A Upper bounds for non-smooth sums

Consider the case where the components are not strongly convex. As shown in lemma 1, we can use
a single call to a prox oracle to obtain the gradient of

) = inf, f() + 2 o~ ul?

which is a S-smooth approximation to f. We then consider the new optimization problem:

min {F(B)(x) = % i ffﬁ)(z)} . (13)

reX :
=1

Also by lemma 1, setting § = = ensures that F()(z) < F(z) < F(®(z) 4 § for all 2. Con-

sequently, any point which is £-suboptimal for F®) will be e-suboptimal for F'. This technique

therefore reduces the task of optimizing an instance of an L-Lipschitz finite sum to that of optimiz-
. 2 .
ing an £~ -smooth finite sum.

Solving (13) to £-suboptimality using AGD requires O (™L2) gradients for F®) which requires
that same number of prox oracles from h . Formally:

Theorem 9. For any L, B > 0, any ¢ < LB, and any m > 1 functions f; which are convex
and L-Lipschitz continuous over the domain X C {z € R : ||z|| < B}, applying AGD to (13) for
8= L; will result in a point & such that F() — F (z*) < € after O (™£E) queries to hp.

When the component functions are A-strongly convex, a more sophisticated strategy is required to
avoid an extra log factor. The solution is the AdaptSmooth algorithm [4]. This involves solving
O(log %) smooth and strongly convex subproblems, where the ¢ subproblem is reducing the sub-
optimality of the B;-smooth and A-strongly convex function F(ﬁ‘)(az) by a factor of four, where

2 2
By = E—OQt and where ¢p < LT upper bounds the initial suboptimality. Using this method results in

an e-suboptimal solution for F after Ziofo%o Time(f¢, \) queries to hp.
In the case of AGD, Time(v, ) = O (m+/7) and

log FTU

L? mL
Time | — 27, /\) =0 ()
; < €0 Ve

Theorem 10. For any L, A\, e > 0, and any m > 1 functions f;, which are L-Lipschitz continuous
and \-strongly convex on the domain X C R?, applying AdaptSmooth with AGD will find a point

& € X such that F(2) — F(z*) < € after O (%) queries to hp.

To conclude our presentation of upper bounds, we emphasize that the smoothing methods described
in this section will only improve oracle complexity when used with accelerated methods. For ex-
ample, using non-accelerated gradient descent on (%) in the not strongly convex case leads to an

mL?B?
62

oracle complexity of O ( ), which is no better than the convergence rate of gradient descent

applied directly to F'.
B Lower bounds for deterministic algorithms

B.1 Non-smooth and not strongly convex components

Theorem 1. Forany L,B > 0, any 0 < ¢ < &
A with access to hg, there exists a dimension d = O (

any m > 2, and any deterministic algorithm
mTLB), and m functions f; defined over
X = {z € R*: ||z|| < B}, which are convex and L-Lipschitz continuous, such that in order to find
a point & for which F(2) — F(z*) < €, A must make 0 (™L2) queries to hp.

Proof. Without loss of generality, we can assume L = B = 1. For particular values b and % to be
decided upon later, we use the functions (6):

1 1 &
filz) = NG b — (x, vo)| + NG ; Sir (2, vr1) — (2, v,
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It is straightforward to confirm that f; is both 1-Lipschitz and convex (for orthonormal vectors v,
and indicators d; , € {0,1}). As explained in the main text, the orthonormal vectors v, € R and
indicators d;, € {0,1} are chosen according to the behavior of the algorithm A. At the end of
each round ¢, we set §;; = 1 iff the algorithm did not query function 4 during round ¢ (and zero
otherwise), and we set v; to be orthogonal to the vectors {vy, ..., v;_1} as well as every query made
by the algorithm so far. Orthogonalizing the vectors in this way is possible as long as the dimension
is at least as large as the number of oracle queries A has made so far plus t. We are allowed to
construct v; and d; ; in this way as long as the algorithm’s execution up until round ¢, and thus our
choice of v; and d;+, depends only on v, and §; , for » < t. We can enforce this condition by
answering the queries during round ¢ according to

! —L—xv Lt_l» x, v —(z, v
fZ(x)_\/i“) <7 O>‘+2\/Erz:;61,r|<’ T—1> <7 T>|

For non-smooth functions, the subgradient oracle is not uniquely defined—-many different subgra-
dients might be a valid response. However, in order to say that an algorithm successfully optimizes
a function, it must be able to do so no matter which subgradient is receives. Conversely, to show a
lower bound, it is sufficient to show that for some valid subgradient the algorithm fails. And so, in
constructing a “hard” instance to optimize we are actually constructing both a function and a subgra-
dient oracle for it, with specific subgradient responses. Therefore, answering the algorithm’s queries
during round ¢ according to f} is valid so long as the subgradient we return is a valid subgradient for
fi (the converse need not be true) and the prox returned is exactly the prox of f;. For now, assume
that this query-answering strategy is consistent (we will prove this last).

