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Supplementary material for Discretization Drift in Two-Player Games

A. Proof of the main theorems

Notation: We use ¢ € R™ to denote the parameters of the first player and @ € R” for the second player. We assume that
the players parameters are updated simultaneously with learning rates ah and Ah respectively. We consider the vector
fields f(¢,0) : R™ x R™ — R™ and g(¢, 0) : R™ x R™ — R™. Unless otherwise specified, we assume that vectors are
row vectors. We denote V f the transpose of the Jacobian of f with respect to x € {¢, 8}, and similarly for g. Thus
Vo f(¢,0) € R™™ denotes the matrix with entries [V f(¢,0)]. . = % withi € {1,...,n},j € {1,...,m}. We use bold
notation to denote vectors — X is a vector while z is a scalar. '

,J

We now prove Theorem 3.1 and Theorem 3.2 in the main paper, corresponding to the simultaneous Euler updates and to the
alternating Euler updates, respectively. In both cases, our goal is to find corrections f; and g; to the original system

¢ =f($.0), (A1)
0=29(0.0), (A2)

such that the modified continuous system
0 = 9(.0) + hg1(¢,6), (A4)

follows the discrete steps of the method with a local error of order O(h?). More precisely, if (¢;, 6;) denotes the discrete

step of the method at time ¢, and (¢p(s), 0(s)) corresponds to the continuous solution of the modified system above starting
at (¢,_1,0:_1), we want that the local errors for both players, i.e.,

g, — @(ah)|  and |8, — O]

to be of order O(h?). In the expression above, ah and \h are the effective learning rates (or step-sizes) for the first and the
second player respectively for both the simultaneous and alternating Euler updates.

Our proofs from backward error analysis follow the same steps:

1. Expand the discrete updates to find a relationship between ¢, and ¢, _, and 8, and 6;_ up to order O(h?).
2. Expand the changes in continuous time of the modified ODE given by backward error analysis.

3. Find the first order Discretization Drift (DD) by matching the discrete and continuous updates up to second order in
learning rates.

Notation: To avoid cluttered notations, we use f(;) to denote the f(¢;, 8;) and g4 to denote g(¢;, 6;) for all ¢. If no index
is specified, we use f to denote f(¢, ), where ¢ and 0 are variables in a continuous system.

A.1. Simultaneous updates (Theorem 3.1)
Here we prove Theorem 3.1 in the main paper, which we reproduce here:

The simultaneous Euler updates with learning rates ah and \h respectively are given by:

b= 1 +ahf(dy_1,0:-1) (A.5)
0: =01+ \hg(p,_1,0:-1) (A.6)

Theorem 3.1 The discrete simultaneous Euler updates in (A.5) and (A.6) follow the continuous system
. ah
=5 (/Vaf +9Vf)

. M
0=9-+ (fVgg+9Vag)

with an error of size O(h3) after one update step.
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Step 1: Expand the updates per player via a Taylor expansion.

We expand the numerical scheme to find a relationship between ¢, and ¢,_, and 6, and 6;_1 up to order O(h?). Here
in the case of the simultaneous Euler updates, this does not require any change to Equations (A.5) and (A.6). For the first
player, the discrete Euler updates are:

b= 1 +ahf(d_1,0:-1) (A.T)

For the second player, the discrete Euler update has the same form:

0: =01+ \hg(py_1,60:-1) (A.8)

Step 2: Expand the continuous time changes for the modified ODE given by backward error analysis
We expand the changes in time of the modified ODE of the form:

®=f(,0)
0=23(e,0)

where

f(e.0) = +Zwﬁ¢)
§(¢? =49 ¢a +Z7-9 9i ¢a

our aim is to find f; and g; which match the discrete updates we have found above.

Lemma A.1 [f:
o= f(,9)
where
f(e.0) = +Zwﬂ@)

g(¢7 _g ¢7 +ZT9 gl ¢a
and 19 and Ty are scalars. Then — for ease of notation, we drop the argument T on the evaluations of ¢ and 8 on the RHS:

B(r+7) = (1) + 76 f + 751 + Tjj%fvd,f + Ti%ngf +0O(73)
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Proof: We expand to see what happens after 1 time step of 74 by doing a Taylor expansion:

G(T+75) =S+ 7o+ Tgééﬁ +0(73)
= ¢+T¢fN+T£%f+O(T£)
=¢+7f + Tié (FVoF+3Vef) +0(r)
= b+ my(f +7ofs + O) + 735 (FVef +5V0F) +O()
= ¢+ rof + 3+ 75 (1965 +3V0f) +O()
=¢+T1sf +Tof1+ 75% ((f +75f1+0(12)) Vo f + (9+ 1091 + O(77)) Vef) +0(75)
= bt ref + B+ T35 IV e + 1359V +O)

1 1
= ¢+T¢f—|—7'(§f1 +T$§fv¢f—|—7£§gvef—|—(9(7';;’)

where we assumed that 74 and 74 are in the same order of magnitude. ]

Step 3: Matching the discrete and modified continuous updates.

From Lemma A.1, we model how the continuous updates of the two players change in time for the modified ODEs given by
backward error analysis. To do so, we substitute the current values as those given by the discrete updates, namely ¢,_; and
6._1, in order to calculate the displacement according to the continuous updates:

1

2
1 1

O(1+79) =011+ Tog(1—1) + 7691 (Py_1,01-1) + 57'92f(t71)v¢g(t71) + 5739@71)%99(#1) +0(73)  (A.10)

1
AT+ 76) = b1+ Tof—1) + T3 S1(Pr_1,001) + iTif(tq)Vzpf(tq) + =71590-1)Vofu—1) + O(13)  (A9)

In order to find f; and g; such that the continuous dynamics of the modified updates f + ah fi; and g + Ahg; match the
discrete updates in Equations (A.7) and (A.8), we look for the corresponding continuous increments of the discrete updates
in the modified continuous system, such that ||¢(7 + 74) — ¢, || and ||0(7 + 79) — 0,] are O(h?).

The first order terms in Equations (A.7) and (A.8) and those in Equations (A.9) and (A.10) suggest that:

Oéh:Td)
)\h:Tg

We can now proceed to find f; and g; from the second order terms:

1 1
0=a’h*fi(d;_1,0i-1) + §a2h2f(t71)v¢f(t71) + §a2h29(t71)v9f(t71)

1 1
Ji(py_1,60:1) = _§f(t71)v¢f(t71) - §g(t71)Vef(t71)

Similarly, for g; we obtain:

1 1
g1(dy_1,604-1) = _if(t—l)vdbg(t—l) - §g(t—1)Vog(t—1)
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Leading to the first order corrections:

1 1

fi(dy_1,0,-1) = _§f(t71)v¢f(t71) - §g(t71)v9f(t71) (A.11)
1 1

91(;_1,0¢-1) = _§f(t71)v¢g(t71) - §g(t71)vey(t71) (A.12)

We have found the functions f; and g; such that after one discrete optimization step the ODEs (]5 = f+ ahfi and
0 = g + \hg; follow the discrete updates up to order O(h?), finishing the proof.

A.2. Alternating updates (Theorem 3.2)
Here we prove Theorem 3.2 in the main paper, which we reproduce here:

For the alternating Euler updates, the players take turns to update their parameters, and can perform multiple updates each.
We denote the number of alternating updates of the first player (resp. second player) by m (resp. k). We scale the learning
rates by the number of updates, leading to the following updates ¢, := ¢,, , and 0, := 0. ; where

ah .
¢i,t = ¢i—1,t + Ef((ﬁi—l,ta 0; 1), i=1...m, (A.13)

Ah ,
0;:=0;_1:+ ?g((bm,ta 0j-11), j=1...k (A.14)

Theorem 3.2 The discrete alternating Euler updates in (A.13) and (A.14) follow the continuous system

b= 1= (5190 +a%0f)

. \h 2 1
0=g-— o> ((1—)\)fv¢g+kgveg>

with an error of size O(h®) after one update step.

