Supplementary material

A Notations and Definitions

Throughout this appendix, we will use the following notations:

we denote the vectors in bold letters.

V f(x) denotes the gradient of f at x.

[d] denotes the set of all integers between 1 and d: {1, .., d}.

u,; denotes the i-th coordinate of vector u, and V; f(x) the i-th coordinate of V f ().
Il - [0 denotes the £y norm (which is not a proper norm).

|| - || denotes the ¢ norm.

Il - |loo denotes the maximum absolute component of a vector.

x ~ P denotes that the random variable X (denoted as x), of realization x, follows a
probability distribution P (we abuse notation by denoting similarly a random variable and
its realization).

xi,..,T, S ‘P denotes that we draw n i.i.d. samples of a random variable x, each from
the distribution P.
P(x) denotes the value of the probability of & according to its probability distribution.

E.~p (or simply E,, if there is no possible confusion) to denote the expectation of  which
follows the distribution P.

We denote by supp(«) the support of a vector «, that is the set of its non-zero coordinates.
|F'| the cardinality (number of elements) of a set F'.

All the sets we consider are subsets of [d]. So for a given set F', F'° denotes the complement
of Fin [d]

S%(R) (or S¥(R) for simplicity if R = 1) denotes the d-sphere of radius R, that is S*(R) =
{u € RY/||u| = R}.

U(S?) the uniform distribution on that unit sphere.

B(d) is the surface area of the unit d-sphere defined above.

Sd denotes a set that we call the restricted d-sphere on S, described as: {ug/u € {v €
R?/||vg|| = 1}}, that is the set of unit vectors supported by S.

U(S¢) denotes the uniform distribution on that restricted sphere above.

We denote by u (resp. Vi f(x)) the hard-thresholding of w (resp. V f()) over the support
F, that is, a vector which keeps u (resp. V f(x)) untouched for the set of coordinates in F,
but sets all other coordinates to 0.

([f]) denotes the set of all subsets of [d] that contain s elements: ([Z]) ={5:|5=55C
[d]}-

U( ([il)) denotes the uniform distribution on the set above.

I denotes the identity matrix I, 4.

Is denotes the identity matrix with 1 on the diagonal only at indices belonging to the support
S: I, =1if i € S, and 0 elsewhere.

S > e denotes that set .S contains the element e.
(u;)"_, denotes the n-uple of elements w1, .., U,,.
I" denotes the Gamma function [1].

J 4 f(w)du denotes the integral of f over the set A.

log denotes the natural logarithm (in base e).
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B Auxilliary Lemmas

Lemma B.1 ([38] (10)). Let p € N and denote p := ", p;, we have:
d n
v P T(p;i+1/2
/ [T du — 2= Lt 1/2)
S0

I(p+d/2)

Proof. The proof is given in [38]]. O
Lemma B.2. Let F be a subset of [d), of size s, with (s,d) € N2. We have the following:

S
Bunsisillur] < 1/ ©

s
Euni(sn) lurl® = p 6
+2)s
Eon i (sF2)s 7
u U(Sd)”uF” (d+ 2)d N
Proof. We start by proving (6). Decomposing the norm onto every component, we get:
Euuistlur]? = Eyyse Z ui = ZEUNU(Sd)’U’? (®)
icF icF
By symmetry, each u; has the same marginal probability distribution, so:
14
Vie [d] : Eyri(syul = y ;Euwu(sd)uf 9)
We also know, from the definition of the ¢, norm, and the fact that w is a unit vector, that:
d d
ZEuNM(sd)U? = Eu~u(sa) ZU? = Eutist)lul? = Eqygy(sayl = 1 (10)

i=1 i=1
Therefore, combining (9) and (T0):

Vi € [d] : Eumti(stythy =

Plugging this into (8), we get (6):

1
d

S
Eunu(ssllurl® = p

Using Jensen’s inequality, (3)) follows from (6)). Let us now prove (7). By definition of the expectation
for a uniform distribution on the unit sphere:

1
Buntasollurl = 55 [ urlldu

We further develop the integral as follows:

furldu = [ (urlPPdu= [ (Cut+ )
/S‘d Sd Sd zeZF Z J

(1,5)EF,j#i

:s/ u‘lldu—&—Q(s)/ uluidu (by symmetry)
Sd 2 Sd

Using Lemmain the expression above, with p(*) := (2,0, ...,0), and p® := (1,1,0, ...,0), we
obtain:

d a \
/ || du = 8Hi:1 r(p\® + 1) N 2s(s - 1)21_[?:1 T +1/2)
e T2+ d/2) 3 SEERTD)

(a) GSﬁd 25(s — 1)\/7?1 2(s+ 2)Sﬁd

(d+2)dl(d/2) " (d+2)d(d/2)  (d+2)dl(d/2)
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Where in (a) we used the fact that I'(3) = /7 and I'(3) = ? So:

Bunusollurl' = 5 [ furltdn @ 1522
Where (b) comes from the closed form for the area of a d unit sphere: 5(d) = 21)(/; O
Lemma B.3 ([12], Lemma 7.3.b).
Euwu(sd)uuT = éI
Proof. The proof is given in [12]. [

Lemma B.4 ([36]], Theorem 1; [45], Lemma 17). Let b € R? be an arbitrary d-dimensional vector
and a € RY be any k-sparse vector. Denote k = ||al|o < k, and by, the vector b with all the d — k
smallest components set to 0 (that is, by, is the best k-sparse approximation of b). Then, we have the
following bound:

B+V(4+B)8

min{k,d — k
5 , B= { ]

by —al><d|b—al? =1 = _
lbw — all” < 0[}6 - afl%, * k— &+ min{k,d — k}

Proof. The proof is given in [36]. O

Corollary B.1. With the notations and variables above in Lemma we also have the following,
simpler bound, from [45]]:
1br — all < ~[/b— al

7\/1+<E/k+\/m>/2

Proof. There are two possibilities for 5 in Lemma either 5 =
d — k < k). In the latter case:

with

EalENTl

(if d—k > k) or § = 4=F (if

. - k—k _k—k k—k k—k d—k _k
d—k<k = d—-k<k == —=> —r = 1-— Y < 1— _ T <
- - d—k~ k d—k — k d—k ~ k
Therefore, in both cases, § < %, which, plugging into Lemma gives Corollary O

C Proof of Proposition 1]

With an abuse of notation, let us denote by f any function f¢ for some given value of the noise §.
First, we derive in section [C.1] the error of the gradient estimate if we sample only one direction
(¢ = 1). Then, in section [C.2] we show how sampling ¢ directions reduces the error of the gradient
estimator, producing the results of Proposition T}

C.1 One direction estimator

Throughout all this section, we assume that ¢ = 1 for the gradient estimator v f(z) defined in ().

