Accelerating Natural Gradient with Higher-Order Invariance

A. Proofs

Proposition 1. The Levi-Civita connection of a neural network model manifold is given by
1
I‘ZB = 9" Eq0Epgtix) {8,, log pe(t | x) [aaag logpe(t | x) + Eaa log pe(t | x)0p log pe(t | x)} }

Proof of Proposition 1. Let 1¢(z) be the joint distribution defined by ¢(x)pg(t | x). The Fisher information met-
ric is g, = E,[0, logre(2)0, logre(z)]. The partial derivative d,,g.3 can be computed via scoring function trick,
i.e., 0,908 = 0,E;[0q logre(2)0s5logre(2)] = E,[0, logr9(2)0n logr9(2)0p log rg(z) + 0,04 log re(2)0s log e (z) +
Oa log 19(2)0,,05 log 19 (2)]. All other partial derivatives can be obtained via symmetry.

According to the definition,

1 174
Fgﬁ = 59“ (aaguﬂ + aﬂgua - augaﬁ)

1
= g"E, {81, logry(2z) [aaaﬁ logry(z) + §8a logrg(z)dslogre (z)] } )

The proposition is proved after replacing r¢(z) with ¢(x)pe(t | x). O

Theorem 1. Consider the initial value problem & = f(t,x(t)),x(0) = a,0 < ¢t < T, where f(t,z(t)) is a continuous
Sfunction in a region U containing

D:={(t,x) |0<t<T, ||z —a| <X}
Suppose f(t,x) also satisfies Lipschitz condition, so that
||f(t,$) - f(t7y)H < Lf ||{,C - y” ’ V(t,x) €DA (tvy) €D.

In addition, let M = sup, ,yep || f(t,7)|| and assume that TM < X. Next, suppose x to be the global coordinate of a
Riemannian C*°-manifold M with Levi-Civita connection T'", 3 (x). Then, let the interval [0, T be subdivided into n equal
parts by the grid points 0 = tg < t1 < --- < t,, = T, with the grid size h = T'/n. Denote x}, as the numerical solution
given by Euler’s update with geodesic correction (7), so that

1
Thoyr = T + hf* (b, o) — §h2FZ5(1’k)fa(tk, o) fP (tk,xr), w0 =a. (11)
Let &y, be the numerical solution obtained by faster geodesic correction (9)
A L4 Al A 1 L ~ AL A
B = B R (b, B) — ihQI“aﬁ(xk)éaxkéa@f, (12)

where 0%, = (& — &x—1)/h. Finally, define the error ey, at each grid point xj, by ey, = x), — xy, and é,, = x), — &y, where
x% is the numerical solution given by Riemannian Euler method, i.e.,

Ty = Exp(ay, bf(tr,2},)), =) =a. (13)

Then, assuming ||z, — a| < X, ||Zx — a|| < X, and ||z}, — a|| < X, it follows that

lexll < Oh?) and ||éx| < O(R?), h—0, VEkE€n].

As a corollary, both Euler’s update with geodesic correction and its faster variant converge to the solution of ODE in Ist
order.

Proof of Theorem 1. Since f(t,x) is continuous in the compact region D satisfying Lipschitz condition, and TM < X,
Picard-Lindelf theorem ensures that there exists a unique continuously differentiable solution in D.

On the smooth Riemannian manifold M, the corresponding region X C M for the set of coordinates {z | ||z — a|| < X}
is compact. Following Lemma 5.7, Lemma 5.8 in (Petersen, 2006) and a standard covering-of-compact-set argument,
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there exists a constant ¢ > 0 such that geodesics are defined everywhere within the region G := {(p,v,s) | p € X,v €
TpM A |v]| < M,0 < s < €}. Tychonoff’s theorem affirms that G is compact in terms of product topology and we
henceforth assume h < e. Next, let v(p, v, s) := Exp(p, sv), where s € (—e¢, €). From continuous dependence on initial
conditions of ODE, we have v(p, v, s) € C° (see, e.g., Theorem 5.11 in (Petersen, 2006)).
Using Taylor expansion with Lagrange remainder, we can rewrite update rule (13) as

9y(), v, 0)

1 9%y(x},, v, 0) 1 9%y(x, vy, Eh)