Step 1: Discrete updates
In the case of alternating Euler discrete updates, we have:

Q1 =P1 + %hf(d)tfhet*l)
¢2,t = ¢1,t + %hf(d)l,tv Btfl)

o
¢m,t = ¢m—1,t + Ehf((ﬁm—l,ta Ot—l)
A
01;=0;1+ Ehg(qsm,h 0:-1)

A
024 =011+ Ehg((ﬁm’t’ 01,)

A
Ot =0k_1:1+ Ehg(qu)ta 0i_1:+)
d)t = ¢m,t
0, =0
Lemma A.2 For update with ¢,,, ; = &,,,_1 4 + hf(P,,_14,0t—1) with step size h, the m-step update has the form:

(m—1)

m
Pt = Gr_1 +mhfi1)+ 5 R fu-1yVefu-1) + O(Rh®)
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Proof: Proof by induction. Base step.

Dor =1y +hf(P14,0i-1)
=@ +hf(d_1,01—1) + hf(Py 4, 0:-1)
=@ 1 +hfe-1y+hf(di1+ hfi-1),0:-1)
=&, +hfu-1y+h(fu—1)+ hfu—1)Vefi-1) + OR%))
= ¢ 1 +2hfu_1) + W fu_1y) Ve fi-1) + O(h?)

Inductive step:

¢m+1,t = ¢m,t + hf(d)m,t’ 07571)

m(m — 1)
2

=¢i_ +mhfu_1)+ P2 fu—1y) Ve fu—1)

(m

—1
+hf (¢t71 +mhfi_1)+ m#)}ﬁf(t—l)vd:f(t—l) + O(h*), atfl) + O(h?)

m(m —1
thf(t—l)vqbf(t—l)

=@y +mhfe_1)+ 5

m(m —1
+h (f(tl) + (mhf—1) + (2)h2f(t1)V¢f(t1))V¢>f(t1)) + O(h®)

=¢_1 +(m+1hfi 1)+ m(m#_l)fﬂf(t—l)vzbf(tq)
+h <mhf(t—1) + Wh2f(t—l)v¢f(t—l))> Vefu-1)+Oh?)
=¢,_ 1+ (m+Dhfe1)+ whzf(t—l)vcbf(t—l) + O(h?)
([l
From Lemma A.2 with h = ah/m we have that:
m—1

Pt = Pr—1+ahfi_1y + - W 1)V fu—1) + O(h%)

We now turn our attention to the second player. We define g; = g(¢,,, ;, 0:—1). This is where we get the difference between
simultaneous and alternating updates comes in. From Lemma A.2 with h = Ah/k we have that:

E—1
@¢:m4+A@HJ7%lVM¢vaumm)

We now expand g; by Taylor expansion:

9t = 9(Pm 1, 01-1)

m—1
=g(¢y_q +ahfi_1) + o?

o R fe-1yVefu-1)+Oh?*),0,1)

(m—1)
2m

=g@-1n+ <Ozhf(t—1) + o?B fo-1)Ve fe—1) + 0(h3)> Veogi—1)
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Thus, if we expand the RHS:

k-1
Okt =01+ \hg,_; + W)\%QQQAVBQQA + O(Rh®)

m—1
2m

=01+ M\h <g(t—1) + <ahft + %

E—1
a®h? fu—1yVefu-1) + O(h?’)) V¢9<t—1)) + ——X*h%g;_ Vg, , + O(h®)
m—1 kE—1
- a2h2f<t—1>v¢f(t—1>) Vegi-1) + vagé_lvegé_l + O(n?)

k—1 .
= gt—l + Ahg(t—l) + )\Oéhzf(t_l)v¢g(t_1) + W)\zifgg_lvag;_l + O(hs)

= gt—l + Ahg(t—l) + Ah <Olhf(t_1) +

=0,_1+ Mg—1) + Aah® fu—1)Vegu—1)

k—1 -1
+—h <9t + (ahf(t—l) + (m —1)
2m

% a2h2f(t—1)v¢f(t—1) + O(h3)> v<¢>9(t—1)> Vogi_1 + O(h?)
k—1

= 60,1+ Ag—1) + Aah® fu—1)Vegu—1) + o

Nh2g-1)Veg,_1 + O(h?)

=0; 1+ Ahgu—1) + )\ath(t—l)vdbg(t—l)

k—1 m—1
+ ——A\h’g,_1)Va <g(t1) + (ahf(tl) + (

)
% o a2h2f(t,1)V¢f(t,1)+O(h3) V¢,g(t,1) +O(h3)

k—1
= 0,1+ Arg_1) + Aah® fu_1)Vegu—1) + W/\thg(tq)veg(tq) + O(h?)

‘We then have:

m—1
2m

a?h? fu_1y Ve fu_1) + O(h%) (A.15)

k—1
2k

D = 1 +ahfu_1) +

Ot = 011 + Ahg—1y + Aah® fu_1)Vegu—1) + Nh2g-1)Vegu—1) + O(h?) (A.16)

Step 2: Expand the continuous time changes for the modified ODE given by backward error analysis
(Identical to the simultaneous update case.)

Step 3: Matching the discrete and modified continuous updates.
The linear terms are identical to those in the simultaneous updates, which we reproduce here:

Ty = ah
TgZ)\h

We can then obtain f; from matching the quadratic terms in Equations (A.9) and Equations (A.15) — below we denote
f1(é—1,6:—1) by f1 and g1(¢,_y,0:—1) by g1, for brevity:

1 1 m—1
o?hfy + §a2h2f(t—1)v¢f(t—1) + §a2h29(t—1)v0f(t—1) =2 PR f-1)Ve fu—1)
1 1 m—1
f1+ if(t—l)v¢f(t—l) + ig(t—l)VGf(t—l) = Wf(t—nvcpf(t—n
m—1 1 1
fi= <2m - 2) Je-1)Veli-1) — §g(t71)v6f(t71)

1 1
fi= *%f(t—l)vcbf(t—l) - §g(t—1)v9f(t—1)
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For g1, from Equations (A.10) and (A.16):

k1)
ok

1 1
Nh*gy + /\2h2§f(t71)v¢g(t71) + /\thig(tq)veguq) = Xah® fu—1yVegu—1) + ( Nh2g—1)Veg—1)

1 1 a
g1+ gf(t—l)vq&g(t—l) + 2g(t—1)Veg(t—1) = Xf(t—l)vq’)g(t—l) + ( o )g(t—l)VGQ(t—l)

1 1 o
g1+ 5f(t—1)v¢9(t—1) + §g(t—1)Veg(t—1) = Xf(t—l)vd)g(t—l) + ( o )g(t—nveg(t_n

a 1

1
9= <>\ B 2) Jue-nVegu-1 = 5p0e-nVedu-n

We thus have that:

1 1
fi(py_1,0:-1) = _%f(t—l)vd)f(t—l) - §g(t—1)v9f(t—1) (A.17)
a 1 1
91(p;_1,0,-1) = N3 fae-0yVegi—1) — %g(t—l)VOQ(t—l) (A.18)

We have found the functions f; and g; such that after one discrete optimization step the ODEs (]5 = f+ ahfi and
0 = g + \hg follow the discrete updates up to order O(h?), finishing the proof.

