.] pick an arbitrary 61 € A(A)
For all blocks n=1,2,...,
(i) define x, = ZGGA Onaa and p, = (1 —7v)xn +vu;
(ii) for roundst=(n—1)L+1, ..., nL,
2.1 draw an action I; € 7 at random according to p,,;
2.2 get the signal S;

(iii) form the estimated vector of probability distributions over signals,

nL
.= | L S Is,=splre =iy ;
— Pri,n
=(n—1)L+1

(i,8)EIXH

(iv) compute the projection 6, = Pr (En);

(v) choose Bpi1 = xp(el, ®(61), ..., On, @(an)).

Figure 1: The proposed strategy, which plays in blocks.

6.1.2 Construction of a strategy to approach C. The approaching strategy for the original
problem is based on a strategy ¥ for m—approachability of C, provided by Theorem [3.1} we therefore first
need to prove the existence of such a V.

LEMMA 6.2 Under Condition (APM)), the closed convex set C is m-robust approachable.

PRrOOF. We show that Condition (RAC) in Theorem B1]is satisfied, that is, that for all y € A(B),
there exists some € A(A) such that m(x,y) C C. With such a given y € A(B), we associatd] the
feasible vector of signals 0 = >, - sy b € F and let p be given by Condition (APM)), so that mi(p, o) C C.
By linearity of m (for the first equality), by convexity of m in its second argument (for the first inclusion),
by Lemma [6.1] (for the second and fourth equalities), by construction of A (for the third equality),

m(O®),y) =Y 0up) > wma,b) < > Oup)m(a.0) = Oulp)d. By(0)(a,b)

acA beB acA a€A beB
= Z(I)b(o)m(pab) :m(p,a) gca
beB
which concludes the proof. O

We consider the strategy described in Figure[ll It forces exploration at a « rate, as is usual in situations
with partial monitoring. One of its key ingredient, that conditionally unbiased estimators are available,
is extracted from Section 6 in the article by [Lugosi et all [16]: in block n we consider sums of elements
of the form

i, - (H{St—s}ﬂ{lt—i}> € RMAT,
P1in (i,8)€EIXH

averaging over the respective random draws of I, and S; according to p,, and H(I, J;), i.e., taking the
conditional expectation E; with respect to p,, and J;, we get

E/[B:] = H(6,,). (7)

2Note however that we do not necessarily have that ®(c) and y are equal, as ® is not a one-to-one mapping (it is injective
but not surjective).
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Indeed, the conditional expectation of the component 7 of ﬁt equals

Et |:(H{St—s}]1{1t—i} ) :| _ Et |:H(It, Jt) H{It—i}:| _ H(Z, Jt)
pIt,n SEH plt,n pi,n

Ei[Iir—i] = H(i, Jy),

where we first took the expectation over the random draw of S; (conditionally to p,,, Ji, and I;) and
then over the one of I;. Consequently, concentration-of-the-measure arguments can show that for L large
enough,
nL R N 1 nL

Op = — H, is close to H(an) , where @, = I Z 0

t=(n—1)L+1 t=(n—1)L+1

Actually, since F C A(H)Z, we have a natural embedding of F into R**Z and we can define Pr, the
convex projection operator onto F (in £2-norm). Instead of using directly &, we consider in our strategy
on = Pr (5n), which is even closer to H (6n)

+ .

More precisely, the following result can be extracted from the proof of Theorem 6.1 in Lugosi et all [16].
The proof is provided in Appendix [Bl

LEMMA 6.3 With probability 1 — ¢,

9Nz . 2NzNy 1Nz, 2NzN
‘ < /NNy [ () 22F 1 2220 20T 2R )
2 ~L 0 3~L 1)

6.1.3 A performance guarantee for the strategy of Figure[Il For the sake of simplicity, we
provide first a performance bound for fixed parameters v and L tuned as functions of T'. Adaptation to
T — oo is then described in the next section; note that it cannot be performed by simply proceeding in
regimes, as the approachability guarantees offered by the second part of the theorem are only at time
round 7. (This is so because the considered strategy depends on T via the parameters v and L.)

THEOREM 6.1 Consider a closed convex set C and a game (r, H) for which Condition (APM) is satisfied
and that is bi-piecewise linear in the sense of Assumption [6.1. Then, for all T > 1, the strategy of
Figured, run with parameters v € [0,1] and L > 1 and fed with a strategy U for m—approachability of C
(provided by Lemmal62) is such that, with probability at least 1 — 6,

inf

In((2T) /(LS
ec < ZLp g [RED/ ))+2~yR+

2R

, 7 T VT/L -1
9Ny . 2NzNyT 1Nz, 2NzNyT

+ Rkor/NzNu N4 <\/ L 22 H +——Ilnﬂ>.

~vL Lé 3~yL Lé

/NiNg

1 X
7 ZT(Ih Ji)
t=1

In particular, for all T > 1, the choices of L = [T3/5w and v = T=/5 imply that with probability at least

1-96,
<0 (T—l/%/ln% +T72/51n %)
2

for some constant O depending only on C and on the game (v, H) at hand.

inf
ceC

1 T
C — T ZT‘(It,Jt)

t=1

The efficiency of the strategy of Figure[ll depends on whether it can be fed with an efficient approacha-
bility strategy ¥, which in turn depends on the respective geometries of 7 and C, as was indicated before
the statement of Theorem Bl (Note that the projection onto F can be performed in polynomial time,
as the latter closed convex set is defined by finitely many linear constraints, and that the computation of
A, B, and m can be performed beforehand.) In any case, the per-round complexity is constant (though
possibly large).

Proor. We write T as T' = NL + k where N is an integer and 0 < k£ < L — 1 and will show
successively that (possibly with overwhelming probability only) the following statements hold.