Then if d = ["] + k + 1 and if = is an iterate generated both before A completes round & and
before it makes [ | queries to hg (so that the dimension is large enough to orthogonalize each v;
as described above) then (x, vg) = 0 by construction. This allows us to bound the suboptimality of

F(x) (since [ %] functions are queried during each round, 1", 6; , = [ ]):
Fla)= 23" 1)
Xr) = — i\
mi= Z

b= (@, vo)l + 5 5

1
:ﬁ Z|xvr1 (x, v

F is non-negative and F'(x3) = 0 where z;, = beIO vy. Choosing b = \/W makes ||z =1 so
that , € X. Therefore, F' achieves its minimum on X and

n k
F(x)—F(x*):%H) (x, 110|—|— i Z T, V1) — (X, vp)| — 0
> Ly >|+1|< ) — (2, o]
—|b—{z, v — |{x, vg) — (x, v
- 0 \/E 0 k

>
12k

Where the final inequality holds when k > 1. Setting k = | 13- ] implies F'(z) — F/(z*) > €. There-
fore, A must either query hy more than [ ] times or complete & rounds to reach an e-suboptimal
solution. Completing each round requires at least [ % | queries to hp, so when e < this implies

a lower bound of
. m 1 |m m
mn(—, |—| = | 2 —
€ 12¢ | 2 48¢
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To complete the proof, it remains to show that the subgradients and proxs of f} are consistent with
those of f; at every time ¢. Since every function operates on the (k + 1)-dimensional subspace of R¢
spanned by {v,.}, it will be convenient to decompose vectors into two components: © = % + z+

where z¥ = Y°F_ (x, v,) v, and 2+ = 2 — 2. Note that f!(z) = fI(z").

Lemma 2. For any t < k and any x such that ¥ € span {vg,v1, ..., v¢—1}, if function i is queried
during round t, then df!(z) C dfi(x).

Proof. All subgradients of f; have the form

sign(b — (z, vo

)) 1 &,
7 v + i ;&ngn( (, vr—1) — (x, vp) ) (Ur—1 — v;)

where we define sign(0) = 0. Since function 7 is queried during round ¢, ;; = 0, and since
(x, vp—1) = 0 = (z, v,) forall r > ¢, Of;(x) contains all subgradients of the form

. il -1
gn(b \/(5 ; 0>)Uo + 2\1/E Zémsign( (, vr—1) — (x, vp) ) (Ur—1 — v;)

which is exactly O ff(x). O
Lemma 3. For any t < k and any x such that ¥ € span {vg,v1, ..., V41 }, if function i is queried
during round t then V3 > 0, prox: (x, B) = proxy, (z, B).

Proof. Consider the definition of the prox oracle from equation 3

prox,, (z, ) = argmin fy(u) + 2

2
— || T —U
w 2 || ||

= argmin f;(u") + g ||:c” +at —u? — LH‘H2

uv,ut
B
2

= argmin f;(u’) + = [|2¥ — u"||* + arg min B H:L‘J' - uJ‘H2
uv ut 2
=zt + prox (%, 8)
Next, we further decompose =¥ = =~ + x+ where

t—1 k

xT = Z (2, vp) vy and rt = Z (¥, vy) vy

r=0 r=t

Note that z* = 0 and since function i is queried during round ¢, d; ; = 0. Therefore,

prox;, (2", B) = agrﬁnf&uf +ut) + g |2~ —u” - u+||2 (14)
1 1 <
= aiglzrﬁnﬁ ’b— <u7, ’U0>| + ﬁ ;(5“» |<1f7 U,»_1> - <u7, U,«>|
1 r B ~ 2 2
o 2 Bl o) = (it ] £ (ll= = oI+ )

— prox ¢(«”, 3)

The last equality follows from the fact that that the minimization is completely separable between
u~ and v, allowing us to minimized over each variable separately. The terms containing u* are
non-negative and can be simultaneously equal to 0 when ut = 0. Therefore, prox i (z,B) =

prox, (z, 3). O

These lemmas show that the subgradients and proxs of f! at vectors which are queried during round
t are consistent with the subgradients and proxs of f;. This confirms that our construction is sound,
and completes the proof. O
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B.2 Non-smooth and strongly convex components

Theorem 2. For any L\ > 0, any 0 < € < any m > 2, and any deterministic algorithm

288A’
A with access to hp, there exists a dimension d = O (%) and m functions f; defined over
X C R? which are L-Lipschitz continuous and \-strongly convex, such that in order to find a point

Z for which F (&) — F(z*) < ¢, A must make ) (%) queries to hp.