C.1.1 Expected deviation from the mean

Lemma C.1. For any (Ls,, $2)-RSS function f, using the gradient estimator @f(x) defined in
with ¢ = 1, we have, for any support F' € [d], with |F| = s:

& [¥rs@)] - Ves@)|| < e

withe,, = L2 sd
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Proof. From the definition of the gradient estimator in (2):

fl@+pu) — f(z)
n

IE[Vf(2)] - Ve f(a)] = Hﬂzd wr - Vif()

Now, (Ls,, s2)-RSS implies continuous differentiability over an sy-sparse direction (since (Ls,, $2)-
RSS actually equals Lipschitz continuity of the gradient over any ss-sparse set, which implies
continuity of the gradient over those sets). Therefore, from the mean value theorem, , we have, for

some ¢ € [0, u: M = (Vf(x + cu),u). We now use the following result:

T _ T () o 1s
Euu *ESN(L‘g)Euwu(Sg)uu = ]ES ([d)SQIS = 7E ([d])IS = ;EI aI
Where for (a) comes from applying Lemma [B23] to the unit sub—sphere on the support S, and (b)
follows by observing that each diagonal element of index ¢ actually follows a Bernoulli distribution

of parameter 2, since there are ( d-1 ) arrangements of the support which contain ¢, over ( ) total

d—1
(22;)1) — ((f)l(lgzlsi'(c(lqui‘))'d' = 2 to get the value 1

so

arrangements, which gives a probability p =
at 7.
This allows to factor the true gradient into the scalar product:
B[V f(@)] = Vi f(@)| = dIE(Vf (2 + cu) - V (@), u)ur]|
< dE||upu’ [V f(z + cu) — V()]

where the last inequality follows from the property E|| X ~EX |2 = E|| X ||2—||EX ||?, which implies

|IEX| = E[|X|? - E[(X — EX)|]? < E||X||, for any multidimensional random variable X.
Using the Cauchy-Schwarz inequality, we obtain:

B[V f(@)] = VEf(2)] < Eg (N Eunrisy [urllilullllVsf(@ + cu) = Vs f(@)]]

Since f € (Ls,, 52)-RSS and ||us||o < s2, we have: ||Vsf(z + cu) — Vs f(x)|| < Ls,|cul. We
also have ¢ € [0, u], which implies ||cu|| < p||ul||. Therefore:

IENVFf(@)] = Vi (@)| < EsEudLs,pllur|||ulllu] = EsEudLs, plup||[u]® = EsEudLs, ulur|

(a) F
< dL,,uEsE, 1/|Sm |
SNF
< dLsypy | Es | —dLszﬂHEkESHSﬂFl k*
_dLSQl'L'\)d = Sz:uf

Where (a) follows from Lemma restricted to the support .S, and (b) follows from Jensen’s
inequality. O

C.1.2 Expected norm

Lemma C.2. For any (Ls,, s3)-RSS function f, using the gradient estimator NV f () defined in @
with ¢ = 1, we have, for any support F € [d], with |F| = s:

B[V f(@)|? =er|Vef(@)|?+ epe|Vre f (@) + ansps®
with:
. S 1
(er = 2 (S350 +3)

(i) epe = 2 (5 )>
(iii) £aps = 2d L2555 ( (=UGa=) | 1)
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Proof.

2

EVrf(2)|? = Ede (@+p) = f(@),

I

d2
= ]Eﬁlf(fv + pu) — f (@) up|?
&? 2 2
= EE[f(w + pu) — f(x) — (Vf(z), pu) + (Vf(x), pu)]||lurl
Using the mean value theorem, we obtain that for a certain ¢ € (0, ), we have:

f@+ pu) — f(z) = (Vf(x +c), pu)
Therefore, plugging this in the above:

E[Vef(@)|? < PE(V (2 + cu) = Vf(2),u) + (V (@), w)]|lur]?

< PE [2(V (@ + cu) - V@), u) el + (VS (@), u)? url]
< 20E[|V £ (@ + cu) — V@)l ur | + (VS (@), w)? |

<

(0)22E[L222 ][] 2 |wp |2 + (V£ (), u)2 | up|?]

(c

D APRIL 2 | + (V (), w)? [ ?]

= 2d*[L2 12 |up|® + V(2)" (BuuT |lup|?) V()]

= 20?12, 12 B fur | + V(@) (B 0y Euryisgyun” Jur )V f (@)

s2
d
2?12 B ur | + Eg o) [V (@) (Eyagisgyun” furl)VF@)] (1D

Where (a) follows from the fact that for any (a,b) € R? : (a + b)? < 2a? + 2b2, (b) follows
from the Cauchy-Schwarz inequality, (c) follows from the fact that ||u| = 1 since u € SZ, and
(d) follows by linearity of expectation. Let us turn to computing the following expression above:
Eo v Sg)uuT |wr||?. We start by distinguishing the indices that belong to F' and those that do not.