_ 2 3
Thiq = Tp + 55 h 5 552 h* + G 553 h?, (14)
where v), = f(tg,2},) and £ € [0, 1]. In the meanwhile, update rule (11) can be equivalently written as
0y(xk, vk, 0) 1 0%y(xg, vk, 0)
= h+ - h 15
Thy1 = Tk + 99 t5 952 ; (15)
where v, = f(tr, xx). Subtracting (15) from (14), we obtain
!/ !
Crir = e + (w05, 0)  Oy(xg, g, 0) b
Os 0Os
1 [0%y(z},v},0) (g, vk,0)] 5
- ’ b _ ’ b h (16)
*3 { 0s? 0s?
1 837(1’.;7 /U;w gh’) h3
6 ds3 '

Recall that v(p, v, s) is C*° on G, by extreme value theorem we can denote

0? 92
Fl = sup M ’ , I‘2 — sup M
(p,v,5)€G Ip0s (p,v,8)EG Ovds
*v(p,v, ) v(p,v, s)
I's= sup ||——"22"2|, Tyu= sup [—2~
(p,v,5)€G Ip0s? (p,v,8)€G Ovds?
83
Is—  sup M ’
(pv,5)€G Os

where ||-|| can be chosen arbitrarily as long as they are compatible (e.g., use operator norms for tensors), since norms in a
finite dimensional space are equivalent to each other.

With upper bounds I';, I's, I's, 'y and I'5, Eq. (16) has the estimation via Lagrange mean value theorem,

1 1
lexsall < llewll + ATy llewll + Ta v — vell) + 5h2(Ts lexl] + Ta [[vf — vl)) + <Tsh®
2 6

1 1
< llexll + ATy llexll + LT llexl)) + 55 (Ts llexll + LyTa flexl) + gfsh?’

1 1 1
< (1 +T1h+TohLy + §F3h2 + 2F4th2> llexll + 6F5h3
k
1 I'5h? I5h?
< 1+ Cih+ =Coh? -
( RN ) (|e°”+ 601+302h> 6C + 3Coh

<

IN

(ecrkmricamn® _q) (EiC‘lszrh;C’Qf)
(

(C1T+ECT? _ 1) ( ['5h? )

6C1 + 3C3h
s (werrien® 1) = ogi),

6Cy
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where from the fifth line we substitute C; for I'y + I's Ly and Cs for I's + I's L ¢, and we used the fact that ||eo|| = 0 and
the inequality (1 4+ w)* < exp(kw). This means geodesic correction converges to the invariant solution obtained using a
Riemannian Euler method with a 2nd-order rate. Since Riemannian Euler method is itself a first-order algorithm (Bielecki,
2002), geodesic correction also converges to the exact solution in 1st order.

Then, we consider the faster geodesic update rule (12)

Oy (Zk, Uk, 0) 1 ;]

By = @+ g T h = ST () (B — 30 (8] — 35y
=il + Wh - %Fgﬁ(m) [haw(j’“‘gs’ﬁ’“‘l’ O, %hQ & (Ep—1) " (tk1, 1)
FP (-1, @1)] ) [havﬂ(;ﬁkg;ﬁkl’ 0) + %h2rfd(@kfl)fc(tkfla E1) f (-1, Th—1)
P 0" (&, 0, 0) ) L 097 (B, 0-1,0) 0P (&k—1,0k-1,0) 2

0s 2" ap 0s Js
+ ®#(h, &k, Th—1,th—1,Dk—1)

~ 87“(@% f}k 0) 1627“(i‘k_1 'l}k—l 0)
Y ) ) h - ’ )
T s + 2 0s?

where the last line utilizes geodesic equation (1) and ®* (h, &g, Tx—1,tk—1,0x—1) 1S

h? 4 & (h, &gy k-1, th—1, Dk—1), (17

b OVP (#5—1,7%—1,0)
Js

1 A a (4 a
h’ SLas@e)Ta (@r—1) 1" f

=:®1 (Tg,8p—1,0k—1,tk—1)

+ht érgﬁ(fk) gb(i”kfl)Ffd(@kfl)fafbfcfd’

=P (Zk,Th—1,tk—1)

where f! = fi(tx_1,2x_1),% € {a,b,c,d}. Both ®; and ® are C°° functions on compact sets. As a result, extreme value
theorem states that there exist constants A and B so that sup ||®;|| = A and sup || P2|| = B.

Subtracting (17) from (15) and letting 6, = =), — T we obtain

0 0)  9y(&p, 0k, 0
01 = 0p + { 'Y(Ig,svk, ) _ ’Y(x;gsvk, )} "
+1 827(33167”1670) . 82’7(50]@,6]670) h2
2 0s2 Os2?