Proof. Suppose towards contradiction that the contrary were true, and there is an A which can find a
point & for which F(&) — F(x*) < e after at most o (W) queries to hg. Then A could be used to

minimize the sum F' of mn functions f;, which are convex and L-Lipschitz continuous over a domain
of {z : ||z|| < B} by adding a regularizer. Let

m m

) = S )+ 5 llal?

Note that f; is A-strongly convex and since f; is L-Lipschitz on the B-bounded domain, f; is (L +
AB)-Lipschitz continuous on the same domain. Furthermore, by setting A = %5,

F(e) < F(a) < F(e) + 555 lel* < Fa) + 5

By assumption, A can find an # such that F(Z) — F(z*) < § using o (m<L+’\B)) = o (mLE)

Ve
queries to hp, and

5> F@) = Fa') > F(@) - FE) - 3

Thus % is e-suboptimal for F. However, this contradicts the conclusion of theorem 1 when the
parameters of the strongly convex problem correspond to parameters of a non-strongly convex prob-

lem to which theorem 1 applies. In particular, for any values L > 0, A > 0,0 < € < 288/\, and
dimension d = O ( ﬁ) there is a contradiction. O

B.3 Smooth and not strongly convex components

Theorem 3. For any v, B,e > 0, any m > 2, and any deterministic algorithm A with access to
hp, there exists a sufficiently large dimension d = O(m ~B?/ e), and m functions f; defined
over X = {z € R?: ||z|| < B}, which are convex and ~y-smooth, such that in order to find a point
& € R for which F(z) — F(z*) < ¢, A must make Q(m+/vB?/€) queries to hp.

Proof. This proof will be very similar to the proof of theorem 1. Without loss of generality, we can
assume that v = B = 1. For a values a and & to be fixed later, we define:

filz) = é (5171 ((m, vo> — 2a{x, vg ) Z(S” z, vp_1) — (, Ur>)2 + ik (, yk>2>

We define the orthonormal vectors v, € R? and indicators 0i1 € {0,1} as in the proof of theorem
1. That is, at the end of round ¢, we set §;, = 1 if the algorithm A does not query function 4
during round ¢ (and zero otherwise) and we construct v; to be orthogonal to {v, ..., v;—1} as well
as every point queried by the algorithm so far. Orthogonalizing the vectors is possible as long as the
dimension is at least as large as the number of oracle queries A has made so far plus ¢. As before, we
are allowed to construct v, and &, ; in this way as long as the algorithm’s execution up until round ¢,
and thus our choice of v; and J; +, depends only on v, and ¢; ,- for » < t. We enforce this condition
by answering the queries during round ¢ < k according to

ﬁmzs(@4@wm%ﬂw@m0+§)w«aw4w4aww)
r=1
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We will assume for now that this query-answering strategy is self-consistent, and prove it later. This
allows us to bound the suboptimality of F'(x). Note that since exactly [ | functions are queried

eachround, Y7, &; , = [ 2], so let

Fi(z) = %Zﬁ(fﬂ) + 85 (@, vi1)?
i=1
- L& <<a:7 w0l = 20, w) + Y, vra) = o, ) 4 (o >>
r=1

Then if d = [%] + k+ 1, and if z is an iterate generated both before A completes round g := Lg]
and before it makes [%1 queries to hp, then (z, v,.) = 0 for all » > ¢ by construction. Then, for
this z, F4(x) = F*1(x) = F(z). By first order optimality conditions for F', its optimum x} must
satisfy that:
2{xg, vo) — (g, v1) = a
(xy, vp—1) — 2(x}, vp) + (@F, Vp31) =0 forl <r <t—2
(7, ve—2) — 2{(x}, v4_1) =0

It is straightforward to confirm that the solution to this system of equations is

t—1
N r+1
xt:az<1— )vr
= t+1

that
2|1 m
= 1
Fiar) =~ (1
8m t+1
and that
-1 2
N2 2 T—|—1
= 1—
it =S (1 )
5 11 =1
2 2
e 1 1
- e e )
_pfy 2t 1 s @)
11 2 (t+1)2 6
a’t
< —
- 3
Thus, we set a = ,/kiﬂ, ensuring HxZHH = 1sothat zj , = z* € X. Furthermore, for the

iterate « made before ¢ rounds of queries,

F(x) = F(z*) = FU(z) — F* ! (z3,,)
> F(xy) — FM ()

319 1 3% 1
B _Sm(k2+ 1) <1_ 5] +1> * 8m(k2—|— 1) (1_ k:+2>

> L
= 3242

where the last inequality holds as long as k& > 2. So, when € < 2 and we let k = |

75 , this

= J
V32
ensures that

F(z) = F(z*) = Fi(z) = F*(apy,) > €

14



and therefore, A must complete at least ¢ rounds or make more than [ 7] queries to i in order to
reach an e-suboptimal point. This implies a lower bound of

min (W 4 W;D = 16736?