By symmetry, denoting 1, ..., ¢s the elements of F":
H‘EuNu(sg)u?1 upl® = ... = ]Eu~u(sg)ui gl

Therefore, for all 7 € F':

1 S
Eyustyuilurl? = SO F Eori(siy s, lur |
j=1
c LB e Sl = By gl (2)
= |SﬂF| u~U(SE) i; YR — ‘SﬂF‘ u~l(SE)IITF

j=1

By definition of the restricted d-sphere on F' (see section , for all u € Sg, ifi ¢ S: u; =0.
Therefore, since the exact indices of the elements of £’ do not matter in the expected value (I2), but
only their cardinality, (I2) can be rewritten using a simpler expectation over a unit |S|-sphere as
follows :

IEu~u(sg)||uF||4 = Eyu(sishllugsnryll*
Using Lemma[B-2]to get a closed form expression of the expected value above, we further obtain:
. 1 |SNF|(|SNF|+2) |SNF|+2
Vie F:E,. 2 2 _ _
(S u~l(S4)Uj HU’F” |Sﬂ F| d(d+ 2) d<d+ 2)

13)

Similarly, by symmetry, denoting i1, ..., i the elements of F':

]Euwu(sg)ufj lup|?=...= EuNU(sg)ufj ur?
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Therefore, for all i ¢ F":

1 d—s 1 d—s
Eoy(sayt; [ur|® = 1 s > Euusyyus llurll? = T s Bunti(st) > uiflur?
j=1 j=1

@ 1

= mEuNU(Sg)(HUHQ — lur|?)|lupl
®» 1

= E(Eufvu(sg)HUﬂF —Eyustyllull®)

Where (a) follows from the Pythagorean theorem and (b) follows from ||u|| = 1. Similarly as before,
rewriting those expected values and using Lemma [B.2] we obtain:
1 ISNEF|(d+2—(|[SNF|+2) [SNF

i ¢ F:E 2 2 = — 14
Vig i Buusnuillvrll = gg d(d +2) a@+a Y

Finally, by symmetry of the distribution U/ (S%), we have, for all (i, j) € [d]? with i # j:
Bty ithi|ur]? = By qysey (—uiujur|? = —Eyqqsy wiv|url?
Therefore, for all (i, j) € [d]?,i # j:
Eqyy(saytivglur]?* =0 (15)

Therefore, combining (I3)), (T4) and (I3), we obtain:

aj
By qistyuu’ upl?® =
aq
. . Sr2ific F o .
With, foralli € [d] : a; = ¢ |SA#[ .. . . Plugging this back into (TT]), we obtain:
FlCES)] ifi¢g F

A= Eg (1) [VF(@)" (Eysisyyun” lur|?) VS (@)

SNF|+2 SNF
IS0 F] | |)|V5\(Smp)f(w)ll2]

2
N {52(32 +2) Vsarf(x)]|” + 22 12

1
T sa(s2+2) {Esqgﬂg) (1S N E| [V rasf ()]
#28. 0) [rns @)1 + IS0 V50 £ (16)

We will now develop the expected values above using the law of total expectation, to exhibit the
role of the random variable k denoting the size of S N F. Given that we sample s, indices from
[d] without replacement, k follows a hypergeometric distribution with, as parameters, population
size d, number of success states s and number of draws s, which we denote H(d, s, s3). For

simplicity, we will use the following notations for the expected values: Ey[] := Ep3/(d,s,5,)[ |- and
Es|isnri=kl] = ]ESN([d])HSﬂF‘:k [-]. Therefore, rewriting (T6) using the law of total expectation, we
obtain: ’
1
= —— [ExEs)snri=kkl| Vsnr f (@)]* + 2ExEs)snr=k | Vsnr f ()]
82(82 —+ 2)

+ErEs) snr=kkl Vs\(snp) f(@)[|]
1
=——[E kE v 2 4 9FgE \v 2
52052 7 2) [ExkEs)sari=kllVsnr f(@)]1* + 2EsEs) snpi=k | Vsnr f ()|
+ErkEs|snri=k |V s\snp) £ (2)[I] (17)
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To compute the conditional expectations above, let us consider the first of them (the other ones will

follow similarly) : Eg| snr|=«||Vsnrf(x)||*>. Given some k, from the multiplication principle in

combinatorics, we can have (£) (5‘12 ~* ) arrangements of supports such that k elements of that support

are in F' (because it means there are k£ elements in F' and s — k elements outside of F'). So the
conditional probability of each of those supports S, assuming they indeed have at least one element

-1
in common with F', is ((Z) ( d__sk)> . Otherwise it is 0. To rewrite it:

() irsnF4o
0if SNF #£ @

So, developing Eg)jsnr|=k || Vsnr f(2)||? using the definition of conditional probability, we have:

Es|isnr|=k|Vsnr f(z)||* = ZP SIISNF|=k) Z Vif(z

iESNF

P ((:) (d_k>) PIRZIC)

O 5 s
(D) 'S, £ s

Q(<><—k)> (8‘1)(8i:j€)vif(w)2

= 2> Vif(a)?

i€F

P(S|ISNF| = k) = {

—
S]
=

= ZIVef(@)|? (18)

Where (a) follows by re-arranging the sum, and (b) follows by observing that by the multiplication
principle, there are (;_ 1) ( d-s ) possible arrangements of support such that: (|S N F| = k), (S 1),

since one element of S is already fixed to be 7, so there remains k — 1 indices to arrange over s — 1
possibilities, and still s; — & indices to arrange over d — s possibilities. Similarly, to (I8) we have,
for the second expectation:

so—k
Es|isnri=kl Vv snm f (@) = ;_ S IV ref()|? (19)
Therefore, plugging (I8)) and (T9) into
1 k k s9—k
A= —  |E.k— 2, 9R, =~ 2. E . 2
L [t v es@ e @ Bk 2 ]
1 S9 1
= oD [ IVrf(2)]? [Eck? + 2Exk] + || Vre f(z)|? [ds(Ekk:)— SEMH
(20)

Since k follows a hypergeometric distribution H(d, s, s2), its expected value is given in closed form
by: Exk = % (see [43], section 2.1.3). We can also express the non-centered moment of order 2,

using the formula for Var(X) = E[X?] — (E[X])?, which holds for a random variable X, where
Var(X) denotes the variance of X:

“ _sd— 2 —sd—
Bk = Var(h) + (Balf)? @ S22 207% y (22)"_ 2o (A2 200 o)

d d d-1 d d d d-1 d
_ SS2 d? — sd — sod + SS9 + $59d — 559 _ SS2 d— 8 — 89+ 889
o d d(d—1) - d d—1
ssg ((s—1)(s2 — 1)
= — B —— 1
d ( i—1
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Where (a) follows by the closed form for the variance of a hypergeometric variable given in [43]].
Therefore, plugging in into (20):

EsVf(z)" (Eygisun’ [lup|?) Vf
1

:M[Wm@ ) j( i_l)“)”flg”
e V@I dls?((s_;)(si_l)“ﬂ

- [vFﬂ ® [;C )( — )
)
ZCM[V”“ (=)

s—1)(sy —1
+H|Vre f(2)]? [ ( ( X e ) +1)>” @1)
Let us simplify the rightmost term:

ao (e () = e
_s(s2- 1) {d—s] _s(s2- 1)