1NL

m 2 T‘(It, Jt) ] (8)

T

1

T Z r(ILe, Jt) is close to
t=1
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1 NE 1 N
— Y r(ly, Jy) is close to = r(p,, @) 9)
NL p N ;
1 N 1 N
— (P> @) is close to — (2, @) (10)
N ; N ;
Ly S 1 & _
N Z r(n, ,) = N Z On.ar(a, q,) belongs to the set ~ Z Z gn@m(a, H(an)) :
n=1 n=1acA o s

A
| X
is equal to the set Z ﬁ<0n, ol

)
_ _ , 1 e .
N 1m(0n, @(H(qn))> is close to the set N Zm(em (I)(Un)) ; (11)
)

is close to the set C; (12)

where we recall that the notation g,, was defined above and is referring to the empirical distribution
of the J; in the n—th block. Actually, we will show below the numbered statements only. The first
unnumbered statement is immediate by the definition of @x,,, the linearity of r, and the very definition of
m; while the second one follows from Definition

Y (0 A@)) = 5> Y tuad (@) = S (0 8(7(@,)).
n=1acA n=1 (a,b)eAxB n=1

Step 1: Assertion (). A direct calculation decomposing the sum over T elements into a sum over
the NL first elements and the k remaining ones shows that

k 11 2%k 2L
TZ (I, Jy) — NLZ r(Iy, Jy) <R< +< )NL) ZR< R,

) T NL T T T
Step 2: Assertion ([@). We note that by defining E; the conditional expectation with respect to
(I, 81, J1)y -y (It—1,St—1,J:—1) and J;, which fixes the values of the distribution p} of I; and the value
of J;, we have

]Et [ (It, Jt)] = T(p;, Jt)
We note that by definition of the forecaster, p, = p,, if ¢ belongs to the n—th block. By a version of the
Hoeffding- Azuma inequality for sums of Hilbert space-valued martingale differences stated add Lemma 3.2
in |Chen and White [7], we therefore get that with probability at least 1 — 4,

NL
1 Z Z In(2/6)
NL ym It7Jt - p'n,7 q'n, T .

Step 3: Assertion (I0). Since by definition p,, = (1 — ) &, + 7 u, we get

N N

) Z (0, G,)
n=1 n=1

Step 4: Assertion (II). We fix a given block n. Lemma [6.3] indicates that with probability 1 — 4,

R 9Ny 2NNy 1Ny . 2NyNy
_H H < VNN In | . 13
o -], ! ”( L5 T3t ) (13)

<A4R
2

< 2vR.

Since ® is Lipschitz (see Remark [6.1]), with a Lipschitz constant in #2-norms denoted by kg, we get that
with probability 1 — 9,

)yqp(an)—@(ﬁ(an))ugwm( “Em 2NINH+1&1H2NINH>.

0 3~L 1)

3Together with the fact that Vue ¥ < e~%/2 for all u > 0.
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By a union bound, the above bound holds for all blocks n = 1,..., N with probability at least 1 — N§.
Finally, an application of Lemma [3.1] shows that

1 & _( . 1L

— m| 6,, ® H(?]n) ) is in a ep—neighborhood (in £2-norm) of — m(0,, @(3n) ,

S ) S o o600)
where

2N 2NN 1N 2Nz N,
er = R/ Np X K@\/NzNH( I fs H+§Fy_z1n%>'

Step 5: Assertion ([@). Since C is m-robust approachable and by definition of the choices of the
0,, in Figure[Il we get by (the proof of the sufficiency part of) Theorem B}, with probability 1,

inf
ceC

— S VN T/L —

1 Y 2R 2R
=~ > (0n, 2(50) H "o VAN < — VNN,

since T/L < N+ k/L<N+1.

Conclusion of the proof. The proof is concluded by putting the pieces together, thanks to a triangle
inequality and by considering L§/T < §/(N + 1) instead of 6. O

6.1.4 Uniform guarantees over time for a time-adaptive version of the strategy of Figure[dl
We present here a variant of the strategy of Figure [Il for which the lengths L, of blocks n and the
exploration rates v, are no longer constant. To do so, we need the following generalization of Theorem 2.2]
to polynomial averages; this result is of independent interest. We only state the result for mixed actions
taken and observed, but the generalization for pure actions follows easily.

Consider the setting of Theorem The studied strategy relies on a parameter o > 0. It plays an
arbitrary x;. For ¢t > 1, it forms at stage ¢t + 1 the vector-valued polynomial average

t ¢
my = Ti Z m(zs,y,) where T = Zso‘,

s=1
computes its projection ¢y onto C, and resorts to a mixed action x;y; solving the minimax equation

min  max (m$ —c, m(x, )
zEA(A) yEA(B) (i =ity m(w, )

THEOREM 6.2 We denote by M a bound in norm over m, i.e.,

(a-,lf;/leaj(XB||m(a7b) ||2 < M .

For all a > 0, when C is an approachable closed convez set, the above strategy ensures that for all strategies
of the second player, with probability 1, for all T > 1,

T
D Y aMK,,
<2MY =L <
it vT

inf
ceC

- > taZt“ (@2, 1)
t=1

where K, is a constant depending only .

; (14)

2

It is interesting to note that the convergence rate are independent of o and are the same as standard
approachability (1/v/T).

