A  Omitted Proofs

In this section we include all of the proofs omitted from the main body. For the convenience of the
reader, we will restate each claim before proceeding with its proof.

A.1 Preliminary Proofs

We commence with the proof of Proposition 1.

Proposition 1. For any n > 0 and at all times t € N, the OFTRL optimization problem on Line 3 of
Algorithm I admits a unique optimal solution (\),y®) € X N RYL.

Proof. Uniqueness follow immediately from strict convexity. In the rest of the proof we focus on
the existence part.

We start by showing that there exists a point & € X whose coordinates are all strictly positive.
By hypothesis (see Section 3.1), for every coordinate r € [d], there exists a point «, such that
x,.[r] > 0. Hence, by convexity of X C [0, +00)? and by definition of X', the point

1
(1,x°) == <17 d;wT>.

is such that (1,2°) € X NR,.

Let now M be the ¢, norm of the linear part in the OFTRL step (Line 3 of Algorithm 1). Then, a
lower bound on the optimal value v* of objective is obtained by plugging in the point (1, 2°) at least

d
vt > =M1+ X)) + ) loga®[r]. 9)
r=1
Let now
d
m = exp{—(2M+d)(1—|—||X||1)+Zlogw°[r]} > 0. (10)
r=1

We will show that any point (\,y) ¢ [m,+00) N X cannot be optimal for the OFTRL objective.
Indeed, take a point (A, y) ¢ [m, +o00) N X. Then, at least one coordinate of (), y) is strictly less
than m. If A < m, then the objective value at (\, y) is at most

d d
MX+ M| X|y +log A+ logy[r] < M(1+ || X[}1) +logm+ Y log x|
r=1 r=1
<M1+ [ X[1) +logm +d([|[X[l1 — 1)
< (M +d)(1 + ||X]|1) + logm
d
=—-MQ1+|X]h)+ Zlogazo[r] (from (10))

r=1

< ¥, (from (9))

where the first inequality follows from upper bounding any coordinate of y with || X||;, and the
second inequality follows from using the inequality log z < z — 1, valid for all z € (0,+4o0).
Similarly, if y[s] < m for some s € [d], then we can upper bound the objective value at (\, y) as

d d
M+ M| X[y +log 1+ > logylr] < M(1+ | X[l1) +logm+ Y _log || X

r=1 r=1
S M+ (X)) + (d=1D)([X]x = 1) +logm
< (M +d)(1 +[|X[}2) +logm < v*.
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So, in either case, we see that no optimal point can have any coordinate strictly less than m. Con-
sequently, the maximizer of the OFTRL step lies in the set S = [m, +o00)4t1 N X. Since both
[m, +00)%+! and X are closed, and since X is bounded by hypothesis, the set S is compact. Fur-
thermore, note that S is nonempty, as (1, x°) € S, as for any s € [d]

logm = —(2M + d)(1 + ||X|]1) Zlogw

< —(2M +d)(1 +[|X]|1) +10gw [s] + (d — 1) log || X[|1
< —(2M +d)(1 + ||X]11) +logz°[s] + (d — 1)(|| X[l — 1)
< logz°s],

implying that (1, 2°) € [m, +00)9*!. Since S is compact and nonempty and the objective function
is continuous, the optimization problem attains an optimal solution on S by virtue of Weierstrass’
theorem. O

Theorem 2. For any time T' € N it holds that RegT = max{0, RegT}. In particular, it follows that
RegT > 0and RegT < f{engor anyT € N.

Proof. First, by definition of @Y in Line 6, it follows that for any t,

iy (AD . 1
(5 (o)) = (2 (ol ) ) =0

As a result, we have that max{0, Reg” } is equal to

T T
® g* 2y L o (LY (1
maX{O , max, (' " —x >} max{O ineeu)((2< ( *) (w(t)>>}
t=1 t=1
d 1 a A"
=max{ 0, max <ﬂ(t),< *>> = max ~Z<’L~L(t),< *>>
zreX z (A y)eX = Y

T
* () .
B )¢ ¥ Z<ﬁ(t), (A*> - (A(t))> B RegT?
(\*,y*)eX = Y Y

as we wanted to show. O

A.2 Analysis of OFTRL with Logarithmic Regularizer

For notational convenience, we define the log-regularizer 1) : X — R>g as

d+1

= —begw

and its induced Bregman divergence

TR
Dy (x| 2) = Zh<xr>, where h(a) = a — 1 —In(a).

Nz

7]
Moreover, we define
&) = argmax —F, (&) = argmin F,(&), where Fy(&) = — <U<t> +alt=h, a:> +(&).
ZEX ZEX
Y
. . ) A®
We note that F} is a convex function for each ¢ and &%) is exactly equal to y® computed by
Algorithm 1. Further, we define an auxiliary sequence {2(”}75:1727“_ defined as follows.
() — argmax —Gy (&) = argmin G4(£), where G(Z) = <U(t) > + (). (12)

zEX zeX
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Similarly, G is a convex function for each ¢. We also recall the primal and dual norm notation:

2], = 2 <ift[)7’[L])2’ 12l = § (a}(t)[r}i[r]y.