B. Proof of the main corollaries

In this section, we will write the modified equations in the case of using gradient descent common-payoff games and
zero-sum games. This amounts to specialize the following first order corrections we have derived in the previous sections.

To do so, we will replace f and g for the values given by gradient descent, eg. in the common pay-off case f = —Vg4F
and g = —VgFE and f = V4 FE and g = —VgE where E(¢, 0) is a function of the player parameters. We will use the
following identities:

2 Vo E|?
VoEVVeE =Vu(1T2L) VeEV,V4E :v¢(7‘| ~ ” )
2 Vo El?
VoEVeVoE =Vo(IV4E0),  VeEVeVeE =V9(7H & H )

B.1. Common-payoff alternating two player-games (Corollary 5.1)

Corollary 5.1 In a two-player common-payoff game with common loss F, alternating gradient descent — as described in
Equations (A.13) and (A.14) - with one update per player follows a gradient flow given by the modified losses

= ah

L= B+ (VB + [ VoE|®) (A19)
~ Ah 2a

L=+ 7 (0= 3 IV6B I + Vo (A.20)

with an error of size O(h3) after one update step.

In the common-payoff case, both players minimize the same loss function E. Substituting f = —VgFE and g = —VgFE
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into the corrections f7 and g; for the alternating Euler updates in Theorem 3.2 and using the gradient identities above yields

1
fi= 3 (fVef+9gVaf)
1 1
— —5 (mV¢EV¢V¢E + VBEVOVCbE) ’
11 |VeE|? Ve |
2 (mv¢ 2 Ve ,
— Vg (VB + S| VaE|?
2c 1
g1 = — <(1 - T)qusg + kgVew)

2 1
((1 - TQ)V¢EV¢V9E + kngvgng) :

(

20, [VoE[? | 1o [VeE|?
1- 2= TYe=il | “y 1Yo
( A )V@ 2 + kve 2 )

1 200 9 1 9
(30 - ZIV6BI + 119051?)

N = N = N

I

|
<
N

Now, replacing the gradient expressions for f; and g; calculated above into the modified equations qb =—-VeoE +ahf
and @ = —VyFE + \hg; and factoring out the gradients, we obtain the modified equations in the form of the ODEs:

¢ =—VgL, (A.21)
6 =—Volo, (A.22)
with the following modified losses for each players:
=~ ah (1 9 9
Li=E+ 5 ( —|IVoE|* + | VoE|* ). (A23)
~ Ah 2a 1
B4 7 (0= ZIVBI + LIVl ) (A24)

We obtain Corollary 5.1 by setting the number of player updates to one: m = k = 1.

B.2. Zero-sum simultaneous two player-games (Corollary 6.1)

Corollary 6.1 In a zero-sum two-player differentiable game, simultaneous gradient descent updates - as described in
Equations (A.5) and (A.6) - follows a gradient flow given by the modified losses

ah ah
Li=-E+— IVoE|” = - [V E|*, (A.25)

= Ah Ah
Ly =E = “FIVeE|* + 5 Ve EI", (A.26)

with an error of size O(h®) after one update step.

In this case, substituting f = V4 FE and g = —Vg E into the corrections f; and g; for the simultaneous Euler updates and
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using the gradient identities above yields

1
fr==5(fVaf+gVof)
1
= ~3 (V¢EV¢V¢E - VGEVGqu'E) )
1 [VoE|? Ve E|?
=3 (Vd) B Vg 2 ’
= Yy (IVLEI? - 2 veE)?
91=—= (fVeg+9Veyg)

N~ DN~

(*V¢EV¢V9E + VGEVGVGE)

_ 1 IV4E|? [VoE|?
- 2<v9 5 Ve ’

1 1
— o (~3IV6E IR + {IVoE1?)

Now, replacing the gradient expressions for f7 and g; calculated above into the modified equations ¢ = —V¢(—E)+ahfi
and @ = —VoE + A\hg; and factoring out the gradients, we obtain the modified equations in the form of the ODEs:

¢ =—VgL, (A.27)
6 =—VoLo, (A.28)
with the following modified losses for each players:
Li=-E+ %hHWEH? - %hllveEHQ, (A29)
Ly=FE - %II%EH2 + %llvaEH? (A.30)

B.3. Zero-sum alternating two-player games (Corollary 6.2)

Corollary 6.2 In a zero-sum two-player differentiable game, alternating gradient descent - as described in Equations (A.13)
and (A.14) - follows a gradient flow given by the modified losses

Fo ah 2 ah 2

Li=-E+ . IVE|* = < [VoE| (A31)
F o Ah 2x 2 Ah 2

L,=FE I(l 7) IVeEl” + ma Ve Ell (A.32)

with an error of size O(h®) after one update step.

In this last case, substituting f = Vg F and g = —Vg E into the corrections f; and g; for the alternating Euler updates and
using the gradient identities above yields the modified system as well as the modified losses exactly in the same way as for
the two previous cases above. (This amounts to a single sign change in the proof of Corollary 5.1)

B.4. Self and interaction terms in zero-sum games

Remark B.1 Throughout the Supplementary Material, we will refer to self terms and interaction terms, as originally defined
in our paper (Definition 3.1), and we will also use this terminology to refer to terms in our derivations that originate from
the self terms and interaction terms. While a slight abuse of language, we find it useful to emphasize the provenance of these
terms in our discussion.
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For the case of zero-sum games trained with simultaneous gradient descent, the self terms encourage the minimization of
the player’s own gradient norm, while the interaction terms encourage the maximization of the other player’s gradient norm:

~ ah ah
Iy =B+ S Vel -2 VoI,

sel f interaction

~ A\h Ah
Ly=F —I”V«ﬁEHQ +ZHV9EH2 .

interaction sel f

Similar terms are obtained for alternating gradient descent, with the only difference that the sign of the interaction term for
the second player can change and become positive.

C. General differentiable two-player games

Consider now the case where we have two loss functions for the two players respectively L1 (¢, 8) : R™ x R™ — R and
Ly(¢,0) : R™ x R™ — R. This leads to the update functions f = —V4L; and g = —VgLo.

We show below that in the most general case we cannot write the modified updates as gradient. That is, in the general case
we cannot write f + hf; as Vd,fq, since f; will not be the gradient of a function, and similarly for g;. Consequently, if we
want to study the effect of DD on general games, we have to work at the level of the modified vector fields f + hf; and
g + hg; defining the modified ODEs directly — as we have done for the stability analysis results — rather than working
with losses.

By using f = —V4L; and g = —VgLg, we can rewrite the drift of the simultaneous Euler updates (corresponding to
simultaneous gradient descent in this setting) as:

fi= —%f%f - %gvef (A.33)
= L VLaVe(Vyli) — 5(VoLo)Vo(VoLn) (A34)
= 2V IVeLill* ~ 3 (VoLa)Vo(VeLn) (A35)

and similarly
1 ) 1
g1=—7VelVeLa|" = 5(VeL1)Ve(Vels) (A.36)

As we can see here, it is not possible in general to write f; and g; as gradient functions, as was possible for a zero-sum
game or a common-payoff game.

D. Discretization drift in Runge-Kutta 4 (RK4)

Runge-Kutta 4 for one player

RK4 is a Runge-Kutta a method of order 4. This means that the discrete steps of RK4 coincide with the exact flow of the
original ODE up to O(h%) (i.e., the local error after one step is of order O(h°)). The modified equation for a method of
order n starts with corrections at order A1 (i.e., all the lower corrections vanish; see (Hairer & Lubich, 1997) and (Hairer
et al., 2006) for further details). This means that RK4 has no DD up to order O(h5), and why for small learning rates RK4
can be used as a proxy for the exact flow.