PRrROOF. The proof is a slight modification of the one of Theorem We denote by df* the squared
distance of m¥ to C,

d = inf [[e =g || = ||ef — g ||°
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and use the shortcut notation m; = m(x,y,) for all t > 1. Then,

2
. t+1 ~
my —cff + ——— (G (mt+1 — mf‘)

—~ 2
(0% « (03 J—
iy < ||y — o || =

T
~ t 1 t+ 1) 2 R
g Hm?‘ H + ) <m?—C?, mt+1—mta>—|— ((CZ—"’_T)> Hmt+1 _m?HQ
+1 t+1

2
2(t+1 o o oy L 2+1), o o o t+ 1)«
<df‘+(T%<mt—ct,mt+1—ct>+(T%<mt—ct,ct _mt>+<(TT)) 4M?

t+1 t+1 t+1
<0
2
2(t+ 1)« t+1
<de (1—#>+<( (e ) AM2,
Tt+1 Tt+l

where we used in the third inequality the same convex projection inequality as in the proof of Theorem 2.2
The first inequality in ([[4) then follows by induction: the bound 2M for ¢ = 1 is by boundedness of
m. If the stated bound holds for df*, then
2

Yoy 8% 2t + 1)@ t4+ 1)\ 2 2
iy, < oY== (1— (+))+((+)>4M2 M2Esls

22:1 s Tia T (Ttoll)Q

)

as desired, since

L (2t L ey L @) -ty
(Te)? <1 T > Tgl(Ta)Q(Tt (t+1)7) < 7o, (Tp)® TE+(E+1)° <(TﬁH)

The second inequality in (I4)) can be proved as follows. First, for all a > 0, by comparing sums and
integrals, we get that for all ¢t > 1,

patl t t t+1 4 1)e+! o)+l
:/so‘ds<Zs°‘</ so‘dsg( ) <( ) .
0 pay 1

a+1 a+1 a+1
Therefore,
Vi 8% _ e+l VRO 1
ST e SVEarT e ey
for 41
@
K, = ———Vv2otl,
V2a+1
This concludes the proof. O

The extension to polynomially weighted averages can also be obtained in the context of robust ap-
proachability as the key to Theorem B.Tlis Lemma 3.3} which indicates that to get robust approachability,
it suffices to approach, in the usual sense, C; both can thus be performed with polynomially weighted
averages.

Consider now the variant of the strategy of Figure [l for which the length of the n-th block, denoted by
L,, is equal to n®, the exploration rate on this block comes at a rate v, = n~*/3 and ¥ is an m-robust
approachability strategy of C with respect to polynomially weighted averages with parameter o = 3/2.
We call it a time-adaptive version of this strategy; note that it does not depend anymore on any time
horizon T', hence guarantees can be obtained for all T'.

THEOREM 6.3 The time-adaptive version of the strategy described in Figure [l (with L, = n® and ~y, =
n=/3 for a = 3/2) ensures that, for all T > 1, with probability at least 1 — &,

[T T
c——z I, J)| < D<T1/5 lng+T2/5lng>

for some constant O depending only on C and the game (r, H) at hand.

inf
ceC
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PrOOF. The proof follows closely the one of Theorem [6.I1 We choose N so as to write T =Tx + k
where 0 < k < Ly4+1 — 1. We adapt step 1 as follows,

T Ty
1 ko1 1 o% 2Ly
r(Ie, Jt) I, J, <R|= — ——|Ty ]| =—=R< ——R.
Z ty t TJ(\)[[ Z ( ty t) (T + (T]% T) N) T T
- 2

t=1

Second, as in step 2, we resort again to the Hoeffding-Azuma inequality for sums of Hilbert space-valued
martingale differences; with probability at least 1 — 6,

e
1 & In( 2/5 2/6
T—J%Z r(1y, Ji) — TQZ” r(Pns @n) || <A4R
t=1 )
In view of the choice 7, = n~?/3, step 3 translates here to
Zﬁ;l na,yn Zﬁ;l n2oz/3 T(2a/3)
Z" r(Pn: @) Z” r(@a @) | < 2RSS = 2RSS = 2R

The same argument as the one at the beginning of the proof of Theorem [6.1] shows that

Tiﬁ;no‘r(wn,qn e —Zn (en,q>(fl(6n)))-

Step 4 starts also by an application of Lemma [6.3] together with the Lipschitzness of ® to get that for all
regimes n = 1,..., N, with probability at least 1 — 9,

o) - (A1) |, < e 252 2 3 N, 2050 ),

YnLn 3 YnLn

By a union bound, the above bound holds for all regimes n = 1,..., N with probability at least 1 — N§.
Then, an application of Lemma [3.I] shows that

A _ 1L
_ XM 07“ Ol H An is 1 —neighborhood of e “m Bna @ An ’
Tﬁ‘,;n m( ( (q ))) is in a e y-neighborhood o Tj\’,;n m( (0 ))

where, substituting the values of L,, = n® and ~,, = n=%/3,

2N 2NN 1 N 2NN
ey = R\/Np X ke\/ NNy T‘lz (\/ LZ In f; H+_ z In fg ’H)

N =1 3'YnLn

(2a/3) (a/3)
2NNy T'? Nr. 2NZN
= Ry/N5 x @\/NZNH< 9Nz In fs H,oN T 311 f; ”).
N

It then suffices, as in step 5 of the original proof, to write the convergence rates for robust approachability
guaranteed by the strategy ¥. By combining the result of Lemma [3.3] with Theorem and Lemma [B.1]
2R K,
<K NN
2

we get
c——nZn m(On,fb(an)) N

Putting all things together and applying a union bound, we obtain that with probability at least 1 — ¢,

C——Z It,Jt
=1

O((N+1)O‘+ In(N/s) TP TP [N T}ﬁ“’l N 1)

inf
ceC

inf
ceC

2

In — T
T To e " Te V'S Tre T UN

Since (as proved at the end of Theorem [6.2]) Tf, ~ NP+L/(B+1) for all B> 0, we get that
NB+L
B+1

where £q, is a constant that only depends on a and . Choosing o = 3/2 and substituting these
equivalences ensures the result. O

N~ ((@+0)T) ™ and T~ ~ kg TETD/ (1)
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6.2 Application to regret minimization. In this section we analyze external and internal regret
minimization in repeated games with partial monitoring from the approachability perspective. We show
how to—in particular—efficiently minimize regret in both setups using the results developed for vector-
valued games with partial monitoring; to do so, we indicate why the assumption of bi-piecewise linearity
(Assumption [6.1)) is satisfied.