Finally, for a (d + 1) x (d + 1) positive definite matrix M, we use ||Z||m to denote the induced
quadratic norm v 2T M 2. We are now ready to establish Proposition 2.

. T
Proposition 2 (RVU bound of OFTRL in local norms). Let Reg be the regret cumulated up to time
T by the internal OFTRL algorithm. If ||[u® |||z < 1 at all times t € [T, then for any time
horizon T' € N and learning rate n < ,

T -1 2
- T (d+1)logT 1)~ |2 1 AG+D) A®
Reg <4+ -——"——+57 Hu()—u( ) - — -
0 ; w2 = |\y ) W),
Proof of Proposition 2. For any comparator & € X, define &' = % T+ % -2 e X, where we

recall (1) = arg ming ¢ [1(2) = argming 5 ¥(€). Then, we have

XT: <m - 5;<t>,11(t>> - XT: <a: — &, a<t>> + XT: <5:’ - :’e<t>,ra<t>>

t=1 t=1 t=1

_12T:<5,_i.<1 t>>+§:< (0 u<t>>
t=1 t=1
XT: <:1: —zW u(t)>

where the last inequality follows from Cauchy—Schwarz together with the assumption that

®) 1
[t lloe < ;-

Now, by standard Optimistic FTRL analysis (see Lemma 2), the last term Y, (& — &®), a(®))
(cumulative regret against Z') is bounded by

T
) ( (1) _ 1) g0 _ g@=1)
;<w’ #® @ > (& wl +Z< t+1) _ 4 ) _ gt 1>
T
_ ~<>H~<> 5( >H~<> .
CHCHEDERNCEED)

For the term v)(&') — ¢(&(1)), a direct calculation using definitions shows

~

d+1 (1) d 1
Y(@') — (@D = Z log — @ ]l 2t gT.
For the other terms, we apply Lemma 3 and Lemma 5, which completes the proof. O

Lemma 2. The update rule (11) ensures the following for any & € X:

ZT: <5: — j(t),u(t > <¢(x) —Y(x 1) )+ Z <2(t+1) 7® u(t) alt- 1)>
t=1
(Dw ( () H (t)) +D, <2(t+1) H i.(t))) _

Proof. First note that for any convex function F' : X — R and a minimizer &*, we have for any
TEX:

M’ﬂ

t

Il
A

F(&) = F(&) — (VF(3"),& — &) — Dp(&, &) < F(&) — Dp(&,&*),
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where Dp is the Bregman Divergence induced by F' and the inequality is by the first-order optimal-
ity. Using this fact and the optimality of 2(*), we have

Gi(29) < Gy(@®) - Dy (39 ]| 20)
= F(#0) + <i(t)’ﬁ(t—1)> ~ Dy (@(t) H 2(1&))
Similarly, using the optimality of &(*), we have
Ft(j;(t)) < Fy(zH0) - Dy, (g(H-l) H i(t))

= Gy (20D 1 <2(t+1>, a® _ a<t—1>> ~ Dy (g(t+1) H @m)

Combining the inequalities and summing over ¢, we have

G1(2M) < G (2TH) + Z ((89,a®) + (00 - 50, a0 - g0-1))

|#0) = 0o (210 [))

Observe that G1 (2(V)) = ¢(&M)) and Gy 1 (2(THY) < — <:i, ﬁ(T+1)> +1(Z). Rearranging then
proves the lemma. O

IN

Lemma 3. Ifn < then we have

50’

H,z““) —&® H < 5nHa<t> —a® Y| <10v2y < 15, (13)
t *,t

H:z““) —&® H < 5nH2a<t> —at Y| <15v2m <221, (14)
t *,t

Proof. The second part of both inequalities is clear by definitions:

it - (Aa) (<:1:(t),u(t)> _ <$<t 1) gt 1>>)) +zd;( (ua) r] — u(t—l)m)>2
g )<

where we use (™, u(M) < |27 [|u("]|w < 1and [uD ]| < B3 H for any time 7 and any
coordinate 7 by the assumption, and similarly,

H&(t) A

<422

d

it = (Au) (2 <:c(t), u<t>> _ <w(t_1), u(t—1)>))2 +3 (y<t> [r] (Qu(t) "] — u(t—n[T]))Q

9 ) r=1
t
< 9(AD)2 + Z( 7’) <18

r=1

H%(t) _ a1

=N

To prove the first inequality in Eq. (13), let & = {5: : H.’i —z\

*,t}'

Noticing that 2(*+1) is the minimizer of the convex function G 1, to show 2(+1) ¢ &, it suf-
fices to show that for all & on the boundary of &, we have Gy, 1 (&) > G4 1(2"). Indeed, using
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Taylor’s theorem, for any such &, there is a point £ on the line segment between &*) and & such that

- - - . 1. 2
G (&) = G (29 + <VGt+1(:1:(t)), T — w(t)> +3 Hm —z®

V2Git1(€)
— Gua(30) — <u<t> _ Aty - i<t>> n <VFt(£i(t)) P j(t)> + 1 H . t)H
’ 2 V24()
> G (3®) — <~<t> —at g — ~<t>> H 0
> G (YY) m o Tr—T 5 v

(by the optimality of &)