To complete the proof, it remains to show that the gradient and prox of f! is consistent with those of
fi atevery time t. Since every function operates on the (k + 1)-dimensional subspace of R? spanned
by {v,}, it will be convenient to decompose vectors into two components: x = z* + x* where

2’ ="z, v,) v, and 2t = & — z¥. Note that f!(z) = fi(z?).

<

Lemma 4. For any t < k and any x such that ¥ € span {vg,v1, ..., v4_1}, if function i is queried
during round t, then V f}(z) = V fi(z).

Proof. Since function i is queried during round ¢, 9; + = 0 so
1 t—1
Vfi(z) = 1 (51‘,1 ((z, v1) vo — 200) + Z5i,r (&, vr—1) = (@, vp)) (Ur—1 — Ur)) = Vfi(z)

r=1
O

Lemma 5. For any t < k and any x such that ¥ € span {vo,v1, ..., v04—1}, if function i is queried
during round t then Y3 > 0, prox ;. (, ) = prox;, (z, B).

Proof. Up until the last step, this proof is identical to the proof of lemma 3, thus we pick up at (14):

prox;, (z", 8) = argmin f;(u”~ + ut) + g Hm_ —u - u+H2

1 t—1
= aigrfin 3 (51-’1 (<u_, v0>2 —2a <u_, v0>) + ; dir (<u_, Vp_1 — vr>)2

r=t+1
= prox (2", )

The final step comes from the fact that the arg min is separable over v~ and u, meaning we can
minimize the two terms individually. The terms which contain v are non-negative and equal to
zero when ut = 0. ]

These lemmas show that the gradient and prox of f} at vectors which are queried during round ¢ are
consistent with the gradient and prox of f;. This confirms that our construction is sound.

. 2
This proves the lower bound for € < %, we can extend the same lower bound to € >

the following, very simple construction. Let

1B?

5 using

filz) =

0 if function ¢ is queried in the first m — 1 queries
2me (z, v)

where v is a unit vector that is orthogonal to all of the first m — 1 queries. This function is trivially
1-smooth. By construction, the algorithm must make at least m queries to learn the identity of v.
Until it has done so, any iterate will have objective value zero, while the optimum F'(z*) = F'(v) =
—2e¢. Therefore, the algorithm must make at least m queries to reach an e-suboptimal solution. For

B2
€> Tos
B2
m>m B
128€
Therefore a lower bound of {2 (m 7632) applies for any € > 0. O
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Remark: If make the additional assumption that F' is minimized on the interior of X, since 0 is
2
O(~yB?)-suboptimal, only 0 < € < % gives a non-trivial lower bound. This lower bound is shown

by the first construction presented in the previous proof.

B.4 Smooth and strongly convex components

Theorem 4. For any v, \ > 0 such that ¥ > 73, any e > 0, any ¢y > % any m > 2, and
any deterministic algorithm A with access to hp, there exists a sufficiently large dimension d =
O (mﬁlog (%)) and m functions f; defined over X C R? which are y-smooth and -
strongly convex and where F(0) — F(x*) = €, such that in order to find a point & for which

F(z) — F(z*) < ¢ A must make ) (mﬁlog (%)) queries to hp.

Proof. We will prove the theorem for 1-smooth and A-strongly convex components for any A < %3
This can be extended to arbitrary constants v and \ by taking A = 2

-
For any £ and for ¢ and C' to be defined later, let

filx) = 1—A ((514,1 ((a:, v0>2 —2C (z, vo>) + 6, k¢ (x, vk>2

8
b A
+ ;&;r (@, vp_g — UT>2> + 5 ||:I:H2

where the vectors v, and indicators d; ,- are defined in the same way as in the previous proof. This

function is just a multiple of the construction in the proof of theorem 3 plus the A |\33||2 /2 term. Tt
is clear that the norm term is uninformative for learning the identity of vectors v,., as the component
of the gradients and proxs which is due to that term is simply a scaling of the query point. Thus, for
any iterate = generated by A before completing ¢ rounds of optimization, (x, v,.) = 0 forall r > ¢
so long as the dimension is greater than the total number of queries made to hg so far plus k + 1; a
fact which follows directly from the previous proof.

Since exactly [ %] functions are queried per round, ;" ; 8; » = [ %] and thus

k
Fa)= M@= <<m, v0)? = 2C (2, vo) + C (x, vi)® + > (@, v,y — vr>2> + % ||

8 r=1
where =
o)1
2
=—==(-—-1)+1
Q=5 -1)+
By the first order optimality conditions for F'(z), its optimum z* must satisfy that:
1
Qgtl (x*, vo) — (z*, v1) =C
(", vp_1) — QL (", vp) + {x", vp11) =0
Q-1
L+ 5 ) (o ) — (@, vea) =0
e x v — \r , Up— =
Q 1 s Uk 5y Vk—1