6.2.1 External regret. We consider in this section the framework and aim introduced by
Rustichini [29] and studied, sometimes in special cases, by [Piccolboni and Schindelhauern [26],
Mannor and Shimkin [17], |Cesa-Bianchi et al! [6], [Lugosi et all [16]. We show that our general strat-
egy can be used for regret minimization.

Scalar payoffs are obtained (but not observed) by the first player, i.e., d = 1: the payoff function r is
a mapping Z x J — R; we still denote by R a bound on |r|. We define in this section

1 T
qr = T;(SJT

as the empirical distribution of the actions taken by the second player during the first 7" rounds. (This
is in contrast with the notation g, used in the previous section to denote such an empirical distribution,
but only taken within regime n.)

The external regret of the first player at round T' equals by definition

T
~ 1
RS — (,HA )—— 1,J),
7= max p(p.H(ar) T;r(t 1)

where p : A(Z) x F is defined as follows: for all p € A(Z) and o € F,

p(p, o) = min {r(p,q) . g such that H(q) = 0} .

The function p is continuous in its first argument and therefore the supremum in the defining expression
of RS is a maximum.

We recall briefly why, intuitively, this is the natural notion of external regret to consider in this case.
Indeed, the first term in the definition of RS is (close to) the worst-case average payoff obtained by the
first player when playing consistently a mixed action p against a sequence of mixed actions inducing on
average the same laws on the signals as the sequence of actions actually played.

The following result is an easy consequence of Theorem[G.3] as is explained below; it corresponds to the
main result of [Lugosi et all [16], with the same convergence rate but with a different strategy. (However,
Section 2.3 of [Perchetl [24] exhibited an efficient strategy achieving a convergence rate of order T-/3,
which is optimal; a question that remains open is thus whether the rates exhibited in Theorem [6.3] could
be improved.)

COROLLARY 6.1 The first player has a strategy such that for oll T and all strategies of the second player,

with probability at least 1 — 4,
[T T
R < D<1_1/5 1n—6+2_2/5ln—5>

for some constant O depending only on the game (r, H) at hand.

The proof below is an extension to the setting of partial monitoring of the original proof and strategy
of Blackwell [3] for the case of external regret under full monitoring: in the latter case the vector-payoff
function r and the set C considered in our proof are equal to the ones considered by Blackwell.

PrOOF. We embed F into RZ*™ so that in this proof we will be working in the vector space
R? = R x RTX™M . We consider the closed convex set C and the vector-valued payoff function r respectively
defined by

C—{(z,a)eRx}': z > max p(p, U)} and  r(i,j) = [ (i, 9) ] )
PEA(T) j
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for all (i,5) € Z x J.

We first show that Condition (APM)) is satisfied for the considered convex set C and game (r, H). To
do so, by continuity of p in its first argument, we associate with each ¢ € A(J) an element ¢(q) € A(Z)
such that

¢(q) € argmax p(p, H(q)).
PEA(T)

Then, given any g € A(J), we note that for all ¢’ satisfying ﬁ(q’) = ﬁ(q), we have by definition of p,

r(¢(a), @) = p(¢(a), H(d)) = pglgé)p(p, H(q)),

which shows that r(¢(q), ') € C. The required condition is thus satisfied.

We then show that Assumption is satisfied. To do so, we will actually prove the stronger property
that the mappings m(-,o) are piecewise linear for all o € F; we fix such a o in the sequel. Only the
first coordinate r of r depends on p, so the desired property is true if and only if the mapping m1( -, o)
defined by

pEAT) — T(p,0) = {r(p,a): a€A(J)such that H(q) =}
is piecewise linear. Since His linear, the set
{a € AW) sueh that H(q) = o |
is a polytope, thus, the convex hull of some finite set {q, 1, ..., @, p/} € A(J). Therefore, for every
p € A(Z), by linearity of r (and by the fact that it takes one-dimensional values),

ml(pv 0) = Co {T(pv qml)v ) T(pv QU,M)} = |: min T(pv QU,k) ) T(pv QU,k’) ) (15)

max
ke{1,..,M} k'e{1,...M}

where co stands for the convex hull. Since all applications r(-,q, ;) are linear, their minimum and their
maximum are piecewise linear functions, thus m; (-, o) is also piecewise linear. Assumption is thus
satisfied, as claimed.

Theorem [6.1] can therefore be applied to exhibit the convergence rates; we simply need to relate the
quantity of interest here to the one considered therein. To that end we use the fact that the mapping

e F — ,
o Jmax p(p, o)

is Lipschitz, with Lipschitz constant in £>-norm denoted by L,; the proof of this fact is detailed below.

Now, the regret is non positive as soon as Zthl r(Iy, Ji)/T belongs to C; we therefore only need to
consider the case when this average is not in C. In the latter case, we denote by (Fr,or) its projection
in /2-norm onto C. We have first that the defining inequality of C is an equality on its border, so that

rr= max p(p,or);

PEA(T)
and second, that
- 1 <&
RSt — (,HA )—— I,,J,
2 Jmax p(p. H(ar) T;T(t )
_ 1 &
g ( 7HA )_ aN + T — = Iv‘]
s, AP H@r)) = wa) p(p.57)|+ |7 =7 ) o )
_ 1 L
< L, HaT—H(aT) H2+ ?T—T;r(lt,Jt)
7 1 &
< V2 L, 1 SO I, J
\/_max{p }H[UT} Tt:1£(t t)2

1 T
Cc— T ZZ(It,Jt)

t=1

= V2max{L, 1} égg

2
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The claimed rates are now seen to follow from the ones indicated in Theorem