Plugging it back into Z1)):

EsVf(2)" (Bugsun’ |ur|?) V()

:(1(821”)[WFf(m)Hz((Scll)(jl)+3>+|vpcf(w)l2<sff_11>ﬂ

Finally, plugging this back into (TT)):
B[V f(@)|? = 24 [L2, p?Bllup|? + Vf(2)" (Buu” |ur|?) V()]
= 242 [LiHQEkEuHSmm:kHUF||2 + V@) (Buu”|up|?) Vf(w)]
— 242 [Lﬁg;ﬁIEka + V(@) (Buu”||ur|?) Vf(:v)}
(S — 1)(82 — 1)
LG B2 |
i-1

+ g 19 f@IP (S22 18) 9@ ()|

= d2L§2 IREED (

O

C.2 Batched-version of the one-direction estimator

We now describe how sampling ¢ > 1 random directions improves the gradient estimate. Our proof is
similar to the proof of Lemma 2 in [24]], however we make sure that it works for our random support
gradient estimator, and with our new expression in which depends on the two terms ||V ¢ f(z)||?
and ||V e f(x)||?. We express our results here in the form of a general lemma, depending only on
the general bounding factors e, €pec, eaps and €, defined below, in such a way that the proof of
Proposition|[I] follows immediately from plugging the results of Lemma[C.1]and[C.2]into Lemma[C.3|
below.
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Lemma C.3. For any (Ls,, $2)-RSS function f, we use the gradient estimator v f(x) defined in 2)

with ¢ > 1. Let us suppose that the estimator v f () is such that for ¢ = 1, it verifies the following
bounds for some e, epe, €aps and €, in RY, for any support F' € [d], with |F| = s:

(i) |EV 5 f(@) = Vi f()|? < eup® and

(i)) [EVr f(@)|* < erl|Vrf (@) +erpe | Vref (@) + cansts®
Then, the estimator V f(x) also verifies, for arbitrary q > 1 :

(@) |EVrf(@) = Vif@)|? < cup?
OE|[Vef@)| < (% +2) IVrf@)|? + == [Vre fl@) |2+ (2 +22,,) 22

Proof. Let us denote by V f(z; (w;)?_,) the gradient estimate from (Z) along the i.i.d. sampled

directions (u;)?’_, (we simplify it into V f(; ) if there is only one direction ). We can first see
that, since the random directions wu; are independent identically distributed (i.i.d.) we have:

EV f(x; (u;)?_,) = E- ZVfa:ul = ZEVfwul) EV f(a; u)

This proves[C.3](a). Let us now turn to@ (b). We have.
2

1 e

- Z Vi f(;u)

135

q T/a

E(Z (z;u; ) (vaf(;c;ui)>

i=1 i=1

P

=1 j=1

B |[9r s o) | -

—

T

:q% EIVef@u)l?+Y, > EVef@w) EVef(@iu)

i=1 j=1(j#i)
2 OBV e F @)+ ala — DIEV e f (a5 )]

() 1 . 2
2 L aer s @I + e Vo S@ + ] + a0 - 1) [V @) || @2

Where (a) comes from the fact that the random directions are i.i.d. and (b) comes from assumptions
(i) and (ii) of the current Lemma (Lemma[C.3)). Assumption (ii) also allows to bound the last term
above in the following way:

BV # f (25 u1)||* < 2|V f (@ u1) = BV f (@) ||* + 2|V f (2 u) |
< 2,4 + 2||VE f(x;u)|? (23)
Plugging (23) into (22)), we obtain:

[Hva M e+ 20— DIVe @) + L Ve (@)

1
+3 [eabsit® +2(q — 1) epp?]

< (F n 2) IVrf@)I? + LV e (o) + ( sy o )

q

C.3 Proof of Proposition|T]

Proof. Proposition [l (a) and (b) follow by plugging the values of e, e pe, €aps and €, from Lemma
and Lemma into Lemma Proposition (c) follows from the inequality ||a + b||?> <
al? 2 for @ and b in R? with p € N*,
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D Proofs of section 4]

D.1 Proof of Theorem[I]

Proof. We will combine the proof from [45] and [30], using ideas of the proof of Theorem 8 from
Nesterov to deal with zeroth order gradient approximations, and ideas from the proof of [45]] (Theorem
2 and 5, Lemma 19), to deal with the hard thresholding operation in the convergence rate. Let us call
71 an arbitrary learning rate, that will be fixed later in the proof. Let us call F' the following support
F = FtDyF® ysupp(x*), with F®) = supp(z?). We have, for a given random direction u and
function noise &, at a given timestep ¢ of SZOHT:

lz* —a* — Ve fe(@') + 0V fe(a)|® = lo* — 27| —2n(e’ — 2", Vrfe(') = Vrfe(@™)
+ 02| Ve fe(a') = Vi fe(@)|?

Taking the expectation with respect to & and to the possible random directions uy, ..., w4 (that we
denote with a simple u, abusing notations) at step t, we get:

Bealle’ = o° — 1V rfe(e) + 1V re(a) |
= ' — | = 2n(e’ — ", Eeul Vi fe(a') — Vife(w)) + 1PFealVrfe(e") - Vrela)
— o'~ @[ - 2n(a’ — " eV fe(a') - Vife(a)
~ e’ — o EelBuTrfe(e) - Vrfe(e)) + Bear Vi fe(e’) - Vrfe(a")
=l ~ @I - 2n(e’ ~ ", Ve f(a") - Vi)
2L (@ ) (BRI RAe(e) Ve fela))
+ et Vefela!) - Vre(a)

(a)
< lzt —2*|? - 2n(a’ — ", Vrf(a') = Vrf(x")) + 9’ L3 la" — 2|

1 ) .
+ 77 Be| BV fe(@") - Vefe(@))” + n°Eeul Vi fe(x') — Vi fe(x)|? (24)

s

Where (a) follows from the inequality 2(u,v) < |lu||? + ||v||? for any (u,v) € (R%)2. From
Proposition|[I|(b), since almost each fe is (L, s')-RSS (hence also (L, s2)-RSS), we know that
for the e, £ e and e, defined in Proposition|1|(b), we have for almost all &: E,, ||V g fe(z") |I? <

er||[VEfe(@)||? + epe ||V pe fe(2)]|? + eapspe”. This allows to develop the last term of (24)) into the
following:

Ee.ulVrfe(a') = Vrfe(@)|? < 2Beul VEfe(@)l* + 2Ee||Vr fe(z)I?
< 2epEe ||V fe(a")|® + 2ep-Ee|| Ve fe(z) |
+ 2eansi” + 2E¢ || Vi fe (@)
< 2ep [2B¢ ||V fe(x') = Vi fe(x)|” + 2Ee||Vr fe(=7)|]
+2epe [2Be||Vre fe(x) — Ve fe(x)||* + 2Ee ]|V e fe(27) 7]
+ 2easi” + 2E¢ || Vr fe (")
Just like the proof in [43]], we will express our result in terms of the infinity norm of V f(x*). For
that, we will plug above the two following inequalites: Same as their proof of Lemma 19, we have

IVEf(x*)| < ||Vsf(x*)| (that is because we will have equality if the sets in the definition of F,
namely F*~, F(®) and supp(x*), are disjoints (because their cardinality is respectively k, k and
k*), but they may intersect). And we also have ||V f(z*)||3 < 5|V f(x*)|% (by definition of the
{5 norm and of the ¢, norm). Similarly, we also have: ||V e f(z*)||3 < (d — k)||V f(z*)||%, since
|Fe| <d—k.
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Therefore, we obtain:
Eeul|VEfe(a') = Vi fe(@)|?
< depBe||Vr fe(a') — Ve(@)|? + depEe ||V e fe(a") — V fe(a®)||?
+ ((4erps +2) + epe(d — k))Eg ||V fe (@) |5 + 2eams”

(@)
< depEe|[Vfe(x") = Vie(@™)|® + ((ders + 2) +epe(d — k) Ee[|V fe(x) I3, + 2eamsp®

Where (a) follows by observing in Proposition |I| (b) that epe < ep, and using the definition of the
Euclidean norm. Let us plug the above into @) and use the fact that, from Proposition |I| (a), since
each fe is (Ly, s’ := max(s2,s))-RSS, it is also (L, s2)-RSS, so for the &, from Proposition|l]
(a), we have, for almost any given &: ||E, V- fe(x!) — Vi fe(x))]|? < e, and let us also use
the fact that since each f¢ is (Ly/, max(sq, s))-RSS , itis also (L, | F'|)-RSS (since | F| < s) which
gives that for almost any &: f¢: ||V fe(x?) — Vfe(z*)|?> < L% ||zt — =*||%, to finally obtain:

Egulle’ — " — nVirfe(@') +nVrfe(z")|®
< (L+ L% +dep’ L) |2 — 27| — 202’ — a* B[V fe(a') — V fe(2")])

g *
7o 1+ 207w + 0 (ders +2) + epe(d = k) Ee [ VF(27) 1%
s/

= (L+0*LY +depn® Lyl — | = 2n(a’ — 2%, V f(z') — V f(z*))
3 *
Sy + e + 1P ((ders +2)+ e (d — KBl f 2|2

Since f is (vs, s)-RSC, it is also (vs, |F|)-RSC, since |F| < 2k + k* < s, therefore, we have:
(xt —x*, Vf(xt) — Vf(x*)) > vs||x! — z*||? (this can be proven by adding together the definition
of (vs, s)-RSC written respectively at x = !,y = z*, and at x = =*,y = «'). Plugging this into
the above:

+

+

Eeullz’ — " — Vi fe(a') + Ve fe(@*)|?
< (1=2ns + (dep +1) L2?) [|a* — a*||?

€ *
751 207w + 0 (ders +2) + epe(d — k))Ee ||V fe (") |2

The value of 1 that minimizes the left term in 7 is equal to MEF”W (because the optimum of the

_|_

quadratic function az? + bz + c s attained in —% and its value is — % + ¢). Let us choose it, that is,
we fix n = m Let us now define the following p:
2 Av? v
4(4dep +1)L2, (dep +1)L7
We therefore have:
E¢ullz' — 2" =0V fe(a') + nVefe(@)|?
* € *
< pllet =27+ Lo 4 20 e 0 (deps +2) + epe(d — k)Ee| V fe(2) 5

We can now use the fact that for all (a,b) € (Ry)? : Va+ b < v/a + Vb, as well as Jensen’s
inequality, to obtain:

Eeul®' — 2 —nVife(a') + nVrfe(@”)||

E
< pllat — @]+ L2 4 2eggi® + (s + 2) + e (d — ) Ee IV fe(a) 2

We can now formulate a first decrease-rate type of result, before the hard thresholding operation, as
follows, using for 7 the value previously defined, and with:

y' = —nVpfe (z) (25)
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Eeuly' — 2| =B |2 — nVife (') — a*

< Beu o — " —nVife (') + Ve fe(@)| + nEe |V fe(@)]

= Egu ||z’ — 2" — 1V fe (') + Ve fe(a” H+77Es\/HVFfs( ol

E¢ ||V fe(@)||”

< E&u ! —x* — U@ng (:Et) + UVng

< pllat — 2| + n(y/((ders + 2) +epe(d — k)Ee [V £(2*) %

+ /5y Ee |V fe(e)2,) +

254b5/14

=plla" —@*|| +n(v/(ders + 2) +epe(d— k) + V5)\/ Ee |V fe(z¥)1,

\/€
M,u + 1V 2€a0s 14?