> Gt (20 — Hﬁ(w _at-n ‘w_w(wH +z Hw_xu)H
B *,1 V2'¢J(§
(by Holder’s inequality)
2 2
> G (@) - a0 —at|| z-20| + ngx -30|| *)
S0y 4 0w _ ge-n]? ®) _ gt-1)
:Gt+1($ )+§’I7H'LL —Uu ‘ ot (Hw_w Ht_5nHu |*,t)

> G (@),
Here, the inequality (x) holds because Lemma 4 (together with the condition 7 < %) shows

Lz®n < z[] < g;ﬁ”m, which implies 12([i] < ¢[i] < 2&®[i] as well, and thus

V23)(€) = %Vzw( )). This finishes the proof for Eq. (13). The first inequality of Eq. (14)
can be proven in the same manner. [

Proposition 3 (Multiplicative Stability). For any time t € N and learning rate n < 2, if

50’
[ loo |11 < 1,
yen) = (o)
- < 22
H<y<t+1> y® )|, = N

Proof. The statement is proved in Lemma 3. O
Lemma 4. If & satisfies |@ — &, < &, then 12W[i] < &[i] < 3&W 4] for every coordinate i.
&[i]l—&®[i - .
Proof. By definition, ||& — 2®|, < % implies for any i, % < 1, and thus $2W[i] <
&li] < 3&W[q]. O

Lemma 5. Ifn < then we have

50’

T
D0 ]40) 0. (50 )y Ko oo
Z( 4 Dy _27772

t=1
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Proof. Recall h(a) =a—1—In(a) and Dy, (2 2) = %Zfill h (i[?]). We proceed as

z[i
20) 5 Dy (200 | 2))

T-1

SN RO RENCRIED)

B 1 T-1d+1 j(t+1)[i] 2(t+1)[2~]
—5 22 (v G+ (o)
1d+1 ((i(t—&-l)m . 2(t+1)[2~])2 (Z(t+1)[ ] 0] M)Q)

G @O?
(h(y) > Y 61)2 fory € [£,3])

v
gl=
M

i T—1d+1 (:E(H_l)[i] _ 2(t+1)[i])2 (2(t+1)[2~] _ j(t) [2])2
= 2y t;i 1 ( (&0[])” " (@M[i])?

1 T—-1d+1 (:i(t+1)[ ] _ m(t) (1) )
== ( (21’ ) 2 ZH e

Here, the second and the third inequality hold because by Lemma 3 and Lemma 4, we have % <

D[ PGP o,
w(r)[zgl <—and 5 =< ~<t>[5] §§ andthusg_%Tl)Hgg -

A.3 RVU Bound in the Original Space

Next, we establish an RVU bound in the original (unlifted) space, namely Corollary 1. To this end,
we first proceed with the proof of Lemma 1, which boils down to the following simple claim.

Lemma 6. Let (\,y),(\,y') € XN RZEY be arbitrary points such that

(v)- ()

) -

y Y/ )
y v N A
N <qxy, - -
=%, = G - )

1
< -.
-2

Then,

Ny)

Proof. Let i1 be defined as
/ !/
y'[r] ‘}
= max < |— — 1|, max —1] 5. (15)
g { A reldl | y[r]
By definition,
!/
——1<
e
which in turn implies that
(1—mA <N < (1+p)A (16)
Similarly, for any r € [d],
(1= wylr] <y'lr] < 1+ pylr]. (17)

As aresult, combining (16) and (17) we get that for any r € [d],

y/[r]_m<(m—1>y;ﬂg4uzﬁd

—4
N ) nalr],
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since p¢ < £. Similarly, by (16) and (17),

@ — y;\[/r] < (1 — 1;5) # < 2,[14@ = 2ux(r|
Thus, it follows that )
Vo9 g
in turn implying that
o — el =3 | ¥ S g < ). as)
=N AT I B
Moreover, by definition of (15),
<[ (7)- Gl
Y Y\,
Finally, combining this bound with (18) concludes the proof. O

Lemma 1. For any time t € N and learning rate n < 25, if |[u® || o||[|; < 1,
()= Go)
(D) e

Hw(Hl) - :I:(t)H <22n< %
t

||:1:(t+1) _ w(t)Hl <

t

Proof. Sincen < <5 by assumption, we have

Hence, we are in the domain of applicability of Lemma 6, which immediately yields the statement.
O

Corollary 1 (RVU bound in the original (unlifted) space). Fix any time T' € N, and suppose that

|[u® | o < Bforanyt € [T]. Ifn < BT
-1

=~ T (d+1)logT

Reg' < 6B|||1+-—— ——+16n]| X} D Jul )z~ 51277”)(”2 Z D g ® |12,
t=1 L t=1

Proof. At first, assume that |u® ||, < 1/||X||1. By definition of the induced dual local norm in
3),

d
Ja® — a®V2, < (@, u®) — @, u0)2OO) 4 3yl ] - ut )2
r=1
d
< (@, u®) — (@0, w02 + 3 (@fr])2 (@] - uD[r))?
r=1
2
< (2@, u®) — (@, u) ) 4 X3 ul) - w2, (19)

for any ¢ > 2. Further, by Young’s inequality,
(<m<t>,u<t>> (20D, u<t71>>)2 <2 (<x<t>,u<t> _ u<t71>>>2 i ((m(t) _ x<t*1>,u<t*1>>)2

< 20| X {fu® — ulVZ, + © — 2V,

Ed
Combining with (19),

la® —al= b2, < 31x |l — ul V)3, + 2t — 2V,

||Xu2”
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for t > 2, since |[ul|s <

\th (by assumption). Further, ||u(1) a2, = a2, <

Combining with Proposition 2 and Lemma 1, we get that Reg is upper bounded by

(d+1)logT
6 16 X (t+1) (t) 2 (t+1) (t) 2

<6+L MOET | 613 Y e - w2, - TZ () — g0
> n u - .
n 12 ST 2 !