It only remains to prove the indicated Lipschitzness. (All Lipschitzness statements that follow will be
with respect to the £>-norms.) We have by Definition [E1] that for all p € A(Z) and o € F,

p(p7 U) = min ﬁ1 (pv (I)(U)) )
where the linear T is indifferently either relative to ™ or is the projection onto the first component of
the function T relative to m. By Remark [6.1] the mapping o € F ~ ®(0) is ke—Lipschitz; this entails, by
Lemma 1] that for all p € A(Z), the mapping o € F — p(p,0) is R\/Np ke—Lipschitz. In particular,
since the latter Lipschitz constant is independent of p, the mapping

eF —» a; ,
o pglAé)p(p o)

is Rv/Np rkge—Lipschitz as well, which concludes the proof. O

A similar argument to the one in [Perchet [24] shows that the convex set C is defined by a finite
number of piecewise linear equations, it is therefore a polyhedron so the projection onto it, and as well
the computation of the strategy, can be done efficiently. We sketch the argument below, and refer the
reader to [Perchetl [24] for details. Equation (I5]) indicates a priori that for each o € F, there exist a
finite number M, (depending on o) of mixed actions q, 1, ..., g, 5z, such that for all p € A(Z), we have

p(p,o) = min{r(p, 451),--->7(P, quU)}. But by an argument stated in [Perchet [24],
o — {q € A(J) such that H(q) :a}

evolves in a piecewise linear way and thus there exist a finite number M of piecewise linear functions
o= @y, With k= 1,..., M, such that, for all 0 € F,

{qa,h s QG,MU} = {q;,lv sy q:;,M}'
(There can be some redundancies between the q’m ) Because of this, we have that for all p € A(Z) and
o€ F,
p(p,0) = min{r(p,q,),....7(D, g 1)} -

Each function o — ¢, ; being piecewise linear, one can construct a finite set {p;,...,px} C A(Z) such
that, for any o € F, the mapping p — p(p, o) is maximized at one of these p,. The convex set C is
therefore defined by a finite number of piecewise linear equations, it is therefore a polyhedron; therefore
the projection onto it, hence the computation of the proposed strategy, can be done efficiently.

6.2.2 Internal / swap regret. [Foster and Vohra [10] defined internal regret with full monitoring
as follows. A player has no internal regret if, for every action i € Z, he has no external regret on the
stages when this specific action ¢ was played. In other words, ¢ is the best response to the empirical
distribution of action of the other player on these stages.

With partial monitoring, the first player evaluates his payoffs in a pessimistic way through the function
p defined above. This function is not linear over A(Z) in general (it is concave), so that the best
responses are not necessarily pure actions ¢ € Z but mixed actions, i.e., elements of A(Z). Following
Lehrer and Solan [15] one therefore can partition the stages not depending on the pure actions actually
played but on the mixed actions p, € A(Z) used to draw them. To this end, it is convenient to assume
that the strategies of the first player need to pick these mixed actions in a finite (but possibly thin)
grid of A(Z), which we denote by {pg, g € g}, where G is a finite set. At each round ¢, the first
player picks an index G; € G and uses the distribution pg, to draw his action I;. Up to a standard
concentration-of-the-measure argument, we will measure the payoff at round ¢ with T(th, Jt) rather
than with (I, J;).

For each g € G, we denote by Nr(g) the number of stages in {1,...,T} for which we had G; = ¢ and,
whenever Nr(g) > 0,
. 1
qT,g = Z 5Jt .
Nr(9) 6=,
We define ZI\T) g is an arbitrary way when Nt (9) = 0. The internal regret of the first player at round T is
measured as

. N T ( )
RP' = max TT(g) (P(Pg'aH(QT,g)) - T(pg’qug)) '

9.9'€G
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Actually, our proof technique rather leads to the minimization of some swap regret (see
Blum and Mansour [4] for the definition of swap regret in full monitoring):

SWe N (g) T (=~ ~
Ry = gezg TT (g}ggp(pgu H(qT,g)) —7(py, qT,g)>

4

Again, the following bound on the swap regret easily follows from Theorem [6.1} the latter constructs a
simple and direct strategy to control the swap regret, thus also the internal regret. It therefore improves
the results of [Lehrer and Solan [15] and [Perchetl |22], two articles that presented more involved and less
efficient strategies to do so (strategies based on auxiliary strategies using grids that need to be refined
over time and whose complexities is exponential in the size of these grids; ideas all in all similar to what
is done in calibration, see the references provided in Section [). Moreover, we provide convergence rates.

COROLLARY 6.2 The first player has an explicit strateqy such that for all T and all strategies of the
second player, with probability at least 1 — 4,

s T T
R}Wap < D<T1/51/1ng+T2/5lng>

for some constant O depending only on the game (r, H) at hand and on the size of the finite grid G.

PROOF. The proof of this corollary is based on ideas similar to the ones used in the proof of
Corollary 6.1} G will play the role of the action set of the first player. The proof proceeds in four steps.
In the first step, we construct an approachability setup and show that Condition (APM]) applies. In the
second step, we show that Assumption [6.1]is satisfied. In the third step we analyze the convergence rates
of the swap regret. In the fourth and final step, we show that the set we are approaching possess some
smoothness properties by providing a uniform Lipschitz bound on certain functions.