L,

(%) ) ||mt _ m*H +n(\/(4eps +2) + epe(d — k) + /5)o

\/€
M,u + 1V 2€a0s 14

+
<pllzt -z V(eps +2) +epe(d— k) +/5)0

26 4ps 112 (26)

Where (a) follows from the o-FGN assumption. We now consider 2*1!, that is, the best-k-sparse
approximation of 2! := x! — 77@ fe (') from the hard thresholding operation in SZOHT. We can
notice that %, = ! (because supp(x!) = F*) c F), Wthh gives y* = zt.. Since F(‘+1) C F, the
coordinates of the top k& magnitude components of z! are in I, so they are also those of the top k
magnitude components of zt, = y*. Therefore, z'*1 is also the best k-sparse approximation of y°.
Therefore, using Corollary we obtain:

l* ™ — || < Ally" — 2|

with:

. \/1 + (ke /k+ VAT RO RTE) /2 )

Where k* = ||x*||o. Plugging this into (26) gives:

Eg ol ™ (v (4eps +2) +epe(d—k)) +/5)o
13
+ fﬂ + NV 2easpt

This will allow us to obtain the following final result:

(\/(45Fs+2) +epe(d—Fk)+ \/g) o

=a

Bl -

VE
+v ( - 2%) 7 (28)
=b
withn = m and p? = 1— ﬁ We need to have py < 1 in order to have a contraction

at each step. Let us suppose that k > p?k* /(1 — p?)?: we will show that this value for & allows to

verify that condition on p~y. That implies k< a pp ok . We then have, from the definition of ~y in
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(1-p)? 42 +14+p" = 2p2\ (1-p?)2\ 1
H( p? +\/( p? > p? >2

1-p%)? , JA+p2)?1-p?)?)\1
=1+ 2 + P 9
(1-p*)* (A+p)A-p)\1 (1-p)A-p"+1+p")\ 1
R - P2 )21+< P2 >2
1-p%) 1
-1+ (pzf’) =5 (29)

Therefore, we indeed have py < 1 when choosing k > p2k* /(1 — p?)2.

Unrolling inequality (28) through time, we then have, at iteration ¢ + 1, and denoting by £'*! the
noise drawn at time step ¢ + 1 and w'*! the random directions uy, ..., u, chosen at time step ¢ + 1,
from the law of total expectations:

Bl — @*|| = Bt a1 wt Berit qenjer ue g1 || — |
< Egtur, g1t [vol®’ — 2| + yao + ybul
= 1PE¢t wt,e1 [ — 2*|[] + yao + by
< () Bert i gt |21 — ¥ + (vp) a0

+yao + (vp)*bp + by
t t
< ()2 — 27| + (Z(VP)Z) vao + (Z(vp)i> by
1=0 =0

* 1- 0 t 1-— ) t
:(fyp)t""le(o)_w H_i_J ao ﬁ

vao + Ybp
L—rp L—rp
1
< ()2 — 27| + ~ao + by
I—np L—rp
Where the last inequality follows from the fact that py < 1. O

D.2 Proof of Remark [

Proof. We show below that, due to the complex impact of ¢ and & on the convergence analysis in our
ZO + HT (hard-thresholding) setting (compared to ZO only), g cannot be taken as small as we want
here (in particular we can never take ¢ = 1, which is different from classical ZO algorithms such as
[23} Corollary 3]), if we want Theorem 1 to apply with py < 1. In other words, there is a necessary
(but not sufficient) minimal (i.e. > 1) value for q.

A necessary condition for Theorem 1 to describe convergence of SZOHT is that py < 1. From the
expressions of p and v We have p = p(q, k), and v = (k). We recall those expressions below:

y = \/1+ (k*/k+\/m) /2

2

L,

2 _1_ v: _1_ 1 L,
pr=1 (deptD)L% — L = oy With v = 5.

with: ep = q(f;iQ) ((5710291271) + 3) + 2, with s = 2k + k* (we consider the smallest s possible

from Theorem
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So therefore:

9 1
R Y RSP TR
|:q(52+2)( d—1 + )+ }K’
- d 2kt k*—1)(s2—1
[«£+m(( df(z )+3)+9}#

drk>(s2— so—1)(k*—
Let us define a := m and b := K2 {q(siiz) [( 2 ?7(1 L 3]+ 9}

‘We then have:

1
2:1_
P ak +b

To ensure convergence, we need to have py < 1, therefore (following the same derivation as in (29))

a necessary condition that we need to verify is k > p?k* /(1 — p?)2.

Which means we need:

k>m

= 2
(w55)
k > [(ak +b)* — (ak + b)] k*
k> k* [a®k® + 2abk + b® — ak — b

1
0> k*a®k® + (2ab - — - a> Kk + (b —b) k*

k
If we want that there exist a k& such that this is true, we need (since k* > 0):
A>0
with:

2(2ab — i —a)® — 4k a® (% - b)

2
1
( 40’b® + | — + a) — 4ab (k - a)> — 4k**a® (b* — b)

2a  4ab

22 4 aa
[4(1 b k*2 +a?+ = o

=1+ a’k*? + 2ak* — 4abk*

A>0=1+ad’k* 4 2ak™ > dabk*
Let us express a and b in terms of g, as:

— 4a2%b — 4a°V? + 4a2b}

A . 16drk? (sg — 1)
a=— with A=——7"—~
q (s2+2)(d—1)

b:§+0 with B:ﬁ[(sfim<(82_;)_(k1*_1)+3>}

and with C' = 9x>
So plugging in (34), what we need is:
1+ A—jk*2 e (B +C> k*
q q g\ q
¢ + A2k + 2Ak*q > 4ABK* + AC Agk”*
¢ + q(2Ak* — AC AK*) 4+ A?k*? — 4ABE* >0
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(32)

(33)

(34)

(35)

(36)
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To ensure that, we need to compute A’, defined as:
A= (2AK* — ACAK*)? — 4 (A%k*? — 4ABK”)
=4A%k*? + 1602 A%k*? — 16C A%k*? — 4A%K*% + 16 ABE*
=16CA%k**(C — 1) + 16ABk* = 16Ak* [k*C(C — 1)A + B]

‘We now have:
C=9x’=C>1=A>0

Therefore, there is a minimal value for ¢, and it is:

q 2 Qmin
With:
— (2Ak* —4CAk*) + \/16CA2k*2(C — 1) + 16 ABk*
Gmin = 9 (38)
24K" (20 — 1) +,/1642%2 [C(C — 1) + ]
= 5 (39
Case so > 1: Assuming so > 1 gives A > 0, and since A = gﬂ% and B =
2 So— *_
(e )

Cotveee B 1 d—1
This gives: 57 = 5 — 5= + 5 7= “(52-1)

Therefore: g, = Ak* [20 -1+ 2\/0 -1)+ 2 %* + 3 5% (dSQl 1)J
with C' = 9«2, which reads:

16d —1)k*K2 1 1 d—1
qmm:M l18n21+2\/9n2(9n21)++3]

(52 +2)(d— 1) 2 2%k 2k*(sa—1)