Defining g := *{%: < 1 and setting ¢ = 1 — ¢, it is straightforward to confirm that

k
o = C§ qr-i-lvr
r=0

and also that \C? )
Fa = -~ (Va-1)

Thus, F(0) — F(z*) = ’\gz (V@ - 1)2, so by choosing C' appropriately, we can make the ini-

tial suboptimality of our construction take any value ¢y. Since F' is A-strongly convex, for any
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zy, Fzy) — F(z*) > 5 ||lzg — 2* I%. Let ; be an iterate which is generated before ¢ rounds of
optimization have been completed, implying that (z;, v,) = 0 for all > ¢. So
* * 12
Fle) = F(e*) |3 lla—a"]
px) 2
FO) = Fla®) =3¢ (g 1)
4 O2 Zk—t g2rt+2
- C’Q (\/@ . 1)2
4(gH2 — g2htay

- (Va-1)’

(q2t _ q2k+2)

V@

Ifwesetk +1= {tf 21;“—‘ then

Flrg) = F(*) (¢ = @)
FO-F@) = VQ

q2t

2/Q

= L exp <2t log 1)
2VQ q

:Lexp (—Qtlog <1+ 2 ))
2/Q VQ -1

s (i)

v

v

and when t = L\/@[l log 2\6/%6J

F(z) — F(z*) _ €
F(0)— F(z") ~ @

Therefore, the algorithm must complete at least ¢t rounds of queries before it can reach an e-

suboptimal point. If ¢g > % and A < 7—13, since each round includes at least % oracle queries,
this implies a lower bound of
-1 A
m {\/Q log 0 J LV T Ve
2 4 2/ Qe 40V \ 2v/Qe ~ 40\ 2¢
queries to hp in order to reach an e-suboptimal point. O

C Lower bounds for randomized algorithms

To prove the deterministic lower bounds, we constructed vectors v, adversarially, orthogonalizing
them to queries made by the algorithm. In the randomized setting, this is impossible, as we cannot
anticipate query points. Our solution was to instead draw the important directions v; , randomly in
high dimensions. The intuition is that a given vector, in this case the query made by the algorithm,
will have a very small inner product with a random unit vector with high probability if the dimension
is large enough.

Using this fact, we construct helper functions . and ¢, to replace the absolute and squared dif-
ference functions used in the deterministic lower bounds. These functions are both flat at O on the
interval [—c, ], meaning that the algorithm’s query needs to have a significant inner product with
v; » before the oracle needs to give that vector away as a gradient or prox. We will show that each
one of our constructions satisfies the following property:

17



Property 1. Foralli, allt < k and x such that Vr > t |(x, v; )| < §, ift is odd, then
Ofii(z) Cspan{x,vig,...,vi1—1} and Ofi2(z) C span{x,vig,..., vt}

proxy, | (x,B) € span{x,vi 0, ..., Vi1—1} and proxy, (x,B) € span{x,v;0,..., Vi 1}

and if t is even, then
Ofii(z) Cspan{x,vig,...,vi+} and Ofio(z) Cspan{x,vi0,...,vi1-1}
proxfi,l(:c, B) € span{x,v;0,...,Vi 1} and prox;, (v, B) € span{z,vi 0, ..., Vit—1}

In other words, when « has a small inner product with v; ,. for all » > ¢, then querying either f; ;
or f; 2 at x will reveal at most v; ;. Our bounds on the complexity of optimizing our functions are
based on the principle that the algorithm can only learn one v; ,. per query, so we need to control the
probability that the hypotheses of these lemmas hold for every query made by the algorithm. In this
section, we will bound how large the dimensionality of the problem needs to be to ensure that with
high probability, only one vector is revealed to the algorithm by each oracle response.

We consider the following setup:
e Fori =1,2,..,m/2, f;1 and f; o are pairs of component functions that satisfy Property
1 to be optimized by the randomized algorithm, we can assume that m is even by letting

the last component function be 0 if m is odd, at the cost of a factor of (m — 1)/m to the
complexity.

e Fori =1,2,....,m/2and r = 1,..., k, {v;,} is a uniformly random set of orthonormal
vectors in R?.

e We denote the n* query made by the algorithm ¢(™ = (i("), j(™) 2™ 3(")) which is a
query to function f;) ;) at the point 2(") with the prox parameter 3(). We require that
3B s.t. ||| < B for all n; this will be justified in the individual lower bound proofs.

The n'" query is allowed to depend on the previous n — 1 queries, the oracle’s responses
to those queries, and the randomness in the algorithm.

e Forn=1,..,N,letS, =span{z® : t <n, i) =i(™} andlet L (S%) be its orthogo-
nal complement.

e Let Psv be the projection of the vector v onto the subspace S, and Psiv be its projection
onto L (5).

o Lett™ = Zz;ll 1 <i(”/) = i(")). The counter (™) keeps track of the number of times
that function f;) ; or f;m) o has been queried by the algorithm before the n" query.

o Let U, = {vi(”),r r> t(”)}. This is the set of vectors v; , which are supposed to be
“unknown” to the algorithm before the n** query.