Step 1: We denote by
]:conc:{)\o', o€ F, A€R+}

the cone generated by F and extend linearly p : A(Z) x F — R into a mapping p : A(Z) X Feone — R as
follows: for all p € A(Z), for all A > 0 with A # 1, and all o € F,

(p, \o) = 0 if A =0,
PP 1 Ap(p, o) if A>0.
In the sequel, we embed Foone into RZ**,

The closed convex set C and the vector-valued payoff function r are then respectively defined by

g
C = {(Zg,’l}g)geg € (R X ]-"COHC) : Vgeg, zg2 I;llgé(p(pg/,'vg)}
and, for all (g,7) € G x 7,
. r(Py:7) Ly =g}
r(g.4) =] ~

H(55) Lig =g}

To show that C is r—approachable, we associate with each g € A(J) an element g*(q) € G such that

9'€eG

g (q) € argmaxp(pg, H(q)) }
geg

Then, given any g € A(J), we note that for all q’ satisfying I;T(q’) = ﬁ(q), the components of the vector
r (g*(q), q’) are all null but the ones corresponding to g*(q), for which we have

r(Pyr 01 0) 2 2(Pyr (o H (@) = 0(Pyr0 H(9)) = max p(py, H (a) ) = maxp(py . H(4)).

where the first inequality is by definition of p. Therefore, r(¢9*(q),q') € C. Condition (APM) in
Lemma [6.2] and Theorem [6.1] is thus satisfied, so that we have approachability.
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Step 2: We then show that Assumption [6.1] is satisfied. It suffices to show that for all o € F, the
application

= (ng)gec € A(G) +— Mi(m,0) = {(wg r(pg,q))geg . g€ A(J) such that H(q) = U}

is piecewise linear (as the other components in the definition of 7 are linear in 7). This is the case since
for each g, the application

T eAG) — {ﬁg r(p,,q): g€ A(J) such that H(q) = a}

is seen to be piecewise linear, by using the same one-dimensional argument as in the proof of Corollary[G.11

Step 3: We now exhibit the convergence rates. In view of the form of the defining set of constraints
for C, the coordinates of the elements in C can be grouped according to each g € G and projections onto
C can therefore be done separately for each such group. The group g of coordinates of Zthl (G, Jt)/T
is formed by

Nr(g) . Nr(g) ~ .~
:;ﬂ r(pg’qTﬂ) and :;ﬂ H(qT,g);
when
Nr(g)

N Nr(9) =
T T(pga qT,g) 2 I(]I}gé p<pg’7 T H(qT,g) ’

we denote these quantities by 77, and v 4. Otherwise, we project this pair on the set

Cy = {(zg,vg) €R X Feone: 29 2 ng}ze%cp(pg,,vg)}
and denote by 71 , and vr 4 the coordinates of the projection; they satisfy the defining inequality of C,
with equality,

T4 = mMax /0g) -
T,g §eq p(pg g)

By distinguishing for each g according to which of the two cases above arose (for the first inequality),
we may decompose and upper bound the swap regret as follows,

Ry = gezg NTT@ (g}ggp(pgufl (@r,)) - 7“(20_(,,6T,_q)>+
- qze(; (g}ggp(mu NTT(g) g@w)> - NTT@ r(pg,aTyg))+
< qze;j ?}2§P<Pg’v NTT(g> g(am)> - g}ggp(pg,,iﬂ) +gze<:; Trg — NTT@r(pg,aTﬁg)
< YT, NTT(g) H(@r,y) = Bgr|| + 3 |Frg - NTT(Q) r(py,dry)|
g€ 2 geg

where we used a fact proved below, that the application

v € Foone — g}gg P(Pgu'v)
is fpripschitz. In the last inequality we had a sum of £2-norms, which can be bounded by a single
2 -norm,

~ T
Ry < max{L,,1}/2Ng l;”] —%Zz([t,Jt)
T7g geg 2
T

1
c— T ZZ(It, Jt)

t=1

< max{fp, 1} v/ 2Ng irég

2

where we denoted by Ng the cardinality of G. Resorting to the convergence rate stated in Theorem [6.3]
concludes the proof, up to the claimed Lipschitzness, which we now prove. (All Lipschitzness statements
that follow will be with respect to the />~norms.)
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Step 4: To do so, it suffices to show that for all fixed elements p € A(Z), the functions v € Feone —
p(p,v) are Lipschitz, with a Lipschitz constant fp that is independent of p. Note that we already proved
at the end of the proof of Corollary 6.1l that o € F — p(p, o) is Lipschitz, with a Lipschitz constant L,
independent of p. Consider now two elements v, v/ € Feone, which we write as v = Ao and v/ = No/,
with o, 0/ € F and A\, N € R,. Using triangle inequalities, the Lipschitzness of p on F, and the fact that
r thus p are bounded by R,

IX(p(p,0) = p(p,0"))| + |(A = X)p(p, o)
ALyllo =o' ||, + R[A = X|

Ly|| o = XNo' + (N = Ao’ ||, + R|A = X|
Ly || Ao = XNo' ||, + (R+ L,Nz) |]x = X,

|p(p, \o) — p(p,N'o')|

INCININ N

where we used also for the last inequality that since o is a vector of Nz probability distributions over
the signals, |lo||, < ||o||; = Nz. To conclude the argument, we simply need to show that ’)\ - X‘ can be
bounded by || Ao — No' || , up to some universal constant, which we do now. We resort again to the fact

that ||o||; = [|o’|]|; = Nz and can thus write, thanks to a triangle inequality and assuming with no loss
of generality that A < A, that
1 1 VNuNT
=X =g (Mol = X'l ) < Ao = Vol < S5 Ao = X'l

where we used the Cauchy-Schwarz inequality for the final step. One can thus take, for instance,

_ N
L,=L,+ (R+LPNI)\/V7;'

This concludes the proof. O

7. Approachability in the case of general games with partial monitoring. Unfortunately, as
is illustrated in the following example, there exist games with partial monitoring that are not bi-piecewise
linear.

EXAMPLE 7.1 The following game (with the same action and signal sets as in Ezample [5.2) is not bi-
piecewise linear.