Finally, we relax the assumption that ||u(!)| . < 1/||X||;. In that case, one can reduce to the
above analysis by first rescaling all utilities by the factor 1/(B||X'||1)—which in turn is equivalent
to rescaling the learning rate ) by 1/(B]|X||1). We then need to correct for the fact that the norm

. s s T
of the difference of utilities gets rescaled by a factor 1/(B]|X||1)?, and that the regret Reg with
respect to the original utilities is a factor B||X||; larger than the regret measured on the rescaled
utilities. Taking these considerations into account leads to the statement. O

A.4 Main Result: Proof of Theorem 4

Finally, we are ready to establish Theorem 4. To this end, the main ingredient is the bound on the
second-order path lengths predicted by Theorem 3, which is recalled below.

Theorem 3. Suppose that Assumption I holds for some parameters B, L > 0. If all players follow
LRL-OFTRL with learning rate n < min {
then

, where || X||1 == max;

1 1
256 B[[ X1’ 128nL|[ X3

n T-—1
SN 2l — 2|2 < 6144nnB )| X |3 + 1024n(d + 1)]| X3 log T )

i=1 t=1

Proof. By Assumption 1, it follows that for any player ¢ € [n],
2

2 n n
t+1 t t+1 t t+1 t
(™ = u®)e) < | LY el =l | <22 Y 2l a3,
j=1 j=1

by Jensen’s inequality. Hence, by Corollary 1 the regret RegiT of each player ¢ € [n] can be upper
bounded by

(d+1)logT 5 = (t+1) ()2 =y (t+1) _ (%) )2
6B X ||y +——————+16n|| X[ L nZZHa} —z; = > > Nl =2
7 ST 2

Summing over all players i € [n], we have that

n n T—1
~ T (d+ ].) IOgT t+1 t

> Reg; < 6nB Xy +ni—— =2 £ 3 (169]|X[FL0? — HXHQ gV — a3
i=1 n i=1 t=1

< onpy 4 n DT L33 sl )

= on 1 n Z; —; )

0 102477\\»6” 2.2 !
since n < m. Finally, the theorem follows since Z?:l f{egi > 0, which in turn follows
1

directly from Theorem 2. O

Theorem 4 (Detailed Version of Theorem 1). Suppose that Assumption 1 holds for some parameters
B,L > 0. If all players follow LRL-OFTRL with learning rate n = min{

1 1
256 B[|X[[1’ 128nL[ X3 }
then for any T' € N the regret RegiT of each player i € [n] can be bounded as

Reg! < 12B||X||; + 256(d + 1) max {nL||X||3,2B|X||; } log T. (5)

Furthermore, the algorithm can be adaptive so that if player i is instead facing adversarial utilities,
then Reg! = O(VT).
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Proof. First of all, by Assumption 1 we have that for any player i € [n],

2
t+1 t t+1 t t+1 t
luf™ a2 < [ LY 2 — 2P | <220 Y 2D — 22,
j=1 j=1
Hence, summing over all ¢,
T—1 T-1 n
t+1 t t+1 t
STl — a2 < L2030 3 Y — 202
t=1 t=1 j=1

< 6144n>L*nB|| X |3 + 1024n*L*(d 4 1)||X||? log T,

where the last bound uses Theorem 3. As a result, from Corollary 1, if n = W,
v 1

T-1
- T d+1)logT
Reg, < 6B x| + (gg 160 X7 Y e %

t=1
< 12B||X||1 + 256(d + 1)nL|| X7 log T.

Thus, the bound on RegZT follows directly since RegiT < RegiT by Theorem 2. The case where

— 1 ;
N = 6B 1S analogous.

Next, let us focus on the adversarial bound. Each player can simply check whether there exists a
time ¢ € [T7] such that

t—1
STl — w2, > 614402 LB X |} + 102402 L3 (d + 1)[| X[} logt.  (20)
T=1

In particular, we know from Theorem 3 that when all players follow the prescribed protocol (20)
will never by satisfied. On the other hand, if there exists time ¢ so that (20) holds, then it suffices to
switch to any no-regret learning algorithm tuned to face adversarial utilities. [

A.5 Extending the Analysis under Approximate Iterates

In this subsection we describe how to extend our analysis, and in particular Theorem 4, when the
OFTRL step of Algorithm 1 at time ¢ is only computed with tolerance €*), in the sense of (6). We
start by extending Proposition 2 below.