Ultimately, we want to prove the following statement:

P (Vn Yv e U,

<ﬂmﬂ§’<§)>1—5 (15)

when the dimension is adequately large. The main difficulty here is that queries made by the algo-
rithm are allowed to depend on the oracle’s responses to previous queries, which in turn depends on
the vectors v. Therefore, there is a complicated statistical dependence between z(™) and v € U,, for
each n > 1, which makes analyzing the distribution of the inner product hard. We will get around
this by proving a slightly different statement, and then show that it implies (15).

NOR
<Hx(n)||, PSn'U> < O]

The following lemma shows why G, is a useful thing to look at:

Define the following “good” event:

G, = |YveU,

where o = m

Lemma 6. Forany ¢ > 0 and N, [ﬂﬁle Gn} = [Vn < NWeU, (2, v) < £].
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Proof. Because ||z(™|| < Band (.,_, Gy

(n) (n)
(n) >’ _ H (n)H T oplyNa (P p
‘<$ , U T Hz’(n)H’ Sn U ||£L'(n)H7 S,V
gB(a+\/n—1a)
< Ba + BaV'N
c
<= O
-2
Now that we know that [Vn G,,] implies (15), we prove the following:

Lemma 7. For any set of functions satisfying Property I, any ¢ > 0, any 0 < 6 < 1, any k, N, and
2
any dimension d > @TN log (kTN), P (Vn < NWYvelU, |<m("), ’U>| < g) >1-9

Proof.

N N
P <ﬂ Gn> 1P GG

n=1

n—1

where G, is shorthand for (', G,. We lower bound each term of the product by showing that
for any sequence of n queries ¢V, ..., ¢("™)

)
pSLnx(n) N

Marginally, each v is uniformly random on the unit sphere. Consequently, v projected onto any fixed
subspace is independent of the projection onto the orthogonal complement of that subspace when
conditioned on the norm of the projection, so Pg- v L Pg, v | ||Ps, v|. Conditioned on G, 6 and
Property 1 ensures that the oracle’s responses to the first n — 1 queries were independent of v. So,
v is independent of the queries conditioned on G, and || Ps, v||, and those events depend only on
v’s projection onto the subspace S;. Therefore, P§; v remains uniformly distributed on the sphere

Pl Vve Un <« G<n7q(1)7 7q(7l)

—Plweu, <a|GongW, ... g™

>1-—¢

of radius /1 — ||Ps, v||” in the subspace L (S,). Furthermore, since the projection operator is
non-expansive:

pslnx(n) N
‘<Hw<">! 5.

<P ’< Pg-nx(”) Pé-nv >
[1Pg, =™ || P ]l

n

2 (6% NS Un,G<n>q(1)7 “’7q(n)7 ||PSTLU||

Za RS Un,G<n7q(1)7'“aq(n)’||PSnUH

Let d = dim(L (S,,)), then this is the inner product between two unit vectors, one fixed, and one

uniformly random on the unit sphere in R . The set of vectors for which the absolute value of the
inner product is greater than « are two “ends” of the sphere which lie above and below circles of

radius v/1 — a2. The total surface area of the two portions of the sphere is strictly less than the
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surface area of the sphere of radius /1 — «2. Therefore,
PSl (™ PSl v
P f (n)|]? J_n
| Pg, ™| [|Pg, v]|

4/1_O[2Ul/71 d'—1
< N

1d’—1 = (1 - a2) ’

Z « NS Un7G<n7q(1), 7q(n)7 ||Psn’l)||

andsinced >d—nand1l —z <e?

d'—1 a2(d—nfl) _a2(d—N—1)
2

(1-a%) % <e ™ = <e

Using this result and a union bound over the set U,, which has size at most k:

(n)

o 1
(g )
Since this argument applied for any n, any sequence of queries ¢(*,...,¢("™), and any value of
|| Ps,, v|| that is consistent with G «,,, this implies that

a?(d—N-1)

P|VYveU, <a|lGen g, g™, |Ps, ||| >1—ke ™ =

a2(d—N-1)
2

VP (Gp | Gep) > 1 — ke~

N a2(d—N-1) N a2(d—N-1)
= P(()Gn]|> <1—k62> >1—kNe "~ =z

n=1
So, when
2 kN
d> 2log(> +N+1
@ 0
then
N a2(d—N-1)
P(()Gn|>1-kNe =
n=1
>1— kNe o8’
=1-96
Applying lemma 6 completes the proof. O

Together, Lemma 7 and Property 1 allow us to ensure that any algorithm can only learn one important
vector per query with high probability as long as the dimension is large enough. What is left is to
show that Property 1 holds for each of our constructions and to bound the suboptimality of any
iterate that has small inner product with the vectors in U,,.