+ W3O (Bg, Bh—1, Op—1,th—1) + h* ®o (g, Th—1, th—1),

and the error can be bounded by
. 1 .
8kl < 16] + B(Ty 186 + T low = 6xll) + 5h2(Cs [108]] + D lfow = ol)) + Ab® + Bh?

1
<10kl + AT 10kl + LsT2 1061 + 57*(Ts 0] + LyTa [|04]1) + AB* + B

1

<(1+Cih+ 5Ozh2) 0k + AR® + Bh*
<.

k

1 Ah? + Bh3 Ah? + Bh?

< (1+Cih+ =Cyh? 0 -
= ( g ) (” 0”+01+;cgh> Cr+ 1Coh
< (eclkmécwm _ 1) Ah? +1Bh3

Ci + §CQh

2 3
< (enTHieT ) AW+ B gBh = O(h?).
1
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Finally, ||éx|| < [lex|| + ||0k]| = O(h?) as h — 0. This shows that faster geodesic correction converges to the invariant
solution of Riemannian Euler method with a 2nd-order rate and the exact solution of ODE in 1st order. O

B. Derivations of Connections for Different Losses

In this section we show how to derive the formulas of Fisher information matrices and Levi-Civita connections for three
common losses used in our experiments.

B.1. Squared Loss

The squared loss is induced from negative log-likelihood of the probabilistic model
t | X HN t | yl? 7
and the log-likelihood is

In pg(t | x) by Z 2+ const.

According to the definition of Fisher information matrix,

Guv = ]Eq(x) [Epg(t\x) [8# Inpp(t [ x)0, Inpg(t | x)]]

=Eqo |Epoeix) prs Z —Yj)0uYi0vy;

=E

1 2
ax) | o7 E 0i;0°0uYi0yy;j
iJ

1 o
= ? ZEq(x) [8Hyi8yyj} .

i=1
To compute the Levi-Civita connection I, - we first calculate the following component

Epg(tlx) [0, Inpy(t | x)0a0p Inpy(t | x)]

1 < 1<
~Epuo | (3 D000 = 10008 ) (5 30 0y + (5 151000 )|
=1

i=1
1
=1 Epatx) [Z(ti —yi)(t; — yj)ayyiaaaﬁyj}
ij
1
=1 Epo(tix) [Z U25ijauyiaaaﬁyj:|

ij

1 o
=2 2 Enaei {&yi@a@aw} :

i=1

The second component of I', 5 We have to consider is
1
Epy (t)x) [28,, Inpy(t | x)0u Inpe(t | x)I5Inpe(t | x)

1
=55 2 Enotebo [(t = 1) (t; — ) (tx — ) yi0ai D]
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where the last equality uses the property that third moment of a Gaussian distribution is 0.

Combining the above two components, we obtain the Levi-Civita connection

(o]
Fas =3 ZQWEq(x> (0, Yi0a05Y:).

i=1

B.2. Binary Cross-Entropy

The binary cross-entropy loss is induced from negative log-likelihood of the probabilistic model

t | X H yz 1 - yz tia
and the log-likelihood is

lnpe(t | x) = Zt Iny; + (1 —¢) In(1 — y;).

According to the definition of Fisher information matrix,

uv = Eq(x) []Epg(tlx) [au lnpg(t | X)al/ hlpg(t | X)H

(ti —yai)(tj — y;)
=Eyx |E 3 wyn
a(x) | Epo (%) - iy (- ) (1 - yj)auy Ovy;

yi(l — i)
x 5 a lal/
9 |20 Ty (L — o) (1 — ;) P14

. 1
; q(x) L/i(l—yi) Iz J
To compute the Levi-Civita connection I', 5» we first calculate the following component

Ep, t1x)[0v Inpo(t | X)000ps Inpy(t | x)]

=Ep, 4 )[<i'%a yz><i(tjyj)28ay-85y-+tjyj6aagyl>]
P yi(l—yi) " yr(L—y;)2 7y (L) !

i=1 j=1
(ti —yi)(t; —y;)? —¥i)(t —y))
=Epg(ex) |~ 50,Yi0ay;0pY; + 0, Yi0a®d
o teh 2]: (0 y B g7 Ot Oai s Z (1 oy (1 gy nYi0adels
:Eps(t\x) 7iMauyzaaylaﬁyv +27y1)3ﬂyla (3'5’%
Lo =)+ () (= i) 1 ‘ |
= zz:; y?(l — yl)?) 8pyzaozyzaﬂy7, + ZZ; (17y)8uy13a85y1

o

2y; — 1 1
=D —5——50uYi0avi0pYi + ) ———<0,Yi0a0pY;.
;yfu vi)2 " ’ Z yi(L—yo) e

where in the first line we use the equality (¢; — y;)* = (t; — 2t;y; + y7) which holds given that ¢; € {0,1}.
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The second component of I'; g is