Case sy = 1: In the case sy = 1, we have A = 0, so therefore, from (B8], ¢min = 0, so the
necessary condition on ¢ as above so that there exist k such that: k > p?k* /(1 — p?)? does not apply
here. We may therefore think that it may be possible to take ¢ = 1 in that case. However, there
is another condition on k that should also be enforced, which is that £ < d (since we cannot keep
more components than d). And in that s, = 1 case, we have a = 0, and b = K2 [8% + 9] (from
(33) and (36). Now, enforcing the condition k > k*[(ak + b)? — (ak + b)] = k*b(b — 1) leads to
the following chain of implications (i.e. each downstream assertion is a necessary condition for the
upstream assertion):

kk b(b—1) and k<d=>i> (b—1)? :\/ 1>b:>\/ 1>—+C
zq/ +1—C>—

d
= qzi and C’—\/§+1>O
L+1-C
B 8k2d
— gz = g2 (40)
£+1 = +1

Where the last inequality follows from the expression of B in (36)) when s = 1.

So the right hand side in {@0) is also a minimal necessary value for ¢ in this case, though for a
different reason than in the case s > 1.

O
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D.3  Proof of Corollary[l]

Proof. We first restrict the result of Theorem|[I]to a particular ¢. By inspection of Proposition [T} (b),
we choose ¢ such that the part of € ¢ that depends on g becomes 1: we believe this will allow to better
understand the dependence between variables in our convergence rate result, although other choices
of q are possible. Therefore, we choose:

2d (s=1)(s2—1)
= 3 41
7= 12 ( i1 “h
so that we obtain: €% := 1+ 2 = 3 (from Proposition(b)), which also implies :
. Vs _ Vs
T e ¥ )12 T 132
and:
202 202
P T (42)

C (4eh+1)LZ T 13L2

Now, regarding the value of ¢, we also note that any value of random directions ¢’ > ¢’ can be taken

too, since the bound in Proposition (b) would then still be verified for ¢/ (that is, we would still

have IEHV/ng(ac)H2 < || VEfe(@)||? + pe [V e fe(x) |2 + capsp®) (With €’z the value of € pe

for g = ¢').

Therefore, we will choose a value ¢” so that our result is simpler. First, notice that
1

s <d = 753175 e %g‘%l e 2:}§§. Therefore, if we take

q>2s+ 6%, we will also have ¢ > 52212 ((5—102(7512—1) + 3) =q.

Let us now impose a lower bound on £ that is slightly (twice) bigger than the lower bound from
Theorem [T} As will become clear below, this allows us to have a py enough bounded away from 1,
which guarantees a reasonable constant in the O notation for the query complexity (see the end of the
proof). Let us therefore take:

2

k> okt —
- A=p?)

(43)

and plug the value of p above into the expression:

202

2 1— =+ 2\ 2 2

13L2, 13L%, 13L%,

k>ok L e ko e k> 2% ( ;) -
(1—p7)2 (1375 )2 203 202

13
= k> 2k*(?/$2

13

)t 1)

With « denoting Ly—s' Therefore, if we take:

k> (86x" — 12K%)k*

we will indeed verify the formula above k > 2k* (2 £%)(2 k% — 1).

We now turn to describing the query complexity of the algorithm: To ensure that (yp)t||2(?) — z*|| <
€, we need:

1 *
t > — log(=) log(|[z® — z*|) (44)
log — €

vp

with ~p belonging to the interval (0, 1). Let us compute more precisely an upper bound to p in this
case, to show that it is reasonably enough bounded away from 1: Taking k as described in (@3], and
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plugging that value into the expression of - from Theorem|[I] we obtain:

5 (1—p?)? (1—=p»)2\ (1—p?)?
A2 =14 <2p2 +\/<4+ 2 ) 7 )/2

1 [ (1—p?)? 1—p2)2\ (1-p?)2
§1+2<(p,f)+\/(4+( pf)>( pf)>/2

Where the simplification in (a) above follows similarly to (29). Therefore, in that case, we have:

1 1 1
22 <2 p —(1—p?) = — +p*(1 — —
Py < p \/i( p°) 7 p( \/ﬁ)

1 2 1 20- %) @ 1
= (- ) ) =1 = -
V2 13K2 V2 13k2 26K2
Where (a) follows because (1 — %) ~ 0.29 > 1/4 Therefore:
1 1

> (45)
1
(p,-y)2 1- 26r2

Given that log(t2=) > z forall z € [0, 1), we have:

lo ! > !
B\ 002/ = 2687

1 I~ = 2 T < 52k2
log(-)  log(7352)
Therefore, plugging this into (@), we obtain that with ¢ > 52x*log(2) log(||z® — *||) =
O(K? log(é)) iterations, we can get (yp)t||lz — z*|| < e.

Therefore:

To obtain the query complexity (QC), we therefore just need to multiply the number of iterations by
the number of queries per iteration ¢ = 25+ 6%: to ensure (yp)'||z —x*|| < £, we need to query the

zeroth-order oracle at least the following number of times: (2s+6 2 )52 log( 1) log(||2'®) —*||) =
O((k + £)rlog(1)), since s = 2k + k*.

D.4 Proof of Corollary 2]

Almost all fe are L-smooth, which is equivalent to saying that they are (L, d)-RSS. So we can
directly plug so = d in equation (@T)), which gives a necessary value for g of:

2d
= 2 46
¢=756+2) (46)
Since any value of ¢ larger than the one in (6) is valid, we choose ¢ > 2(s + 2)(> %(s + 2)) for

simplicity. The query complexity is obtained similarly as in the proof of Corollary [T]above, with that
new value for ¢ (the number of iterations needed is unchanged from the proof of Corollary [T), only
the query complexity g per iteration changes), which means we need to query the zeroth-order oracle
the following number of times: 2(s + 2)52x%log(2) log([|z(®) — z*|)) = O(kxlog(2)) O

E Projection of the gradient estimator onto a sparse support

Below we plot the true gradient V f () and its estimator V f () (for ¢ = 1), as well as their respective

projections V - f () and V - f (), with F' = {0,1} (i.e. F is the hyperplane z = 0), for ng;; random
directions. In Figure[5(b)] due to the large number of random directions, we plot them as points not
vectors. For simplicity, the figure is plotted for ¢ — 0, and so = d. We can see that even though

gradient estimates V f (x) are poor estimates of V f(z), V- f () is a better estimate of V g f ().
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Vi)