Runge-Kutta 4 for two players

When we use equal learning rates and simultaneous updates, the two-player game is always equivalent to the one player
case, so Runge-Kutta 4 will have a local error of O(h®). However, in the case of two-players games, we have the additional
freedom of having different learning rates for each of the players. We now show that when the learning rates of the two
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players are different, RK4 also also has a drift effect of order 2 and the DD term comes exclusively from the interaction
terms. To do so, we apply the same steps as we have done for the Euler updates.

Step 1: Expand the updates per player via a Taylor expansion.
The simultaneous Runge-Kutta 4 updates for two players are:

k17¢ = f(¢t—1a9t—1)
k1o = 9(¢t71a0t71)

bop = F(@1o + k10 00s + o ki)
k2o = g(dp;_1 + %hk1,¢,9t_1 + %kl,e)
k3o = f(by_1 + %hk&,d), 0,1+ %kz,e)
k3o = g(e;_1 + %hkz,¢,9t_1 + %kz,e)
ki = f(by_1 + %hk:&,(b, 0,1+ %ksﬂ)

ah Ah
kio =g(,_1 + 7k3,¢,9t—1 + 7k3,9)

1
k¢ = 6 (k17¢ + 2]{2745 + 2k37¢ + k47¢)

1
ke = 6 (k1,0 +2kog +2ks o + kag)

¢y = @1 + ahky
0, =0;_1+ \hkg

We expand each intermediate step:

k1.¢ = fre—1)

k1o = gi—1)

ah Ah Ah ah Ah
ko g = f(@y_1 + 7]91.4), 0,1+ 7k1,9) = flpy_1,01—1 + 7k1,9) + 7k1,¢»v¢f(¢t71,9t71 + 7k1,9) + O(h2)

= fu-1 + %kl,evﬂf(t—l) + %hkl,dJV(bf(t—l) +O(h?)

= fa-1) + %g(tfl)v&f(tfl) + %hf(tfl)vtbf(tfl) +O(h?)
koo = g(di_1 + %hkl,qh 0+ %kw)

=9@t-1) + %kl,BVBQ(tfl) + %hk’l,qbvcbg(t—l) +0O(n?)

Ah ah
=gu-1 + 7g(t71)veg(t71) + 7f(t71)v¢g(t71) + O(h?)
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\h ah
k3. = ft—1) + 7k279v9f(t71) + 7k27¢v¢f(t71) + O(h?)
\h ah
= fu-1 + 7g(t71)V0f(t71) + 7f(t71)v¢f(t71) +O(h?)
\h ah
k3o = gi—1) + 7g(t71)vl99(t71) + 7f(¢a 0)Vpgi—1) + O(h?)

\h ah
kig = fa—1) + 5 90-1)Vefi-1) + 5 fu—1)Vefi—1) + O(R)

2 2
A\h ah
kio = g@—1) + 5 9-nVegi—1) + 7f(t71)v¢g(t71) +O(h?)

with the update direction:

1 AR ah
by = G (brg + 2hag + ks g+ hag) = Sy + 500-1) Volmy) + 5 Sy Vo i) + O)
1 Ah ah )
ko = ¢ (k10 +2k20 + 2ks 0 + kao) = ge-1) + 5 90-1)Vodi-1) + 5 fie-1)Vogi-1) + O(F)

and thus the discrete update of the Runge-Kutta 4 for two players are:
1 1
¢t = ¢t71 -+ Odhf(t_l) + ia)\h2g(t_1)V9f(t_1) -+ §a2h2f(t—1)v¢f(t_1) + O(hg) (A37)

1 1
0 = 011+ Agi—1) + SN2 g(-1) Vog() + 50A* fe—1) Vggi—1) + O(h?) (A.38)

Step 2: Expand the continuous time changes for the modified ODE
(Identical to the simultaneous Euler updates.)

Step 3: Matching the discrete and modified continuous updates.
As in the always in Step 3, we substitute ¢p,_; and 6;_; in Lemma A.1:

1 1 .
(T +74) =1 +Tefe—1) + T(gfl(qbtfp 0;_1)+ §T¢2>f(t—1)v¢f(t—1) + ing(t—l)VOf(t—l) + O(Tg) (A.39)

1 1
0(r +179) = 0r1 + Tog(u—1) + 7591 (B1-1,001) + 57 Fu-1)Vodu-1) + 57590-1)Vegu-1) + O(r5)  (A40)

For the first order terms we obtain 7, = ah and 79 = A\h. We match the O(h?) terms in the equations above with the
discrete Runge-Kutta 4 updates shown in Equation (A.37) and (A.38) and notice that:

1A

fi(dy_1,0i-1) = 5(5 = 1)gu-1)Vefi-1 (A41)
1

91($4-1.01-1) = 5(5 ~ Df 1) Vg1 (A42)

Thus, if « # A RK4 has second order drift. This is why, in all our experiments comparing with RK4, we use the same
learning rates for the two players o = ), to ensure that we use a method which has no DD up to order O(h%).

E. Stability analysis

In this section, we give all the details of the stability analysis results, to showcase how the modified ODEs we have derived
can be used as a tool for stability analysis. We provide the full computation for the Jacobian of the modified vector fields
for simultaneous and alternating Euler updates, as well as the calculation of their trace, and show how this can be used to
determine the stability of the modified vector fields. While analyzing the modified vector fields is not equivalent to analyzing
the discrete dynamics due to the higher order errors of the drift which we ignore, it provides a better approximation than
what is often used in practice, namely the original ODEs, which completely ignore the drift.
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E.1. Simultaneous Euler updates

Consider a two-player game with dynamics given by ¢, = ¢,_; + ah f(t 1y and 6y = 6;_1 + Ahg_1) (Equations (A.5)
and (A.6)). The modified dynamics for this game are given by ¢ = f = g, where f =f— %"( fVef+gVef)and
g=9— 2 (fVeg+ gVeg) (Theorem 3.1).

The stability of this system can be characterized by the modified Jacobian matrix evaluated at the equilibria of the two-player
game. The equilibria that we are interested in for our stability analysis are the steady-state solutions of Equations (A.5)
and (A.6), given by f = 0, g = 0. These are also equilibrium solutions for the steady-state modified equations' given by

f=0,g=0.

The modified Jacobian can be written, using block matrix notation as:

7 _|Vef Vaf
J=| ¢ A.43
[Vdag Vag ( )

Next, we calculate each term in this block matrix. (In the following analysis, each term is evaluated at an equilibrium
solution given by f = 0, g = 0). We find:

Vol = Vol = 5 (Vof) + [Vouf + VgVoS +s0/)
Vi —h (Vo) +VoaVof)

Vof =Vof — 7}1 (VofVef+ fVosf+VegVef+gVeef)
=Vof - %h (VofVef+VegVaf)

Veg=Veg— %(qugvog +9V¢.09+ Ve fVeg+ [Ve.e9)
= Vg9 — %(ngeg + Vo fVey)

Veg=Veg — & ((Veg)? +9Vo0,09+ VofVeg+ [Va.s9)

= Vgg — & ((Ve9)® + Vo fVe9)

Given these calculations, we can now write:

7 _|Vef Vaf h
J=12 % =J — = Kgn A.44
[V¢g Voi K ( )
where J is the Jacobian of the unmodified ODE:
Veof Vef ]
J = A 45
{VM Vag (A45)

and

(V¢f) + aV¢ngf OéngV¢f 4+ aVegVef

Ksim
AVsgVeg +AVefVeg  AVeg)®> +AVefVeg

(A.46)

The modified system of equations are asymptotically stable if all the real parts of all the eigenvalues of the modified Jacobian
are negative. If some of the eigenvalues are zero, the equilibrium may or may not be stable, depending on the non-linearities
of the system. If the real parts of any eigenvalues are positive, then the dynamical system is unstable.