1
Ep, (t1x) {&, Inpy(t | x)0a Inpe(t | x)I5Inpp(t | X):|

—yi)(t; — )tk — k) o
2 Z Poteh [y yivr(1 = i) (1= y;)(1 = yr) a”ylaayjaﬁyk}

ij

o

1 ( i i)
:i ZEPG(‘:\X) |: 3( ) auyzaayzaﬂyz}

i=1

—Z

27!1 Vyzaozyzaﬁy“

Combining the above two components, we obtain the Levi-Civita connection

4 22% -1
FI _g# Z q(x) |:)8l/yla(xyzaﬁyz

0, Yi0a08Yi | -
2yZ s

L
yi(1—vs)

B.3. Multi-Class Cross-Entropy

The multi-class cross-entropy loss is induced from negative log-likelihood of the probabilistic model

po(t [ x) = Hy

and the log-likelihood is

Inpy(t|x) = Zt Iny;.

According to the definition of Fisher information matrix,
Guv = Eq(x) [Epg (t]x) [6u 1I1p9 (t ‘ X)au lnp9 (t | X)H
tit;
= By |Epg el Z i ]f Y0y
YiY;

i
o t2
= Eq(x) ZEps(t\X) [yz} OuyiOuyi
= ZE(I(X) |: #ylayyz] .

To compute the Levi-Civita connection ', - we first calculate the following component

Ep, (t1x) [0, Inpg(t | x)0008Inpy(t | x)]

o (t]x) [(Z au?!z) <Z _yj 6ayja[3y] + 8 3/3%”
o, 42 2
:]Epe(tlx) |:Z _;gauyiaayiaﬁyi + :l/;auyiaaaﬂyi}

i=1 (

_Z z/yz ayzaﬂyz + &/yza 3,6%
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The second component of I'; 5 We have to consider is

1
Ep, (t1x) 58,, Inpg(t | x)0n Inpe(t | x)05Inpe(t | x)

titity
=Epj (/%) Z QyZi;jyk 0vYi0aY;0pYk

_ijk
Co
=Epq(tlx) Zﬁ&/yia@yiaﬂyi

Li=1 g

1
= Z @8Vyiaayi85yi~

i=1 <71

Combining the above two components, we obtain the Levi-Civita connection

al/ Yi aoz Yi 8,3 Yi|-

L v 5) : 1 1
Flaﬁ = g# IEq(x) [auyzaaaﬁyz - D)
, Yi 2y;

i=1 g

C. Computing Connection Products via Backpropagation

It is not tractable to compute I'/ s for large neural networks. Fortunately, to evaluate (7) we only need to know re B’V(Wﬂ .
For the typical losses in Proposition 2, this expression contains two main terms:

Y0, Ni0,Yi0a0pyi 74P . Note that aaaﬁyna;yﬁ is the directional second derivative of y; along the direction of ~
(it’s a scalar).

2. 30 NiBuyiOayiOsyi v yP. Note that 0 y; 0pyiv*Y? = (9ayiy®)? (recall Einstein’s notation), where 0.y, is the
directional derivative of y; along the direction of .

After obtaining the directional derivatives of y; (scalars (;), both terms have the form of E?:l i i 0y y;. It can be computed
via backpropagation with loss function L = >"7_; \;u;y; while treating \;/1; as constants.

Inspired by the “Pearlmutter trick” for computing Hessian-vector and curvature matrix-vector products (Pearlmutter, 1994;
Schraudolph, 2002), we propose a similar method to compute directional derivatives and connections.

As a first step, we use the following notations. Given an input x and parameters § = (W1,--- ,W;, by, -+ ,b;), a feed-
forward neural network computes its output y (x, §) = a; by the recurrence
s; = Wia;—1 +b; (18)
a; = ¢i(si), (19)
where W; is the weight matrix, b; is the bias, and ¢;(+) is the activation function. Here a;, b; and s; are all vectors of

appropriate dimensions. The loss function L(t,y) measures the distance between the ground-truth label t of x and the
network output y. For convenience, we also define

D) = V)
Ro(9(6)) = lim ~[g(6 + cv) — g(0)]

Su(9(60)) = lim = [g(0 + 2ev) — 2(0 + ev) + g(0)]

e—0 62
=R, (Ru(9(0))),

which represents the gradient of L(t,y), directional derivative of ¢g(f) and directional second derivative of g(6) along the
direction of v respectively.