- T
Proposition 5 (Extension of Proposition 2). Let Reg  be the regret cumulated up to time T' by the
internal OFTRL algorithm producing approximate iterates (\Y),y()) € X, for any t € [T]. Then,
for any T' € N and learning rate n < %,

T -1 n ®
7 (d+1)logT AN | A Al
Reg §4+f+5nzuu —u et 271 y D ) T |y
=1 ’ =111 AT RIEALICNER V)
|l /a® AW
+2 ( (t)) {0 )
=1 \Y Y /1o )

where

(t) ~ ‘
() -l 0 () s )
* ANy)ex

r=1

Proof. Fix any (\*,y*) € X. Then,

T T T
* (t) A\ )\(t) )\(t) A
! (A >_<)\ )>_ o < >_ ( ! ( _( )
u', % = u', % + u',
;< Y y" ; Y u ; )\




where the last inequality uses Holder’s inequality along with the fact that ||a(*) e (a0 g0y < 2,
which in turn follows since ||u!)||o||X|/; < 1 (by assumption). Finally, the proof follows as an
immediate consequence of Proposition 2. O

We next proceed with the extension of Lemma 1.

Lemma 7 (Extension of Lemma 1). Suppose that €®) § s, for any t € [T]. Then, for any time

t € [T — 1] and learning rate n < 5k,

)\(H‘l) B )\)(f)
Yyl (t+1) yit)
Proof. First, by the triangle inequality,
(}\Sf—‘rl)) (xﬂ) H( t+1)> <)\(t))
t+1) | ~ t t+1 t
yi Y yt” (A0 4 ) y Y v e o)

(t+1 )\(t-{-l)) )\it) ()\(t))
(t+1 y(t+1) (Ag)7y§f«>) yﬁt) y(t)
Now given that n <

it follows from Proposition 3 that
<

(t+1) | — (t)
Yx Yx (D 4 )
which in turn—combined with Lemma 4—implies that
)\gt+1) NGaY /\gﬂ) A(t+D)
(t+1) | — ( (t+1)> (t+1) | — ( (t+1)>
Yx Yy Y Yy
Similarly, since e® < L it follows that
(00 2 Gen) = o)
)\(t))yit)) -2 ’y(tH) y(t) ()\(t)’y(t)).

H (}\(t+1
As aresult,
H ()\(Hl)) (A(t))
o) -
m) y(t+ ) y(t)

2 — 2@, < 81X +16] X1 + 8] X1

A9

where ) = y®) /\®),

(APl

50’

l\')\»—l

<2
(A wl?)

LDy

1
8
(t+1)
(A(Hl ) - < ) — 2D O (21)
Yx«

Next, we will prove that

0w, (A®,y®)

A1) y(t+1)[7~] 1
o |5 =1 Py [} <3 >
Indeed, since ¢, (t+1) < £, it holds that
¢
Ax
and 1)
‘ - i<t+1> = é - g’\gﬂ) <A < g’\gﬂ)'
*
Furthermore, for n < 250,
ATV OGO PRLNG
LI P ZAD <\ o 230
A0 |S10 T 10 10
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by Proposition 3 and Lemma 4. Thus,

23040 < 11087y ) o 9108 i) 35
3 = 8119 897 2 ’
in turn implying that
A1) 1
-2 |<Z
‘ DYORE )
Similarly, we conclude that for any r € [d],
(t+1)
v L
yOfr] |72

confirming (22). Hence, following the proof of Lemma 6, we derive that

H( t+1)> (/\(t)) 1 y(t+1) y(t) B 1 Hx(tﬂ) w(‘)H
B > 2 || = — — 1-
i+l y(t) (A® y®) 41X 1 [[ACFD X® 1 AlXh
Combining this bound with (21) concludes the proof. 0

We also state the following immediate implication of Lemma 7.

Corollary 3. Suppose that €) S , for any t € [T]. Then, for any t € [T — 1] and learning rate

n < <
AU+ NG 2
g0 | 7

Ay

256’

l2 ) 2|7 < 192) X3 +T68]| X[ (D) 192) | F(e)?,

where ) = y® /\®),

As a result, combining this bound with Proposition 5 extends Corollary 1 with an error term propor-
tional to Zthl ¢ Finally, the rest of the extension is identical to our proof of Theorem 4.

B Implementation via Proximal Oracles

In this section we provide the omitted proofs from Section 3.5 regarding the implementation of
LRL-OFTRL using proximal oracles (recall Equation (7)).

B.1 The Proximal Newton Method

In this subsection we describe the proximal Newton algorithm of Tran-Dinh et al. [2015], leading
to Theorem 5 we presented in Section 3.5. More precisely, Tran-Dinh et al. [2015] studied the
following composite minimization problem:

min {F(3) = f(z) + 9(2)}, 23)

ZeRA+1

where f is a (standard) self-concordant and convex function, and g : R4t — R U {+o0} is a
proper, closed and convex function. In our setting, we will let g be defined as

(&) = 0 ife e X,
I\ = 400 otherwise.

Further, for a given time ¢t € N, we let

d+1
f:xz— —7]<[~f(t) + ft(t_l),:i> - Zlog:i[r]
r=1

Before we describe the proximal Newton method, let us define sj, as follows.
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s = arganin { (@) + (V@) (@ - 30) +
zeEX

1. . N
Z(w—ltk)TvZf(iL‘k)(iB—wk)} , (24)
for some x;, € R‘i*ol. We point out that the optimization problem (24) can be trivially solved when
we have access to a (local) proximal oracle—given in Equation (7).