!There are additional steady-state solutions for the modified equations. However, we can ignore these since they are spurious solutions
that do not correspond to steady states of the two-player game, arising instead as an artifact of the O(h®) error in backward error analysis.
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A necessary condition for stability is that the trace of the modified Jacobian is less than or equal to zero (i.e. Tr(J) < 0),
since the trace is the sum of eigenvalues. Using the property of trace additivity and the trace cyclic property we see that:

To(J) = () — 5 (a Te(V4 ) + ATe((Vog)?)) ~ (0 + ) TH(VggV ) (A47)

E.1.1. INSTABILITY CAUSED BY DISCRETIZATION DRIFT

We now use the above analysis to show that the equilibria of a two-player game following the modified ODE obtained
simultaneous Euler updates as defined by Equations (A.5) and (A.6) can become asymptotically unstable for some games.

There are choices of f and g that have stable equilibrium without DD, but are unstable under DD. For example, consider the
zero-sum two-player game with f = V4 FE and g = —VgE. Now, we see that

~ h h
Te(J) = Te(J) = 5 (all Voo Bll; + MVao B} ) + 5 (@ + NI Voo Bl (A48)

where ||.||  denotes the Frobenius norm. The Dirac-GAN is an example of a zero-sum two-player game that is stable without
DD, but becomes unstable under DD with Tr(J) = h(a + A) ||V¢,9EH§,/2 > 0 (see Section G.2).

E.2. Alternating Euler updates

Consider a two-player game with dynamics given by Equations (A.13) and (A.14). The modified dynamics for this game
are givenby ¢ = f — L (L fV,f+gVef),0 =g— 2 ((1—-2)fVeg+ t9Veg) (Theorem 3.2).

The stability of this system can be characterized by the modified Jacobian matrix evaluated at the equilibria of the two-player
game. The equilibria that we are interested in for our stability analysis are the steady-state solutions of Equations (A.5)
and (A.6), given by f = 0, g = 0. These are also equilibrium solutions for the steady-state modified equations® given by
f=0,g=0.

The modified Jacobian can be written, using block matrix notation as:

= [Vef Vof
J= | ¢ J A.49
[Vdag Veog ( )

Next, we calculate each term in this block matrix. (In the following analysis, each term is evaluated at an equilibrium
solution given by f = 0, g = 0). We find:

Vol = Vaf = 5 (5 (Val + - Vool + VeaVof +4Vs0f
Vol = % (2 (Yol + VosVof

Vof = Vo = 5 (:90I Vol + 11 V06f + VosTof + 500! )
—Vof = 5 (50l Vas + TogVor

_ M1 1 20 2
Vg =Veg— 7@%9%9 + 2 9Ve09+ (1- 7)%]“%9 + (1 - T)f%,qsg)

A1 2c
=Vgeg — 7(%V¢9V99 +(1 - 7)V¢fv¢g)

- A1 1 20
Voj=Veg— — ((V99)2 + -9Vee9+ (1 — —

2«
(s . Vel Voo + (1 5 o0

M1 2
= Vg — 7L (k(vag)z + (1 - ;)Vafvzbg)

There are additional steady-state solutions for the modified equations. However, we can ignore these since they are spurious solutions
that do not correspond to steady states of the two-player game, arising instead as an artifact of the O(h®) error in backward error analysis.
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Given these calculations, we can now write:

7_ [Vof Veof h
J=|Ye/l Il =J—- =K, A.50
[V¢>9 Vog 2 (A-50)
where J is the Jacobian of the unmodified ODE:
Veof Vef ]
J = A5l
{VM Vag (A1)
and
2(Vef)?+aVegVef ~VeofVef+aVegVef

Ka = (A.52)

2VgVeg + A1 — 22V fVeg 2(Veg)? + A1 — 22)VefVey

The modified system of equations are asymptotically stable if all the real parts of all the eigenvalues of the modified Jacobian
are negative. If some of the eigenvalues are zero, the equilibrium may or may not be stable, depending on the non-linearities
of the system. If the real parts of any eigenvalues are positive, then the dynamical system is unstable.

A necessary condition for stability is that the trace of the modified Jacobian is less than or equal to zero (i.e. Tr(J) < 0),
since the trace is the sum of eigenvalues. Using the property of trace additivity and the trace cyclic property we see that:

Tr(J) = Tr(J) — g (7‘; Tr((Vef)?) + zTr((Vgg)2)> — g(A —a)Tr(VegVef) (A.53)

We note that unlike for simultaneous updates, even if Tr(V 4gVg f) is negative, if A < «, the trace of the modified system
will stay negative, so the necessary condition for the system to remain stable is still satisfied. However, since this is not a
sufficient condition, the modified system could still be unstable.

E.3. A new tool for stability analysis: different ODEs for simultaneous and alternating Euler updates

We will now highlight how having access to different systems of ODE:s to closely describe the dynamics of simultaneous and
alternating Euler updates can be a useful tool for stability analysis. Stability analysis has been used to understand the local
convergence properties of games such as GANs (Nagarajan & Kolter, 2017). Thus far, this type of analysis has relied on the
original ODEs describing the game and has ignored discretization drift. Moreover, since no ODEs were available to capture
the difference in dynamics between simultaneous and alternating Euler updates, alternating updates have not been studied
using stability analysis, despite being predominantly used in practice by practitioners. We will use an illustrative example to
show how the modified ODEs we have derived using backward error analysis can be used to analyze the local behaviour of
Euler updates and uncover the different behavior of simultaneous and alternating updates. As before, we use the ODEs

o=f(,0)=—ec1op+0;, 0=g(¢,0) =ed—¢

We set €; = 0.09, e2 = 0.09 and a learning rate 0.2 and show the behavior of the original flow as well as simultaneous and
alternating Euler updates and their corresponding modified flows in Figure A.1. By replacing the values of f and g into
the results for the Jacobian of the modified ODEs obtain above, we obtain the corresponding Jacobians. For simultaneous
updates:

= [—er—h/28 +h/2 14 h/2e; —h/2e;
Tsim = [—1—]1/261 +h/2€ €+ h/2—h/2€3 (A54)
For alternating updates:

= [ —e1—h/2¢ +h/2 1+ h/2e — h/2€

Jal[ - |:—1—|—h/261 +h/262 €2 —h/2—h/2€% (ASS)

When we replace the values of €; = e = 0.09 and h = 0.2, we obtain that Tr(Jgy,) = 0.19 > 0, thus the system of

the modified ODEs corresponding to simultaneous Euler updates diverge. For alternating updates, we obtain Tr(J,) =
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Figure A.1. Discretization drift can change the stability of a game. €; = €2 = 0.09 and a learning rate 0.2.

—0.0016 < 0 and |jah| = 0.981 > 0, leading to a stable system. Our analysis is thus consistent with what we observe
empirically in Figure A.1. We observe the same results for other choices of €7, €5 and h.