The following observation is crucial for our calculation:
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Proposition 3. For any differentiable scalar function (), g1(0), g2(0), f(x) and vector v, we have

Ry (91 +92) = Ro(91) + Ru(92)
Ru(9192) = Ru(91)92 + 91Rw(92)
Ru(f(9)) = ['Ru(g
Su(g1 + 92) = Su(g1) + Su(92)
Su(g192) = Su(91)g2 + 2R (91)Ro(g2) + 918u(g2)
Su(f(9)) = ["Ru(9)* + ['Su(9)

Using those new notations, the directional derivatives 0n 05y 7*¥?, G0 yiy® can be written as S; (y;) and R+ (y;). We can
obtain recurrent equations for them by applying Proposition 3 to (18) and (19). The results are

Ry(si) = Ry(Wi)ai—1 + WiR(ai—1) + R+(b;)

Ry(ai) = ¢'(s:) © Ry(si)

Ss(si) = Sy(Wi)ai—1 + 2R (Wi) Ry (ai—1)

+ WiSﬁ(ai_l) + 87(1)1)

Ss(ai) = ¢"(s:) © Ry(s:)* + ¢ (s1) © Ss(s1),
which can all be computed during the forward pass, given that R+ (W;) = % and S, (W;) = 0. Based on the above recurrent
rules, we summarize our algorithms for those two terms of connections in Alg. 1 and Alg. 2.

Algorithm 1 Calculating "7, \i9,4;0005y:7*%" (term 1)
Require: . Here we abbreviate R+ to R and S5 to S.

1: ag <z

2: R(ao) ~0

3: S(ao) +~0

4: fori < 1toldo > forward pass
5: s; +— Wia;—1 + b;

6: a; < (]51‘(81‘)

7: R(si) « R(W)ai—1 + WiR(a;—1) + R(b;)

8 R(ai) < ¢'(si) © R(s:)

9: (Sl) (Wl)a 1+ QR(W )R( ) + W¢S(ai_1) + S(bz)
10: Slas) « ¢"(s:) ©R(s:)? + ¢/ (s5) © S(s1)

11: end for

12: Compute 5 from q;
13: D(al) = )\S(al)

14: fori =1to 1 do > backward pass
15: D(Sl) — D(al) O] (b’(si)
16: D(Wz) — D(Sﬂa;ﬁl
17: D(bz) — D(S,)
18: D(ai,l) — WiTD(Si)
19: end for
return (D(W4),--- ,D(W;),D(b1),--- ,D(by)).

D. Practical Considerations

Practically, the Fisher information matrix could be ill-conditioned for inversion. In experiments, we compute [g,, +
ediag(g,,)] 10, L instead of (g,,,) 19, L, where € is the damping coefficient and diag(g,,, ) is the diagonal part of g,,,,.
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Algorithm 2 Calculating Y7, N9, y;0ay:05y; 74" (term 2)
Require: 4. Here we abbreviate R+ to R.

l: ag ==
2: R(ao) =0

fori < 1toldo > forward pass
s; +— Wiai—1 + b;
a; < ¢(s;)
R(&) < R(Wi)ai_1 + W{R(ai_l) + R(bl)
R(a;) < ¢'(si) © R(s;)
end for

AN A

9: Compute _)_’\' from q;
10: D(a;) = )\R(al)Q

11: fori =1to 1 do > backward pass
12: D(SZ) — D(al) ® ¢’(Si)
13: D(Wl) — D(Si)a2;1
14: D(bz) — D(Sl)
15: D(ai_l) — WiTD(Sj,)
16: end for
return (D(Wy),--- , D(W;),D(b1),--- ,D(b)).

When g,,,, is too large to be inverted accurately, we use truncated conjugate gradient for solving the corresponding linear
system.

Moreover, in line with the pioneering work of Martens (2010), we use backtracking search to adaptively shrink the step size
and adopt a Levenberg-Marquardt style heuristic for adaptively choosing the damping coefficient.