IV 5 (z) — V()|
 Vf(z)
— Y f(z)

Vef(@) Ve f(z) - Tri)]

(a) nar =1 (b) ngr = 10°

Figure 5: V f(z) and V f () and their projections V z f(z) and V¢ f () onto F

Remark 5. An interesting fact that can be observed in Figure[5(b) above is that when p — 0 and
so = d, the ZO gradient estimates belong to a sphere. This comes from the fact that, in that case,
the ZO estimate using the random direction u is actually a directional derivative (scaled by d):

Vf(x) = d(Vf(x),u)u, for which we have :

v d 2 2 2 d2 2
IVf(@) = 5V @7 = d"(Vf(@),u) (u,u) + V()]

— (Y (), u) (u, Vf(z))
d

? 2
= 9@

(since ||u|| = 1). That is, gradient estimates belong to a sphere of center %V f(x) and radius

g |V f(x)||. However, the distribution of NV f () is not uniform on that sphere: it is more concentrated
around 0 as we can observe in Figure[5(D)]

F Value of py depending on ¢ and £~

In this section, we further illustrate the importance on the value of ¢ as discussed in Remark 4] by
showing in Figure[f] that if ¢ is too small, then there does not exist any k that verifies the condition

k> %, no matter how small is £* (i.e., even if k* = 1). However, if ¢ is large enough, then
there exist some £* such that this condition is true. To generate the curves below, we simply use the
formulas for v = y(k, k*) and p = p(s, q) with s = 2k + k* from Theorem (] and with d = 30000

and sy = d.

a: 200 : 5000 a: 30000

(@) ¢ =200 (b) ¢ = 5000 (c) ¢ = 30000

Figure 6: p~y (y axis) as a function of k (x axis) for several values of ¢ and k&~
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G Dimension independence/weak-dependence

In this section, we show the dependence of SZOHT on the dimension. To that end, we consider
minimizing the following synthetic problem:

min f(x) st |xlo <k
x

2
if i > d — k* with k* = 5. In other words, the £* last components of y are regularly spaced from
1/k* to 1: in a way, this simulates the recovery of a k*-sparse vector y by observing only the squared
deviation of some queries . In that case, we can easily check that f verifies the following properties:

with & = 500, and f chosen as: f(x) = L|lx — y||?, withy; = 0ifi <d — k* and y; = m

* fis L-smooth with L = 1, as well as (L, s')-RSS for any s’ such that 1 < s’ < d, with
Ly =1, and (v, s)-RSCwith s =2k + k*and vy = 1 (so k = L = L = 1)

e y=ga" =argmin, f(x) st |x]o<k*
* fly)=f@r)=0
* Vf(y) =0so fis 0-FGN with o = 0

We also note that the above setting of k and k* verifies k > (86/14 — 12/&2)k* (since x = 1). Finally,
we initialize ° such that z°; = 1 /dif d — k* > i and 0 otherwise. We choose this initialization
and not z° = 0, just to ensure that V f(x°); # 0 for any 4: this way the optimization is really done
over all d variables, not just the k* last ones. In addition, this initialization ensures that ||z° — z*||
is constant no matter the d, which makes the convergence curves comparable. We consider several
settings of s, to showcase the dependence on the dimension below.

Dimension Independence

* 5o = d: As from Corollary we take ¢ = 2(s + 2) with s = 2k + k* (i.e. ¢ = 2014).
We choose ¢4 = le — 8, to have the smallest possible system error due to zeroth-order
approximations. As we can see in Figure[7] all curves are superimposed, which shows that
the query complexity is indeed dimension independent, as described by Corollary [2]

* 55 = O(%) (We choose s5 = [2]): As from Corollary we take ¢ = 2s + 6% with
s = 2k + k*. In that case, from Corollary |1} the query complexity will still be O(k) (i.e.
dimension independent), as a sum of two O(k) terms, although larger than in the case
s9 = d above (since the constant from the O notation in Corollary [I| will be larger here).
We can observe that this is indeed the case in Figure[8]

Dimension weak-dependence We now turn to the case where ss is fixed. We choose ¢ as in
Corollary|l|(¢g = 25 + 6% with s = 2k + k™ ): the query now depends on d in that case, as predicted

by Corollary [I] which can indeed be observed in Figure [}

H Additional results on adversarial attacks

In this section, we provide additional results for the adversarial attacks problem in in Figure
[[1] The parameters we used for SZOHT to generate that table are the same as in[5.3] except for
MNIST, for which we choose k = 20, ¢ = 10, and s = 10, and for ImageNet, for which we choose
k = 100000, s, = 20000 and ¢ = 100. As we can see, SZOHT allows to obtain sparse attacks,
contrary to the other algorithms, and with a smaller ¢5 distance and a larger success rate, using less
iterations: this shows that SZOHT allows to enforce sparsity, and efficiently exploits that sparsity in
order to have a lower query complexity than vanilla sparsity constrained ZO algorithms.
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— d-5000
ro —— d=10000
—— 450000

— d-5000
ro —— d=10000
—— 450000

" Function Evaluations ™ Function Evaluations ° "™ Function Evaluations
(@) f(x) (@) f(z) (@) f(x)
o o i B e i
b) [l — 2| b & — 27| b e — 2|
Figure 7: so = d Figure 8: so = L%J Figure 9: s3 = 50
Figure 10: Dependence on the dimensionality of the query complexity
Method ASR /g dist. {5 dist.  Iter Method ASR /¢y dist. {5 dist.  Iter
RSPGF  78% 100% 10.9 67 RSPGF  83% 100% 4.1 326
ZORO 5%  100% 15.1 550 ZORO 86%  100% 62.9 592
ZSCG 79%  100% 10.3 252 ZSCG 86%  100% 8.4 126
SZOHT 79% 2.5% 8.5 36 SZOHT 91% 1.9% 2.6 26
(a) MNIST (b) CIFAR
Method ASR /g dist. /¢ dist. Iter.
RSPGF 91% 100% 19.9 137
ZORO 90%  100% 111.9 674
ZSCG 76%  100% 111.3 277
SZOHT 95% 37.3% 10.5 61

(c) ImageNet

Figure 11: Summary of results on adversarial attacks
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