Benefits and caveats of using the modified ODEs for stability analysis: Using the modified ODEs we have derived
using backward error analysis allows us to study systems which are closer to the discrete Euler updates, as they do not
ignore discretization drift. The modified ODEs also provide a tool to discriminate between alternating and simultaneous
Euler updates in two-player games when performing stability analysis to understand the discrete behavior of the system.
Accounting for the drift in the analysis of two-player games is crucial, since as we have seen, the drift can change a
stable equilibrium into an unstable one — which is not the case for supervised learning (Barrett & Dherin, 2021). These
strong benefits of using the modified ODEs we propose for stability analysis also come with caveats: the modified ODEs
nonetheless ignore higher order drift terms, and our approximations might not hold for very large learning rates.

F. SGA in two-player games

For clarity, this section reproduces Symplectic Gradient Adjustment (SGA) from Balduzzi et al. (2018) for two-player
games, using notations consistent with this paper. If we have two players ¢ and € minimizing loss functions L; and Lo,
SGA defines the vector:

 [VeLy
€= [Vo LJ (A.56)

As defined in SGA, £ is the negative of the vector field that the system dynamics follow. This entails that according to our
notation:

_f}
= A.57
3 [_ p (A.57)
defining the Jacobian:
—Vof —Veof ]

Je = A58

¢ [—VM —Vag (4.58)
Since in SGA f = VgL, and g = —Vg Ly the Jacobian has as an anti-symmetric component

_1 T _1 0 —Vof + Vg
A= 2(J5 Je) = 5 {—V¢,g+ng 0 (A.59)

Ignoring the sign change from alignment (Balduzzi et al., 2018) for simplicity, the vector field £ is modified according to
SGA as

1

f—grate= | T4 ]

9

(Vog—Vof)' g
(Vof —Vig)" f] (A.60
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For zero-sum games, we have that f = —V4FE and g = Vg E and thus:
1
Vog'g=-Vefg= Vs VoLl

1
Voflf=-Veg' f = Vo IVoE|?

Thus the modified gradient field can be simplified to

¢ |~/ V‘i’ng} - [WE] 1 [% VeEIIZ] N [V¢(E+ LIV E|?)
: { } " [Vofo —VeFE Vo [[VoE|? Vo(—E + L [VE|?) (A.61)

Therefore, since é defines the negative of the vector field followed by the system, the modified losses for the two players can
be written respectively as:

~ 1
Li=E+; IVeE| (A.62)

~ 1
Ly=-E+3 IV4E|” (A.63)

The functional form of the modified losses given by SGA is the same used to cancel the interaction terms of DD in the
case of simultaneous gradient descent updates in zero sum games. We do however highlight a few differences in our
approach compared to SGA: our approach extends to alternating updates and provides the optimal regularization coefficients;
canceling the interaction terms of the drift is different compared to SGA for general games (see Equation A.60 for SGA and
Theorem 3.1 for the interaction terms of DD).

G. DiracGAN - an illustrative example

In their work assessing the convergence of GAN training Mescheder et al. (2018) introduce the example of the DiracGAN,
where the GAN is trying to learn a delta distribution with mass at zero. More specifically, the generator Gy(z) = 0 with
parameter 6 parametrizes constant functions whose images {6} correspond to the support of the delta distribution dy. The
discriminator is a linear model Dy (z) = ¢ - = with parameter ¢.

The loss function is given by:
E0,¢) =1(0¢) +1(0) (A.64)

where f depends on the GAN used - for the standard GAN itis [ = —log(1 + e™%). As in Mescheder et al. (2018), we
assume [ is continuously differentiable with I’ (z) # 0 for all z € R. The partial derivatives of the loss function

oE oE

55 =l000, S5 =100,
lead to the underlying continuous dynamics:
¢ = f(0.0) =1'(00)0), 0 =g(0,0) = —1'(0)9. (A.65)

Thus the only equilibrium of the game is § = 0 and ¢ = 0.

G.1. Reconciling discrete and continuous updates in Dirac-GAN

Mescheder et al. (2018) observed a discrepancy between the continuous and discrete dynamics. They show that, for the
problem in Equation (A.64), the continuous dynamics preserve 62 + ¢2, and thus cannot converge (Lemma 2.3 in Mescheder
et al. (2018)), since:

d (6% + ¢?) do d¢

= 20 20 = —200'(06)¢ + 261'(66)0 = 0.
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They also observe that with the discrete dynamics of simultaneous gradient descent that % 4- ¢? increases in time (Lemma
2.4 in Mescheder et al. (2018)). We resolve this discrepancy here, by showing that the modified continuous dynamics given
by discretization drift result in behavior consistent with that of the discrete updates.

Proposition G.1 The continuous vector field given by discretization drift for simultaneous Euler updates in DiracGAN
increases 0% 4+ ¢ in time.

Proof: We assume both the generator and the discriminator use learning rates h, as in (Mescheder et al., 2018). We first
compute terms used by the zero-sum Colloraries in the main paper.

IVoE|* = U'(0¢)%¢>
IVoE|? = 1'(65)%6>
and
Vo [VoE|* = 263 (0¢)1" (00)
Vo [[VoE|* = 200 (09)2 + 26291’ (0)1" (06)
Vo [VoE|* = 201 (0¢)% + 26°61 (09)1" (0¢)
Vs IVoE|” = 20°1 (09)1" (09)

Thus, the modified ODEs are given by:

b= T(00)0 + 5 [0U OO (06) + 1 (06)" + 701 (061" (05)]

—U'(06)¢ — g (=01 (09) — 6261 (09)1" (09) + ¢*U' (06)1" (09)]

By denoting I’ (6¢) by I’ and 1" (6¢) by I, then we have:

d (0% + ¢?) do
— = 29E + 20—

=20 <l/¢ -5 [—01% — 0°el'l" + ¢>31'z“]> +2¢ (z’a + g [0 + ¢l? + ¢29z’1"])

h h
=20 (—2 [—01% — 0°9l'l" + ¢>31'z”]> +2¢ (2 [—0°11" + $l” + ¢29z’z”]>
_ h92112 + h93¢l/l/l . h¢301/l// o h¢93l/l” + h¢21/2 + h¢391/l//
= hO%1"? + he?1? > 0
for all ¢,6 # 0, which shows that 62 + ¢? is not preserved and it will strictly increase for all values away from the
equilibrium (we have used the assumption that I’(x) # 0, Vz € R). O

We have thus identified a continuous system which exhibits the same behavior as described by Lemma 2.4 in Mescheder
et al. (2018), where a discrete system is analysed. Figure A.2 illustrates that the divergent behavior of simultaneous gradient
descent in this case can be predicted from the dynamics of the modified continuous system given by backward error analysis.

G.2. DD changes the convergence behavior of Dirac-GAN

The Jacobian of the unmodified Dirac-GAN evaluated at the equilibrium solution given by ¢ = 0, § = 0 is given by

_[VeoE VeoE]_[ 0  1(0)
/= =Vl —Ve,eE] {—l’(o) 0 (A.66)

We see that Tr(J) =0 and the determinant |.J| = I'(0)2. Therefore, the eigenvalues of this Jacobian are Ay = Tr(.J)/2 +
v/ Tr 4\J / 2 = +il’(0) (Reproduced from Mescheder et al. (2018)). This is an example of a stable center equilibrium.
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Dirac GAN Dirac GAN
I Modified flow HEl Simultaneous GD + Explicit regularization
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Figure A.2. DiracGAN. Left: The dynamics of simultaneous gradient descent updates match the continuous dynamics given by backward
error analysis for DiracGAN. Right: Explicit regularization canceling the interaction terms of DD stabilizes the DiracGAN trained with
simultaneous gradient descent.