As pointed out in Ollivier (2013), there are also two other sources of invariance loss, initialization and damping. Simple
random initialization obviously depends on the network architecture. Unfortunately, there is no clear way to make
it independent of parameterization. Large damping wipes out small eigenvalue directions and swerves optimization
towards naive gradient descent, which is not invariant. When the damping coefficient selected according to the Marquardt
heuristic (Marquardt, 1963) is very large, it becomes meaningless to use either midpoint integrator or geodesic correction.
In the experiments of training deep neural networks, we found it beneficial to set a threshold for the damping coefficient and
switch off midpoint integrator or geodesic correction at the early stage of optimization when damping is very large.

E. Additional Details on Experimental Evaluations
E.1. Settings for Deep Neural Network Training

For the deep network experiments, we use the hyper-parameters in Martens (2010) as a reference, the modifications are that
we fix the maximum number of CG iterations to 50 and maximum number of epochs to 140 for all algorithms and datasets.
The initial damping coefficient is 45 across all tasks, and the damping thresholds for CURVES, MNIST and FACES are
set to 5, 10 and 0.1 respectively. As mentioned in Appendix D, we use a threshold on the damping to switch on / off our
corrections. However, in reality our methods will only be switched off for a small number of iterations in the early stage of
training. Note that more careful tuning of these thresholds, e.g., using different thresholds for different acceleration methods,
may lead to better results.

Since both midpoint integrator and geodesic correction are direct modifications of natural gradient method, we incorporate
all the improvements in Martens (2010), including sparse initialization, CG iteration backtracking, etc. For determining the
learning rate h A, we use the default value hA = 1 with standard backtracking search. To highlight the effectiveness of the
algorithmic improvements we introduced, the same set of hyper-parameters and random seed is used across all algorithms
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on all datasets.

For deep autoencoders, network structures are the same as in Hinton & Salakhutdinov (2006) and Martens (2010) and we
adopt their training / test partitions and choice of loss functions. For deep classifiers on MNIST, the network structure is
784-1000-500-250-30-10, all with fully connected layers, and as preprocessing, we center and normalize all training and test
data.

Deep autoencoders for CURVES and MNIST datasets are trained with binary cross-entropy losses while FACES is trained
with squared loss. All results are reported in squared losses. Although there is discrepancy between training and test losses,
they align with each other pretty well and thus we followed the setting in (Martens, 2010). According to our observation,
performance is robust to different random seeds and the learning curves measured by errors on training and test datasets are
similar, except that we slightly overfitted FACES dataset.

Our implementation is based on the MATLAB code provided by (Martens, 2010). However, we used MATLAB Parallel
Computing Toolbox for GPU, instead of the Jacket package used in (Martens, 2010), because Jacket is not available anymore.
Computation times are not directly comparable as the Parallel Computing Toolbox is considerably slower than Jacket. The
programs were run on Titan Xp GPUs.

E.2. Settings for Model-Free Reinforcement Learning

We consider common hyperparameter choices for ACKTR as well as our midpoint integrator and geodesic correction
methods, where both the policy network and the value network is represented as a two layer fully-connected neural network
with 64 neurons in each layer. Specifically, we consider our methods (and subsequent changes to the hyperparameters) only on
the policy networks. We select constant learning rates for each environment since it eliminates the effect of the learning rate
schedule in (Wu et al., 2017) over sample efficiency. The learning rates are set so that ACKTR achieves the highest episodic
reward at 1 million timesteps. We select learning rates of 1.0, 0.03, 0.03, 0.03, 0.3, 0.01 for HalfCheetah, Hopper,
Reacher, Walker2d, InvertedPendulum, InvertedDoublePendulum respectively. We set momentum to be
zero for all methods, since we empirically find that this improves sample efficiency for ACKTR with the fixed learning rate
schedule. For example, our ACKTR results for the Walker2d environment is over 1500 for 1 million timesteps, whereas
(Wu et al., 2017) reports no more than 800 for the same number of timesteps (even with the learning rate schedule).

The code is based on OpenAl baselines (Dhariwal et al., 2017) and connection-vector products are computed with
TensorFlow (Abadi et al., 2016) automatic differentiation.

F. Experiments on the Small-Curvature Approximation

Our geodesic correction is inspired by geodesic acceleration (Transtrum et al., 2011), a method to accelerate the Gauss-
Newton algorithm for nonlinear least squares problems. In (Transtrum & Sethna, 2012), geodesic acceleration is derived
from a high-order approximation to Hessian under the so-called small-curvature assumption. In this section, we demonstrate
empirically that the small-curvature approximation generally does not hold for deep neural networks. To this end, we need
to generalize the method in (Transtrum & Sethna, 2012) (which is only applicable to square loss) to general losses.