In this context, the proximal Newton method of Tran-Dinh et al. [2015] is given in Algorithm 2.
Their algorithm proceeds in two phases. In the first phase we perform damped steps of proximal
Newton until we reach the region of quadratic convergence. Afterwards, we perform full steps of
proximal Newton until the desired precision € > 0 has been reached. Below we summarize the main
guarantee regarding Algorithm 2, namely [Tran-Dinh et al., 2015, Theorem 9].

<

T*

Theorem 7 ( [Tran-Dinh et al., 2015]). Algorithm 2 returns &y € Ri‘gl such that | & — &*|

2¢ after at most
K= V(”"O) f(w*)J + {1.5lnln <0€28)J +2

0.017

iterations, for any € > 0, where &* = arg ming F'(&), for the composite function F defined in (23).

To establish Theorem 5 from this guarantee, it suffices to initialize Algorithm 2 at every iteration
t > 2 with & == &Y = (\¢=1 4y(=1) Then, as long as ¢(*~1) is sufficiently small, the num-
ber of iterations predicted by Theorem 7 will be bounded by O(loglog(1/¢)), in turn establishing
Theorem 5.

Algorithm 2: Proximal Newton [Tran-Dinh et al., 2015]
Data: Initial point &
Precision € > 0
Constant ¢ := 0.2
1 fork=1,..., Kdo }
2 Obtain the proximal Newton direction dy, <— S — &, where Sy, is defined in (24)

3 Set )\k < Hd"f”i:k
4 if A\ > 0.2 then

5 ‘ Tpy1 ¢ Ty + apdy, where o, = (1 + )\k)’l [> Damped Step]
6 else if Ay > ¢ then

7 ‘ Tpy1 < T + di [> Full Step]
8 else

9 | return z;,

B.2 Proximal Oracle for Normal-Form and Extensive-Form Games

In order to show that the proximal oracle of Section 3.5 can be implemented efficiently for prob-
ability simplexes (i.e., the strategy sets of normal-form games) and sequence-form strategy spaces
(i.e., the strategy sets of extensive-form games), we will prove a slightly stronger result concerning
treeplex sets, of which sequence-form strategy spaces are instances.

Definition 1. A set Q C [0, +00)?, d > 1, is treeplex if it is:
1. a simplex Q = Al
2. a Cartesian product of treeplex sets Q1 X - -+ X Q; or

3. (Branching operation) a set of the form

AQ1, ..., Qk) = {(=, z[lq, ..., z[K]|qx) : x € AX qp € Qi Vk € [K]},

where 1, . .., Qg are treeplex.
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We will show that any treeplex @ is such that [0, 1)@ admits an efficient (positive-definite) quadratic
optimization oracle. This is sufficient, since it is well-known that every sequence-form strategy space
X is treeplex (e.g., Hoda et al. [2010]) and therefore, by definition, so is the set {(1,x) : @ € X'}.

Introduce the value function

d 2
Vo(t;g,w) == min {—gTaz n ;Z(‘”m ) } (t>0,w > 0) (25)
r=1

zetQ w]r]

(note the rescaling by ¢ in the domain of the minimization). We will be interested in the derivative
of Vg (t; g, w), which we will denote as®

d
Ao(t g, w) = £VQ (t;g,w).

Preliminaries on Strictly Monotonic Piecewise-Linear (SMPL) Functions

Definition 2 (SMPL function and standard representation). Given an interval I C R and a function

f I — R, we say that f is SMPL if it is strictly monotonically increasing and piecewise-linear on
I

Definition 3 (Quasi-SMPL function). A quasi-SMPL function is a function f : R — [0, 4+00) of the
form f(z) = [g(x)]" where g(z) : R — R is SMPL and [-]" := max{0, - }.

Definition 4. Given a SMPL or quasi-SMPL function f, a standard representation for it is an ex-
pression of the form

S
f(:C) =(+ar+ Zas[x - ﬂsrra
s=1
valid for all x in the domain of f, where S € NU {0} and 31 < --- < Bs. The size of the standard
representation is defined as the natural number S.

We now mention four basic results about SMPL and quasi-SMPL functions. The proofs are elemen-
tary and omitted.

Lemma 8. Let f : I — R be SMPL, and consider a standard representation of f of size S. Then,
forany ¢ € Rand a > 0, a standard representation for the SMPL function I 3 x — (+ af (z) can
be computed in O(S + 1) time.

Lemma9. The sum f1 + - - - + f, of n SMPL (resp., quasi-SMPL) functions f; : I — R is a SMPL
(resp., quasi-SMPL) function I — R. Furthermore, if each f; admits a standard representation of
size S;, then a standard representation of size at most S1 + - - - + S, for their sum can be computed
inO((S1+---+ Sy, +1)logn) time.

Lemma 10. Let f : R — R be SMPL, and consider a standard representation of f of size S.
Then, for any B € R, a standard representation of size at most S for the quasi-SMPL function
I3z [f(x)— B]T can be computed in O(S + 1) time.