Next we calculate the Jacobian of the modified ODEs given by DiracGAN, evaluated at an equilibrium solution and find
J =J — hA/2, where

[ a(V(M;E)Q - avd)’gEVg’d)E OéVg’(j)EV(b’(z,E - OzV&gEVgﬁE

A= AVsEVooE — AV sEVysE  A(VesE): — AVgoEVyoE

o _704V¢79EV97¢E 0

= 0 AV EVyoE

C[-al(02 0

=l 0 a0

SO

= Thal'(02/2  1(0)
J —{ SU(0)  hAI(0)2/2 (A-67)

Now, we see that the trace of the modified Jacobian for the Dirac-GAN is Tr(J) = (h/2)(a+ A)I'(0)% > 0, so the modified
ODE:s induced by gradient descent in DiracGAN are unstable.

G.3. Explicit regularization stabilizes Dirac-GAN

Here, we show that we can use our stability analysis to identify forms of explicit regularization that can counteract
the destabilizing impact of DD. Consider the Dirac-GAN with explicit regularization of the following form: L, =
—E+u||VeE|” and Ly = E + 1/||V¢,E||2 where ¢, = ¢¢—1 —ahV4Ly and 8, = 0,1 — Ah VLo and with u, v ~ O(h).
The modified Jacobian for this system is given by

5 _ [ha/2V 46 EVe o E — uV, [VoE| \ )
—V¢,’9E h)\/2V9,¢EV¢’.9E - VV@}Q ‘Vd,EH
_ [(ha/2 = 2u)1'(0)? 1'(0)
B —1'(0) (hA/2 — 20)1'(0)?

The determinant of the modified Jacobian is |.J| = (ha/2 — 2u)(hA/2 — 20)I'(0)* + I'(0)2 and the trace is Tr(J) =
(ha/2 — 2u)l'(0)% + (hA/2 — 20)I'(0)2. A necessary and sufficient condition for asymptotic stability is |.J| > 0 and
Tr(j ) < 0 (since this guarantees that the eigenvalues of the modified Jacobian have negative real part). Therefore, if
u > ha/4 and v > h\/4, the system is asymptotically stable. We note however that in practice, when using discrete
updates, the exact threshold for stability will have a O(h3) correction, arising from the O(h?) error in our backward error
analysis. Also, we see that when u = ha/4 and v = h\ /4, the contribution of the cross-terms is cancelled out (up to an
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Figure A.4. Least squares GAN: The effect of discretization drift on zero-sum games.

O(h?) correction). In Figure A.2, we see an example where this explicit regularization stabilizes the DiracGAN, so that it
converges toward the equilibrium solution.

H. Additional experimental results

H.1. Additional results using zero-sum GANs

We show additional results showcasing the effect of DD on zero-sum games in Figure A.3. We see that not only do
simultaneous updates perform worse than alternating updates when using the best hyperparameters, but that simultaneous
updating is much more sensitive to hyperparameter choice. We also see that multiple updates can improve the stability of a
GAN trained using zero-sum losses, but this strongly depends on the choice of learning rate.

H.1.1. LEAST SQUARES GANS

In order to assess the robustness of our results independent of the GAN loss used, we perform additional experimental results
using GANS trained with a least square loss (LS-GAN (Mao et al., 2017)). We show results in Figure A.4, where we see that
for the least square loss too, the learning rate ratios for which the generator drift does not maximize the discriminator norm
(learning rate ratios above or equal to 0.5) perform best and exhibit less variance.
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Figure A.5. The effect of discretization drift depends on the game: with the non saturating loss, the relative performance of different
numerical estimators is different compared to the saturating loss, and the effect of explicit regularization is also vastly different.

H.2. GANSs using the non-saturating loss

Next, we explore how the strength of the DD depends on the game dynamics. We do this by comparing the relative effect
that numerical integration schemes have across different games. To this end, we consider the non-saturating loss introduced
in the original GAN paper (—log Dy (Ge(z))). This loss has been extensively used since it helps to avoid problematic
gradients early in training. When using this loss, we see that there is little difference between simultaneous and alternating
updates (Figure A.5), unlike the saturating loss case. These results demonstrate that since DD depends on the underlying
dynamics, it is difficult to make general game-independent predictions about which numerical integrator will perform best.

H.3. Explicit regularization in zero-sum games trained using simultaneous gradient descent

We now show additional experimental results and visualizations obtained using explicit regularization obtained using the
original zero sum GAN objective, as presented in Goodfellow et al. (2014).

We show the improvement that can be obtained compared to gradient descent with simultaneous updates by canceling the
interaction terms in Figure A.6. We additionally show results obtained from strengthening the self terms in Figure A.8.

In Figure A.7, we show that by cancelling interaction terms, SGD becomes a competitive optimization algorithm when
training the original GAN. We also note that in the case of Adam, while convergence is substantially faster than with SGD,
we notice a degrade in performance later in training. This is something that has been observed in other works as well
(e.g. (Qin et al., 2020)).

H.3.1. MORE PERCENTILES

Throughout the main paper, we displayed the best 10% performing models for each optimization algorithm used. We now
expand that to show performance results across the best 20% and 30% of models in Figure A.9. We observe a consistent
increase in performance obtained by canceling the interaction terms.
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Figure A.6. Using explicit regularization to cancel the effect of the interaction components of drift eads to a substantial improvement
compared to SGD without explicit regularization.
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Figure A.7. Using explicit regularization to cancel the effect of the interaction components of drift allows us to obtain the same peak
performance as Adam using SGD without momentum.

H.3.2. BATCH SIZE COMPARISON

We now show that the results which show the efficacy of canceling the interaction terms are resiliant to changes in batch size
in Figure A.10.

H.3.3. COMPARISON WITH SYMPLECTIC GRADIENT ADJUSTMENT

We show results comparing with Symplectic Gradient Adjustment (SGA) (Balduzzi et al., 2018) in Figure A.11 (best
performing models) and Figure A.12 (quantiles showing performance across all hyperparameters and seeds). We observe
that despite having the same functional form as SGA, canceling the interaction terms of DD performs better; this is due to
the choice of regularization coefficients, which in the case of canceling the interaction terms is provided by Corollary 6.1.

H.3.4. COMPARISON WITH CONSENSUS OPTIMIZATION

We show results comparing with Consensus Optimization (CO) (Mescheder et al., 2017) in Figure A.13 (best performing
models) and Figure A.14 (quantiles showing performance across all hyperparameters and seeds). We observe that canceling
the interaction terms performs best, and that additionally strengthening the self terms does not provide a performance benefit.

H.3.5. VARIANCE ACROSS SEEDS

We have mentioned in the main text the challenge with variance across seeds observed when training GANs with SGD,
especially in the case of simultaneous updates in zero sum games. We first notice that performance of simultaneous updates
depends strongly on learning rates, with most models not learning. We also notice variance across seeds, both in vanilla SGD
and when using explicit regularization to cancel interaction terms. In order to investigate this effect, we ran a sweep of 50
seeds for the best learning rates we obtain when canceling interaction terms in simultaneous updates, namely a discriminator
learning rate of 0.01 and a generator learning rate of 0.005, we obtain Inception Score results with mean 5.61, but a very
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Figure A.8. Using explicit regularization to cancel the effect of the drift eads to a substantial improvement compared to SGD without
explicit regularization. Strengthening the self terms — the terms which minimize the player’s own norm — does not lead to a substantial
improvement; this is somewhat expected since while the modified ODEs give us the exact coefficients required to cancel the drift, they do
not tell us how to strengthen it, and our choice of exact coefficients from the drift might not be optimal.
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Figure A.9. Performance across the top performing models for vanilla SGD and with canceling the interaction terms. Across all
percentages, canceling the interaction terms improves performance.

large standard deviation of 2.34. Indeed, as shown in Figure A.15, more than 50% of the seeds converge to an IS grater than
7. To investigate the reason for the variability, we repeat the same experiment, but clip the gradient value for each parameter
to be in [—0.1, 0.1], and show results in Figure A.16. We notice that another 10% of jobs converge to an IS score grater
than 7, and 10% drop in the number of jobs that do not manage to learn. This makes us postulate that the reason for the
variability is due to large gradients, perhaps early in training. We contrast this variability across seeds with the consistent
performance we obtain by looking at the best performing models across learning rates, where as we have shown in the
main paper and throughout the Supplementary Material, we obtain consistent performance which consistently leads to a
substantial improvement compared to SGD without explicit regularization, and obtains performance comparable with Adam.