F.1. Derivation Based on Perturbation

It can be shown that Fisher information matrix is equivalent to the Gauss-Newton matrix when the loss function is
appropriately chosen. Let’s analyze the acceleration terms from this perspective.

Let the loss function be L(y, f) and 2*(z;6), i = 1,--- , 0 be the top layer values of the neural network. To show the
equivalence of Gauss-Newton matrix and Fisher information matrix, we usually require £ to also include the final layer
activation (non-linearity) applied on z (Pascanu & Bengio, 2013; Martens, 2014). Hence different from y, z is usually the
value before final layer activation function. To obtain the conventional Gauss-Newton update, we analyze the following
problem:

nggn( Z) Sﬁ(y, z + 0;2007) + KkF;;60'567,
T,y)€

where S is the training dataset and F' is a metric measuring the distance between two models with parameter difference §6.
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Note that without loss of generality, we omit » (z.m)€S in the sequel.

By approximating L(y, -) with a second-order Taylor expansion, we obtain
L(y,2) + OL(y, 2)0;27667 + %Bmanﬁ(y, 2)0;2™0;2"660"007 + KF;;50"667.
The normal equations obtained by setting derivatives to 0 are
(OmO0n L0;2™0;2™ + 2K F;;) 567 = —0LL(y, z)(‘)izk,
which exactly gives the natural gradient update
00] = — (8,000 LD 2 0;2™ + AFij) " OLL(y, 2)0i2".

where we fold 2« to A. Hence natural gradient is an approximation to the Hessian with linearized model output z + 9,267 .

Now let us correct the error of linearizing z using higher order terms, i.e.,
. 1 . .
L (y, z+ 020607 + 26j6[2569]§9l) + AF;;060°067 .
Expanding £L(y, -) to second-order gives us
. 1 .
L(y,2) + OL(y, 2) <8jzk593 + 26j8[2k59J69l> +

1 o1 . 1 o
50mOnL(y, 2) (@zméw - 28j81z'”593595) (akznaek + 2akapz"59k591’> + \F;06°667.

The normal equations are
OL(y, 2)0uz" + (01L(y, 2)0,0;2" + 0m0nL(y, 2)0,2™ 052" + AF},5)567 +

(3,”8”5(3/, 2)0,0;2™ 02" + %8m8n£(y, z)8j8kzm8;tz”> 567850F = 0.

Let 00 = §0;1 + 665 and assume d65 to be small. Dropping in §6; will turn the normal equation to
(O L(y, 2)0:0; 2" + 0m0nL(y, 2)0i2"0;2™ + NFij)00) + Ly, 2)0;0;2" 601+

1 P
(Qmanﬂ(y,z)aﬂajzmakz" + iamﬁnﬁ(y, z)ajakzm@uz”) 59{69’1‘ =0.

The approximation for generalized Gauss-Newton matrix is 9y, L(y, 2)0;0;2% = 0. After applying it to 565, we have
505 = —(0m0nL(y, 2)0i2"™ 052" + A\Fy;) !
1 . .
[ (3m6n£(y, 2)0,0;2" 02" + iamanﬁ(y, z)ajakzmﬁuz”> 56{59]1“ + O L(y, z)@lﬁjzkéeﬂ . (20)

If we combine 9y, L(y, 2)9,,0;2"067 and [0,,8,, L (y, 2)8,,0;2™B},z" 667665 and use the following small-curvature approx-
imation (Transtrum & Sethna, 2012)

OLL[Omi — (0aD3 L, foOp f2) 10, f1 OO LOR2"]D, 05 2™ = 0,

we will obtain an expression of §65 which is closely related to the geodesic correction term.

508 = —%(&n@nﬁ(y, 2)0;2m0;2" 4 AFj;) ™ (OmOn L(y, 2)0;002™0,,2") 667560 Q1)
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The final update rule is

00 = 660, + 605.

Whenever the loss function satisfies L(y,z) = —logr(y | z) = —2TT(y) + logZ(z) we have Fy =
Z(mﬂ/) cs OmOnL(y, 2)0;0;2" 2", i.e., Gauss-Newton method coincides with natural gradient and the Fisher informa-
tion matrix is the Gauss-Newton matrix.

Here are the formulas for squared loss and binary cross-entropy loss, where we follow the notation in the main text and
denote y as the final network output after activation.