Lemma 11. The inverse f~* : range(f) — R of a SMPL function f : I — R is SMPL. Further-

more, if f admits a standard representation of size S, then a standard representation for f~1 of size
at most S can be computed in O(S + 1) time.

Lemma 12. Let f : R — [0,+00) be quasi-SMPL. The restricted inverse f=1 : (0,+00) —
R of f is SMPL, where we restrict the domain to (0, +00) because f~1(0) may be multivalued.
Furthermore, if f admits a standard representation of size S, then a standard representation of size
at most S for =1 can be computed in O(S + 1) time.

Proof. We have f(z) = [g(z)]T where g is SMPL. It follows that the function g : I — R defined
as g(x) = g(z) for the interval I = {z : g(x) > 0} is SMPL as well. For any « such that f(x) > 0
we have = € I, and thus f~! = ¢~ 1, and it follows from Lemma 11 that f~! is SMPL. O

SFor t = 0 we define Ag(¢; g, w) in the usual way as

Va(tig,w) —Vo(0ig,w) _ . Valtig, w)
t—0+ t t—0+ t
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Lemma 13. Let f : [0,400) — R be a SMPL function, and consider the function g that maps
Yy to the unique solution to the equation v = [y — f(x)]*. Then, g is quasi-SMPL and satisfies
9(y) = [(x+f) " (y)]T, where (x+f) ! denotes the inverse of the SMPL function x — z+ f ([z]T).

Proof. For any y € R, the function h, : @ — x — [y — f(2)]" is clearly SMPL on [0, +00).
Furthermore, h,(0) < 0 and hy(+00) = +oo, implying that h,(z) = 0 has a unique solution. We
now show that g(y) = [(z + f)~1(y)]™ is that solution, that is, it satisfies g(y) = [y — f(g(y))]*
forall y € R. Fix any y € R and let

g=G+Hy = g+fl@dH=y = g=y-fla") @

There are two cases:

e If g > 0, then g(y) = [g]" = g, and so we have
9ly) =[a" =y — (g™ =y - flaw)]™,

as we wanted to show.

e Otherwise, g < 0 and g(y) = 0. From (26), the condition g < 0 implies y < f([g]") =
f(0). So, it is indeed the case that

0=yg(y) =[y— fO)]" =y — fgO)]",

as we wanted to show.

Finally, we note that the function (z + f)~! : R — R is SMPL due to Lemma 11, implying that
g(y) is quasi-SMPL. O

Central result The following result is central in our analysis.

Lemma 14. For any treeplex Q C RY, gradient g € R?, and center w € R‘io, the function t +—
Ao (t; g, w) is SMPL, and a standard representation of it of size d can be computed in polynomial
time in d.

Proof. We will prove the result by structural induction on Q.

* First, we consider the case where () is a Cartesian product,

Q=0Q1x - XQk.
In that case, the value function decomposes as follows

K

dy 2 K
) 1 xy[r]
Vo l(t; = —g) = = Vo (t; )
o(t; g, w) klm’?élt%k{ gkwk+2;—1< M) } > Vo, (t; g, wi)

k=1

By linearity of derivatives, we have

K
Ao(t;g,w) =D Ag, (£ gk, wi).
=1

k
From Lemma 9, we conclude that A (¢; g, w) is a SMPL function with domain [0, +00) which
admits a standard representation of size at most d = dj + --- + dx computable in time
O(dlog K) starting from the standard representation of each of the Ag, (¢; g, wg).

 Second, consider the case where () is a simplex or the result of a branching operation

AQ,...,Qr) = {(z,x[l]qi,...,z[K]qk) : x € AX q, € Qx VK € [K]},

where @, € R% . With a slighty abuse of notation, we will treat the two cases together, consid-
ering the K -simplex AX as a branching operation over empty sets Qj = (.
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In this case, we can write
= (g’[l} "'agO[K]7gl S Rdla"’ yIK S RdK)v and
w = (we[l],...,we[K],wy €RY - wy € RE).

The value function then decomposes recursively as

K K 5
vt = g { (S35
K d )
i ~( zi[r]
+Z“€r£-l[r’i169k{_g’jx’“+Z<wkm> }}

k=1

= min (- Stienit+ 1 (Z) ) veutebion o ).

r=1
(27

Suppose that for each k € [K], Ag, (¢; g, wy) is piecewise linear and monotonically increasing
in t. Now we consider the KKT conditions for x4 in Equation (27):

ok L
ol + 2 A @alK g w) = At ul] V€ [K] (Sttionaity)
xo €t AK (Primal feasibility)
Xe € R, p € RE, (Dual feasibility)
plklze[k] =0  Vk € [K] (Compl. slackness)
Solving for x,[k] in the stationarity condition, and using the conditions x4 [k]p[k] = 0 and

plk] > 0, it follows that for all k € [K]
@alk) = walk]? (Ae + k] + galk] = Ay (@a[K: g1, w1))

.
= walk? Ao + gulk) — Ao, (K gr, 1) - )

Strict monotonicity and piecewise-linearity of x,[k| as a function of \,. Given the prelim-
inaries on SMPL functions, it is now immediate to see that x4 [k] is unique as a function of \,.
Indeed, note that (28) can be rewritten as

N
Zalk] = |(walk]2)Ae = walk]2(~ga[k] + Ay (@a [k]; g, wi))]

which is a fixed-point problem of the form studied in Lemma 13 for y = (ws[k]?)\e and
function f; defined as

fo(@alk]) = welk]*(—ga[k] + Aq, (o[k]; gr, wh)),

which is clearly SMPL by inductive hypothesis. Hence, the unique solution to the previous
fixed-point equation is given by the quasi-SMPL function

+

1
‘e b ——— [(xo|k 1],
a standard representation of which can be computed in time O(d + 1) by combining the results
of Lemmas 8, 10 and 11 given that a standard representation of Ao, (t; gx, wy) of size d is
available by inductive hypothesis.