C.1 Non-smooth and not strongly convex components

We first consider the Lipschitz and non-strongly convex setting and prove theorem 5:

Theorem 5. Forany L,B > 0, any 0 < € < 10{?%’ any m > 2, and any randomized algorithm A

4 6
with access to hr, there exists a dimension d = O (LE4B log (%)), and m functions f; defined

over X = {z € R : ||z|| < B}, which are convex and L-Lipschitz continuous, such that to find a
point & for which E [F (&) — F(z*)] < ¢, A must make Q(m + @) queries to hp.

As shown in Equations (9) and (10), we define
Ye(2) = max (0, |z] — ¢)
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and for values b, ¢, and k to be fixed later we define m /2 pairs of functions, indexed by i = 1..m/2:

<£L’ V;,0 |+ Z d)c T, Vg r— 1> <£L’, vi,’r’>)

1
f,l( ) \/5‘ reven

f12 fzwc x, Ulr 1> <1'7 Ui,r>)

r odd
Assume for now that m is even. If m is odd, then we simply set one of the functions to 0 and the
oracle complexity is reduced by a factor proportional to ™—

At the end of this proof, we will show that the functions f; . satisfy Property 1. Since the domain,
and therefore the queries made to the oracle are bounded by B, Property 1 and Lemma 7 ensure

. . . : 2 .
that when the dimension is at least d = 32?721\[ log(10kN), for iterate « generated after N oracle
queries, (z, v; ) > 5 for no more than N vectors v; - with probability 1%

We now bound the suboptlrnahty of (fi1 + fiz2)/2 for any x where (z, v; 1) < §.

1 1
3 (Fia(@) + fia@) = =5 1b = (@ veo)l + = E Ve (@, vigm1) = (2, vir))

It is straightforward to confirm that this function is minimized when (z, v; ) = b for all r. Since

this is also true for every ¢, F' is minimized at z, = b )%, Zfzo v;.r. In order that || z,|| = 1 so

that x, € X, wesetb =,/ (k+1) Thus,

SFr@) + fia(@) 5 (fia (@) + fuala) > %mm)+ﬁxwww

1
Zﬁﬂ) (x, vio H— Z| T, vip-1) — (@, viy)| —c
SO S H+—LK )= (z, vi)]
= T, U; T, Ui — (T, U;

2 4f 2\/‘ 0 4\/% ,0 ik

k 1 ¢
> ———c+ b— - 5
> et b ()| + (o vl =
>—2k7+c+min—|b—z|+7\z|
-~ s8vk z€R 2,/2 Wk
B 2k+1 + b

>_2k+1c+ 1
- s8vk 4k~/m

Therefore, we set ¢ = —= and k = Lﬁj so that

LU @)+ Fin(@) — 5 (i) + frale) > 5 + oe=2e

This ensures that if (x, v;,) < £ for at least m/4 ¢’s, then x cannot be e-suboptimal

2
for F. Therefore, after N = % queries in dimension d = Mlog(l()k]\f ) =

%]232 (%) log (%(kﬂ)) then F'(x) — F(z*) > € with probability -> 15- When e < 10f A
must make at least
m(k+1) . m n @
4 — 4 80¢

queries with probability 1% Finally, we prove that Property 1 holds for our construction:
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Proof of Propetry 1 for Lipschitz, non-strongly convex construction. First we prove the properties
about the gradients:

Consider the case when ¢ is odd. From (9), it is clear that 2= (z) = 0 when |z| < c. Furthermore, for
r > t, [(x, v; r—1) — (x, vir)| < c. Therefore, any subgradient g1 € Jf; 1(z) and go € Of; 2(x)

can be expressed as

sign(b — (z, v; 0)) 1 =
g1 = g \/57 40 v;0 + m Z YL((x, vip—1) — (@, Vi) (Vip—1 — Vi)

T even

g2 = ﬁ Z wi«x, Ui,r—1> - <JI, Ui77">)(vi,r—1 _ Ui,'r)

7 odd

where sign(0) can take any value in the range [—1, 1] and where v, is a subderivative of ¢)... It is clear
from these expressions that 0f; 1(x) C span{v;g,...,v; -1} and Of; 2(z) C span{v;1,...,v; 4}
The proof for the case when ¢ is even follows the same line of reasoning.

We now prove the properties about the proxs:
Since each pair of functions f;. operates on a separate (k + 1)-dimensional subspace, it will be

: — L I e L
useful to decompose vectors into = = x] + ;- where zj = Yoo (@, i) v and 27 = — 7.
First, note that

prox;,. (. 8) = argmin fo(u) + 5 [z

. 2
argmin f; 1 (uf) + g ||:cf + xf‘ —uf — uf‘”
u? uit
_ : . v E v w2 S 2
= argmjnfzyl(ui) + 5 lzi —w||” + sz U H

. . 2
:argmlnfi71(uf)+§ +argmm§ H:z:f‘ fuf‘H
v oL

v i

= xZL + argmin f; 1 (u]) + g

2} — uf|?