Proposition 4. For linear activation function and squared loss, we have the following formulas
, 1 A
OmOnL(t, £)0,0;2™ 02" 561605 = ﬁaﬂajymakymae{w’f
1 . 1 .
§8m[“)n£(t, f)ajakzma”z”(sa{aef = ﬁajakymaﬂym(segaa’f
i 1 ;
OL(t, [)0,0;2660] = = (y — t) 0,057 567,
o

In this case, (21) is equivalent to —%I‘;‘ k&@{ §0%, which is our geodesic correction term for squared loss.

Proposition 5. For sigmoid activation function and binary cross-entropy loss, we have the following terms

1
y; := sigmoid(z) := =

OO L(t, £)D,0;2™ 02" 507 50% = [ 0,0, Ym Oy +

ym(l - ym)
2 m T 1 j o
yQ(ﬁ_y)Qauymajymakym] 59{59%
L onOnL(t, £)0;002m0,2m009505 = |1 9.9, 9
2mn ; iVk “w 1 1—2 ym(liym)jkym nYm
2Ym — 1

+Majym8;@ymaﬂym] 56150%

. 1 2y — 1 i
OL(L, £)0,0;2550] = m&ﬁjyk + yi(?k_wayykajyk] (Y — tr)00]

In this case, (21) will give a similar result as geodesic correction, which is f%Fﬁ)“cW{(W’f. The only difference is using

1-connection l"g?“ (Amari et al., 1987) instead of Levi-Civita connection F;‘ e

We also need an additional algorithm to calculate \;0,0, yiagyiéaéﬁ , as provided by Alg. 3.

F.2. Empirical Results

If the small curvature approximation holds, (20) should perform similarly as (21). The power of geodesic correction can
thus be viewed as a higher-order approximation to the Hessian than natural gradient / Gauss-Newton and the interpretation
of preserving higher-order invariance would be doubtful.

In order to verify the small curvature approximation, we use both (20) (named “perturb”) and (21) (named “geodesic”)
for correcting the natural gradient update. The difference between their performance shows how well small curvature
approximation holds. Using the same settings in main text, we obtain the results on CURVES, MNIST and FACES.

As shown in Figure 5, (20) never works well except for the beginning. This is anticipated since Newton’s method is
susceptible to negative curvature and will blow up at saddle points (Dauphin et al., 2014). Therefore the direction of
approximating Newton’s method more accurately is not reasonable. The close match of (20) and (21) indicates that the
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Algorithm 3 An algorithm for computing Aiayaayiaﬂyiéaéﬂ (term 3)

Require: . We abbreviate R;toR.

1: R(ao)%O
:fori < 1toldo

2
3
4 Rlai) « R(si)d;(si)
5: end for

6: Compute X from a
Let L =37, NiR(a})y;

R(D(w)) + R | %=

y=a;

Dal — gL

y=a;

10: fori <[ to 1 do

R(si) « R(W)ai_1 + WiR(ai—1) + R(b;)

_ 9L
= 557

= (Al(Rall)v Tty

> Since ay is not a function of the parameters
> forward pass
> product rule

> chain rule

> By here we have computed all (%yiéﬁ

R(al) =0

y=a;

Ao(Ra7))

11:  D(s;) + D(a;) ® ¢l(si)
12: D(W;) < D(s;)a]_,
13: D(b;) + D(s;)
14: D(a;_1) + WTD(SZ)
150 R(D(si)) « R(D(a;)) © <z>’( i) + D(a;) © R(¢;(s:)) = R(D(a;)) © ¢;(si) + D(a;) © ¢} (si) © R(s;)
16:  R(D(W;)) + R(D(si))ai_, + D(si)R(a]_,)
172 R(D(b;)) < R(D(s:))
18: R(D(a;-1)) + R(WT) (sq) + WiTR(D(si))
19: end for o
return )\iayc')ayiagin“Oﬂ = (R(DW)), -+ ,R(D(W})), R(D(b1)),- -+ , R(D(hr)))
100 'CURVES ‘
geodesic
sol perturb |
0 1 1 L Il T T
0 10 20 30 40 50 60 70
100 ‘ ‘ _MNIST !
E'J’ 50 g\v‘ﬁ
g . ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70
800 ‘ ‘ _FACES
600 - i
400 | .
200 | i
% 10 20 30 20 50 60 70

Figure 5.

# of iterations

Study of small curvature approximation on different datasets.
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small curvature assumption indeed holds temporarily, and Newton’s method is very close to natural gradient at the beginning.
However, the latter divergence of (20) demonstrates that the effectiveness of geodesic correction does not come from
approximating Newton’s method to a higher order.