Strict monotonicity and piecewise-linearity of )\, as a function of {. At this stage, we know
that given any value of the dual variable )\,, the unique value of the coordinate x,[k] that solves
the KKT system can be computed using the quasi-SMPL function g;. In turn, this means that
we can remove the primal variables x, from the KKT system, leaving us a system in A\, and ¢
only. We now show that the solution A} of that system is a SMPL function of ¢ € [0, +00).
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Indeed, the value of A} that solves the KKT system has to satisfy the primal feasibility condition

K K
t=> xk] =) gr(Ne).
k=1 k=1

Fix any ¢ > 0. The right-hand side of the equation is a sum of quasi-SMPL functions. Hence,
from Lemma 9, we have that the right-hand side has a standard representation of size at most

K +Z,§=1 dy, = d can be computed in time O(d log K). Furthermore, from Lemma 12, we have
that the A} that satisfies the equation is unique, and in fact that the mapping (0, +00) 3 ¢t — A}
is SMPL with standard representation of size at most d.

Relating )\, and \(t; g, w). Since \}(¢) is the coefficient on ¢ in the Lagrangian relaxation
of (27), it is a subgradient of V(¢; g, w), and since there is a unique solution, we get that it is
the derivative, that is,

A(t) = Ag(t; g, w)

for all t € (0,+00). To conclude the proof by induction, we then need to analyze the
case t = 0, which has so far been excluded. When ¢t = 0, the feasible set t(Q is a
singleton, and V(0;g,w) = 0. Since Vi(t;g,w) is continuous on [0, +0c0), and since
lim,; o+ Ag(t; 9, w) = lim; g+ A} (¢) exists since A} (¢) is piecewise-linear, then by the mean
value theorem,

Ao(0;g,w) = lim A\}(¢t),

o(0:9,w) = lim Ai(t)

that is, the continuous extension of A} must be (right) derivative of V) (¢; g, w) in 0. As extend-
ing continuously A} (t) clearly does not alter its being SMPL nor its standard representation, we
conclude the proof of the inductive case.

O

Lemma 14 also provides a constructive way of computing the argmin of (25) in polynomial time for
any ¢t € [0,+00). To conclude the construction of the proximal oracle, it is then enough to show
how to pick the optimal value of ¢ € [0, 1] that minimizes

d 2
. 1 x[r] .
.
_ — = V t; .
wé%%i%cz{ 9’32 (wm) } 255y Vel 9. w)

1

That is easy starting from the derivative A (¢; g, w), which is a SMPL function by Lemma 14.
Indeed, if A (0; g, w) > 0, then by monotonicity of the derivative we know that the optimal value
of tist = 0. Else, if Ag(1;g9,w) < 0, again by monotonicity we know that the optimal value of ¢
is t = 1. Else, there exists a unique value of ¢ € (0, 1) at which the derivative of the objective is 0,
and such a value can be computed exactly using Lemma 11.

C Experimental Results

In this section we provide preliminary experimental results in order to verify our theoretical findings,
and in particular the per-player regret bound established in Theorem 4. More specifically, we inves-
tigate the behavior of our learning dynamics (LRL-0FTRL) in four standard extensive-form games
used in the literature: 2-player and 3-player Kuhn poker [Kuhn, 1950]; 2-player Goofspiel [Ross,
19711;7 and the baseline version of (2-player) Sheriff [Farina et al., 2019]. From those games, only
2-player Kuhn poker is a zero-sum game. Our findings are summarized in Figure 1.

"We consider instances of Goofspiel with » = 3 cards and limited information—the actions of the other
player are only observed at the end of the game. Also, we note that the tie-breaking mechanism makes the
game general-sum.
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2-player Kuhn poker 3-player Kuhn poker

60 4 —— Player 1 »Z —— Player |
e
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g
Q
~
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Iteration Iteration
2-player Goofspiel 2-player Sheriff
—— Player | e 2000 4 —— Player 1
Z
400 4~ —— - Player 2 )4 === Player 2
1500 A
B B
g & 1000
500 A
0 -
10° 10 102 10 10* 10° 10° 10 10? 10 10* 10°
Iteration

Tteration

Figure 1: The regret of the players when they follow our learning dynamics, LRL-OFTRL; after a
very mild tuning process, we selected the same learning rate n := 0.5 for all games. The z-axis
indexes the iteration, while the y-axis the regret. The scale on the z-axis is logarithmic. We observe
that the regret of each player grows as O(log T'), verifying Theorem 4.
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