L M R

T (1,0,0,0) /& (0,0,1,0) /& (2,0,4,0) /O
B (0,1,0,0) /& (0,0,0,1) /& (0,3,0,5) /Q

PrROOF. We denote mixed actions of the first player by (p,1 — p), where p € [0,1] denotes the
probability of playing 7" and 1 — p is the probability of playing B. It is immediate that m((p, 1-p), .Y.)
can be identified with the set of all product distributions on 2 x 2 elements with first marginal distribution
(p,1 — p). The proof of Lemma shows that the set B associated with any game always contains the
Dirac masses on each signal; that is, ég € B. But for p # p’ and X € (0,1), denoting D= Ap+ (1 — \)p/,
one necessarily has that

m((P.1-p), &) & Am((p,1—p), &)+ 1 -Nm(p.1-p), &);

the inclusion C holds by concavity of m in its first argument (Lemma [B5.1]) but this inclusion is always
strict here since the left-hand side is formed by product distributions while the right-hand side also
contains distributions with correlations. Hence, bi-piecewise linearity cannot hold for this game. O

However, we will show that if Condition (APM]) holds there exist strategies with a constant per-round
complexity to approach polytopes even when the game is not bi-piecewise linear. That is, by considering
simpler closed convex sets C, no assumption is needed on the pair (r, H).

We will conclude this section by indicating that thanks to a doubling trick, Condition (APM]) is still
sufficient for approachability in the most general case when no assumption is made neither on (r, H) nor
on C—at the cost, however, of inefficiency.
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7.1 Approachability of the negative orthant in the case of general games. For the sake of
simplicity, we start with the case of the negative orthant R?. Our argument will be based on Lemma [G.1}
we use in the sequel the objects and notation introduced therein. We denote by r = (r4)i<k<a the
components of the d-dimensional payoff function r and introduce, for all k € {1,...,d}, the set-valued
mapping my defined by

Fw: (p,b) € AD) x B — fig(p,b) = {Tk(p,q) . g € A(J) such that H(q) = b} .
The mapping m is then defined as the Cartesian product of the my; formally, for all p € A(Z) and b € B,
ﬁ”(pab):{(zlvazd) Vke{lvad}a Zkéﬁlk(p,b)}

We then linearly extend this mapping into a set-valued mapping m defined on A(Z) x A(B) and finally
consider the set-valued mapping m defined on A(Z) x F by

VoeF, VpeA(I), (po)=m(p,0(0)) =) ®(o)m(p,b),
beB

where ® refers to the mapping defined in Lemma (based on ). The lemma below indicates why
is an excellent substitute to 7 in the case of the approachability of the orthant R% .

LEMMA 7.1 The set-valued mappings m and m satisfy that for all p € A(Z) and o € F,
(2) the inclusion m(p,c) C m(p,o) holds;

(ii) if m(p,o) C RZ, then one also has m(p,o) C R,

The interpretations of these two properties are that: 1. m-robust approaching a set C is more difficult
than m-robust approaching it; and 2. that if Condition (APM]) holds for m and R? | it also holds for 7
and R?.

PRrROOF. For property 1., note that by the component-wise construction of m,
Vbe B, VpeA(Z), m(p,b) < m(p,b);
Lemma[6.]] the linear extension of m, and the definition of 77 then show that

VoeF, VpeAQ), m(p,o) =Y _ ®y(o)m(p,b) C i(p, ®(c)) =1m(p,0).
beB

As for property 2., it suffices to work component-wise. Note that (by Lemma again) the stated
assumption exactly means that ), s ®y(0)m(p,b) C R?. In particular, rewriting the non-positivity
constraint for each of the d components of the payoff vectors, we get

S @y (o) ik (p,b) TR,
beB

for all k € {1,...,d}; thus, in particular, >, ®5(c) m(p,b) = m(p,o) C RL. O

We can then extend the result of the previous section without the bi-piecewise linearity assumption.

THEOREM 7.1 If Condition (APM) is satisfied for m and R, then there exists a strategy for (r, H)-
approaching R® at a rate of the order of T~/ with a constant per-round complexity.

PROOF. The assumption of the theorem and Property 2. of Lemma [T imply that Condition (APM])
holds for R? and 7h; furthermore, the latter corresponds to a bi-piecewise linear game as can be seen
by noting, similarly to what was done in the section devoted to regret minimization (Section [6.2]), that
each my, being based on the scalar payoff function 7y, is a piecewise linear function. Thus, 7 is also a
piecewise linear function.

Therefore, the steps between Equations (I0)-([2) of the proof of Theorem [61] (or the corresponding
statements in the proof of Theorem [6.3]) can be adapted by replacing m and m by, respectively, m, m,
and its extension corresponding to Definition The result follows. O
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7.2 Approachability of polytopes in the case of general games. If that the target set C is a
polytope, then C can be written as the intersection of a finite number of half-planes, i.e., there exists a
finite family {(ex, fi) € R? x R, k € K} such that

C = {ZGRd: (z,er) < fr, VkGIC}.

Given the original (not necessarily bi-piecewise linear) game (r, H), we introduce another game (r¢, H),
whose payoff function r¢ : T x J — R¥ is defined as

VieI VieJ, re(ig)=[rli)ed—fi] .

The following lemma follows by rewriting the above.

LEMMA 7.2 Given a polytope C, the (r, H)-approachability of C and the (TC,H) ~approachability of R:
are equivalent in the sense that every strategy for one problem translates to a strategy for the other

problem. In addition, Condition (APM) holds for (r, H) and C if and only if it holds for (rc,H) and R%.

Via the lemma above, Theorem [[] indicates that Condition (APM]) for (r, H) and C is a sufficient
condition for the (r, H)—approachability of C and provides a strategy to do so. (The per-round complexity
of this strategy depends in particular at least linearly on the cardinality of K.)

7.3 Approachability of general convex sets in the case of general games. A general closed
convex set can always be approximated arbitrarily well by a polytope (where the number of vertices
of the latter however increases as the quality of the approximation does). Therefore, via playing in
regimes, Condition (APM)]) is also seen to be sufficient to (r, H)-approach any general closed convex
set C. However, the computational complexity of the resulting strategy is much larger: the per-round
complexity increases over time (as the numbers of vertices of the approximating polytopes do).