H.4. Explicit regularization in zero-sum games trained using alternating gradient descent

We perform the same experiments as done for simultaneous updates also with alternating updates. To do so, we cancel the
effect of DD using the same explicit regularization functional form, but updating the coefficients to be those of alternating
updates. We show results in Figure A.17, where we see very little difference in the results compared to vanilla SGD, perhaps
apart from less instability early on in training. We postulate that this could be due the effect of DD in alternating updates can
can be beneficial, especially for learning rate ratios for which the second player also minimizes the gradient norm of the first
player. We additionally show results obtained from strengthening the self terms in Figure A.18.

H.4.1. MORE PERCENTILES

Throughout the main paper, we displayed the best 10% performing models for each optimization algorithm used. We now
expand that to show performance results across the 20% and 30% jobs in Figure A.19. We observe a consistent increase in
performance obtained by canceling the interaction terms.
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Figure A.10. Performance when changing the batch size. We consistently see that canceling te interaction terms improves performance.
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Figure A.11. Comparison with Symplectic Gradient Adjustment (SGA). Canceling the interaction terms results in similar performance,
but with less variance. The performance of SGA heavily depends on the strength of regularization, adding another hyperparmeter
to the hyperparameter sweep, while canceling the interaction terms of the drift requires no other hyperparameters, since the explicit
regularization coefficients strictly depend on learning rates.
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Figure A.12. Comparison with Symplectic Gradient Adjustment (SGA), obtained from all models in the sweep. Without requiring an
additional sweep over the regularization coefficient, canceling the interaction terms results in better performance across the learning rate
sweep and less sensitivity to hyperparameters.
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Figure A.13. Comparison with Consensus Optimization (CO). Despite not requiring additional hyperparameters compared to the standard
SGD learning rate sweep, canceling the interaction terms of the drift performs better than consensus optimization. Using consensus
optimization with a fixed coefficient can perform better than using the drift coefficients when we use them to the strengthen the norms —
this is somewhat expected since while the modified ODEs give us the exact coefficients required to cancel the drift, they do not tell us how
to strengthen it, and our choice of exact coefficients from the drift might not be optimal.
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Figure A.14. Comparison with Consensus Optimization (CO), obtained from all models in the sweep. Without requiring an additional
sweep over the regularization coefficient, canceling the interaction terms results in better performance across the learning rate sweep and

less sensitivity to hyperparameters.
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Figure A.15. Variability across seeds for the best performing hyperparameters, when canceling interaction terms in simultaneous updates

for the original GAN, with a zero sum loss.



Supplementary material for Discretization Drift in Two-Player Games

Figure A.16. With gradient clipping. Gradient clipping can reduce variability. This suggests that the instabilities observed in gradient
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Figure A.17. In alternating updates, using explicit regularization to cancel the effect of the interaction components of drift does not
substantially improve performance compared to SGD, but can reduce variance. This is expected, given that the interaction terms for the
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second player in the case of alternating updates can have a beneficial regularization effect.
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Figure A.18. In alternating updates, using explicit regularization to cancel the effect of the interaction components of drift does not
substantially improve performance compared to SGD, but can reduce variance. This is expected, given that the interaction terms for the
second player in the case of alternating updates can have a beneficial regularization effect. Strengthening the self terms — the terms which
minimize the player’s own norm — does not lead to a substantial improvement; this is somewhat expected since while the modified ODEs
give us the exact coefficients required to cancel the drift, they do not tell us how to strengthen it, and our choice of exact coefficients from
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Figure A.19. Performance across the top performing models for vanilla SGD and with canceling the interaction terms and only cancelling
the discriminator interaction terms. We notice that canceling only the discriminator interaction terms can result in higher performance
across more models, and that the interaction term of the generator can play a positive role, likely due to the smaller strength of the
generator interaction term compared to simultaneous updates.
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I. Experimental details
L.1. Classification experiments

For the MNIST classification results with alternating updates, we use an MLP with layers of size [100, 100, 100, 10] and a
learning rate of 0.08. The batch size used is 50 and models are trained for 1000 iterations. Error bars are obtained from 5
different seeds.

L.2. GAN experiments

SGD results: All results are obtained using sweep over {0.01,0.005,0.001,0.0005} for the discriminator and for the
generator learning rates. We restrict the ratio between the two learning rates to be in the interval [0.1, 10] to ensure the
validity of our approximations. All experiments use a batch size of 128.

Learning rate ratios: In the learning rate ratios experiments, we control for the number of experiments which have the
same learning rate ratio. To do so, we obtain 5 learning rates uniformly sampled from the interval [0.001, 0.01] which we
use for the discriminator, we fix the learning rate ratios to be in {0.1,0.2,0.5, 1., 2., 5.} and we obtain the generator learning
rate from the discriminator learning rate and the learning rate ratio.

Adam results: For Adam, we use the learning rate sweep {107%,2 x 107%,3 x 107%,4 x 10~*} for the discriminator and
the same for the generator, with 5; = 0.5 and 52 = 0.99.

Explicit regularization coefficients: For all the experiments where we cancel the interaction terms of the drift, we use the
coefficients given by DD. For SGA and consensus optimization, we do a sweep over coefficients in {0.01,0.001, 0.0001}.

Model Architectures: All GAN experiments use the CIFAR-10 convolutional SN-GAN architectures — see Table 3 in
Section B.4 in Miyato et al. (2018).

Libraries: We use JAX (Bradbury et al., 2018) to implement our models, with Haiku (Hennigan et al., 2020) as the neural
network library, and Optax (Hessel et al., 2020) for optimization.

Computer Architectures: All models are trained on NVIDIA V100 GPUs. Each model is trained on 4 devices.

I.3. Implementing explicit regularization

The loss functions we are interested are of the form
L =Epx) fo(x)

‘We then have
VQi L= Ep(x) VQZ. fg (X)

i=|0| i=|6|
IVeL* = " (Vo,L)" = > (Eyx Ve, fo(x))’
=1 =1

to obtain an unbiased estimate of the above using samples, we have that:

i=|9]

IVeLl* = Y (Epo Ve, fo(x))
=1
i=|0|

= 3" (Ep0 Ve, fo(x)([Epx) Vo, fo(x))

i=1

i=|0| 1 N 1 N
~ ; (Nkzveife(xl,k)> N;mee(xz,j)

=1

so we have to use two sets of samples x; ; ~ p(x) and x2 ; ~ p(x) from the true distribution (by splitting the batch into
two or using a separate batch) to obtain the correct norm. To compute an estimator for V4 ||V9L||2, we can compute the
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gradient of the above unbiased estimator of HVgLHQ. However, to avoid computing gradients for two sets of samples, we
derive another unbiased gradient estimator, which we use in all our experiments:

i=16] N
9 \

N Z szﬁveifs(fi,\j)veifa(@,\j) (A.68)

i=1 k=1
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