Appendix A. An auxiliary result of calibration.

We prove here [ for a given 1 > 0 and do so by following the methodology of Mannor and Stolt4 [19].
(Note that this result is of independent interest.)

We actually assume that the covering y', ...,y is slightly finer than what was required around (@)
and that it forms an 7/Ng-grid of A(B), i.e., that for all y € A(B), there exists £ € {1,..., Ny} such
that [y — 4[|, <n/Ns.

We recall that elements y € B are denoted by y = (y)ses and we identify A(B) with a subset of RV,
In particular, I, the Dirac mass on a given b € B, is a binary vector whose only non-null component is
the one indexed by b. Finally, we denote by

0=(0,...,0) and 1=(1,...,1)
the elements of R? respectively formed by zeros and ones only.

We consider a vector-valued payoff function C': {1,...,N,} x B — R2MNN5 defined as follows; for all
¢e{l,...,Ny,} and for all b € B,

C(e,b):(g, .0, yf—]lb—NiBl, Hb—yf—NiBl, 0, Q)

which is a vector of 2NN,, elements of R® composed by 2(N,, — 1) occurrences of the zero element 0 € RS
and two non-zero elements, located in the positions indexed by 2¢ — 1 and 2/.

We now show that the closed convex set (R_)2V2V5 is C-approachable; to do so, we resort to the

characterization stated in Theorem[2I]l To each y € A(B) we will associate a pure action ¢, in {1,..., Np}
so that C(fy,y) € (R_)?NNs; note that to satisfy the necessary and sufficient condition, it is not
necessary here to resort to mixed actions of the first player. The index ¢, is any index ¢ such that
H T T H , < 7/Npg; such an index always exists as noted at the beginning of this proof. Indeed, one
then has in particular that for each component b € B,

v — | < ||y —yl|, <n/Ns.
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A straightforward adaptation of the proof of Theorem then yields a strategy such that for all
d € (0,1) and for all strategies of the second player, with probability at least 1 —

c- =3 ClLuy,) 2M\/7 (16)

where M is a bound in Euclidian norm over C, e.g., M = 4 + 277. The quantities of interest can be
rewritten as

1 — N.-(¢ _ N.-(¢ N-(0) N, (¢
LS Ly, = (J(yf gty MOy N ey Ji;) ,
T 7 Np T 7 Np e{1,. Ny}

where we recall that we denoted for all ¢ such that N.(¢) > 0 the average of their corresponding mixed

actions y; by
1 T
—t
= N A E Yelin,=oy -
N (0) &7t =0

The projection in £2-norm of quantity of interest onto (R_)2N"V5 is formed by its non-positive compo-

sup inf
T}T CG(R,)zN"NB

nents, so that its square distance to (R_)?VN5 equals
T 2 Ny 2 2 2
: 1 N-(0) 0 =L n ¢ ¢ n
inf c—— CLuy = (—) (y _y‘r NN + yr —Yp — 7 .
CG(R,)ZN”NB T ; ( t t) , ; - beZB b ,b NB N ,b b NB N

:(Iﬂ‘;,b—yﬁI—n/st)z+

Therefore, our target is achieved: using first that (- )4 is subadditive, then applying the Cauchy-Schwarz

inequality,
N, N,
~ N-(0) - ~ N (0) _ U
Sy vl ), < XY =7l =55,
=1 =1 beB
Ny 2 2
N, (£ _ n
< VN5 Z(T()) Z(}yz‘i—y?b —N—)
=1 beB B/+
< 2M\/NnN5\/5iT,

where the last inequality holds, by (@), for all 7 > T with probability at least 1 — 4. Choosing an integer

Ty sufficiently large so that
/2
2M+/N,Ng ST. <6
5

concludes the proof of the property stated in ().

Appendix B. Proof of Lemma [6.3l

PRrooOF. For all (,5) € T x J, the quantity H(i,j) is a probability distribution over the set of signals
H; we denote by H(4,j) the probability mass that it puts on some signal s € H.

Equation (7)) indicates that for each pair (i,s) € Z x H,

nL
Z (H{St—s}]l{]t—i} _ Hs(i,Jt)>

t=(n—1)L+1 Pli.n

is a sum of L elements of a martingale difference sequence, with respect to the filtration whose t¢-th
element is generated by p,,, the pairs (I, Ss) for s < ¢, and J, for s < ¢+ 1. The conditional variances
of the increments are bounded by

Lis—s1Lir— \°
(M” < Efln)] = pl ?

E,
Pryn pz n i,n
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since by definition of the strategy, p,, = (1 — ) @, + v u, we have that p;,, > v/Nz, which shows that
the sum of the conditional variances is bounded by

nlL

I[ =s ]I +=1 LN
Z Vart( {Se=s} {1 }) < L.
t=(n—1)L+1 Prn "

The Bernstein-Freedman inequality (see [Freedman [11] or [Cesa-Bianchi et all [6], Lemma A.1) therefore
indicates that with probability at least 1 — 6,

nL nL
1 Lis,=alqr,=iy 1 Z . Nz 2 1Nz 2
D D e H, (i, J;)| < 2—1 S+,
Lo S Phn L, S 57355
= Hs(i,d,)

Therefore, by summing the above inequalities over ¢ € Z and s € H, we get (after a union bound) that
with probability at least 1 — Nz Ny,

Jou @ |, < Vi (2w 520 2)

Finally, since &, is the projection in the ¢?>-norm of &, onto the convex set F, to which H (an) belongs,
we have that

Han B ﬁ(an) H2 S H&" N ﬁ(a”) H2 ’

and this concludes the proof. O
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