2
[ = ufl

=@ +prox; (a7, )

(and similarly for f; 2). From there, the proof is similar to the proof of lemma 3. First, consider
the function f; 5 and let ¢ > ¢ be the smallest even number which is not smaller than ¢. It will be

. . _ - t'—1
convenient to further decompose vectors into zy =z~ + 7 where x~ = >~ («?, v; ) v;,» and
k
zt =3 (Y, viy) v SO

1
fi7 (1‘7 + er) = wc (<xia Vi r— > - <5E77 Ui,r>)
2 2vk re{l,:;,t/—l} 1

T R L B

re{t'+1,t/+3,...k}

= fiolz™) + f¢,2($+)

Therefore,
prox, (27, ) = argmin f o(u” +u") + 5 |z~ + a2t —u” - u+H2
' u,ut 2
= argmin f; o(u” +u') + g |l - ftf||2 + g |2t — u+H2

u—,ut

=argmin fio(u") + fi2(u™) + B |z~ — u_H2 + g |zt - u+H2

u—,ut 2

= argmin fia(u") + 7 ||z — LFH2 + argmin f; o(ut) + 5 |2t — u+H2
u= ut 2
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Since [(z", v;,)| < § forall r > ¢, (T, v;r—1) — (xT, ;)| < ¢forr > t, which implies that
fi2(at) = 0. Therefore, the objective of the second arg min is non-negative and is equal to zero
when ut = 27 so

prox;, ,(z7,8) = T +argmin fio(u”) + g Haf — u7H2
o

Therefore, when t is even, ¢’ = ¢ and proxy, , (x,B) € span{x,v;,...,v;+—1}, and when ¢ is odd,
t' =t + 1and prox,, ,(z, 3) € span{z,v; 0, ..., vi}. A very similar line of reasoning can be used
to show the statement for f; ;. O

Remark: As was mentioned before, Lemma 7 applies when the norm of every query point is
bounded by B. Since all points in the domain of the optimization problem have norm bounded by
B, this is not problematic. However, we can slightly modify our construction to make optimizing F’
hard even for algorithms that are allowed to query outside of the domain.

‘We could redefine our functions as follows:

) ol < B

f’ is still continuous, and L-Lipschitz, and it also has the property that it behaves exactly like f; ;
on B ball. However, querymg the oracle of f/ ;,; outside of the B-ball gives no more information
about the function than querying at B T2l In fact, an algorithm that was only allowed to query
within the B-ball would be able to simulate the oracle of F’. Therefore, since the algorithm that
is not allowed to query at large vectors cannot optimize F’ quickly, and it could simulate queries
with unbounded norm, it follows that querying with unbounded norm cannot improve the rate of
convergence. This fact is needed in the proof of Theorem 6 below.

C.2 Non-smooth and strongly convex components

We now prove Theorem 6 using a reduction from the Lipschitz and non-strongly convex setting:

Theorem 6. Forany L,\ > 0, any 0 < € < 200A , any m > 2, and any randomized algorithm A
with access to hp, there exists a dimension d = (9( k;e log \/%) and m functions f; defined over

X C R4, which are L-Lipschitz continuous and \-strongly convex, such that in order to find a point

& for which E [F(2) — F(z*)] < €, A must make Q(m + \/\/7@:) queries to hp.

Proof. Just as in the proof of Theorem 2, we assume towards contradiction that there is an algorithm

A which can optimize F’ using o (m + \Ff ) queries to hp in expectation. Then A could be used

to minimize the sum £ of m functions fi, which are convex and L-Lipschitz continuous over the
domain {z : |z|| < B} by adding a regularizer. Let

1 & 1 o= - A, o
Note that f; is A-strongly convex and since f, is L-Lipschitz, f; is (L + AB)-Lipschitz continuous

on the same domain. Furthermore, by setting A = 5z,
P(z) < F(2) < F(2) + 55 |le|* < F(a) + 5
By assumption, A can find an & such that F'(#) — F(z*) < § using o (m + %) =
o (m + @) queries to hp, and
% > F(3) — F(a*) > F(i) — F(3") — <

Thus z is e—suboptimal for F. However, this contradicts the conclusion of theorem 5 when L > 0,
A>0,0<e< 200)\m’ and d = ) ( - log W) leads to contradiction. O
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C.3 Smooth and not strongly convex components

Theorem 7. For any 7, B,e > 0, any m > 2, and any randomized algorithm A with access to h,
there exists a sufficiently large dimension d = O (’if ’ log (LBZ) + B?mlog m) and m functions

€

[i defined over X = {x € R® : ||z|| < B}, which are convex and ~y-smooth, such that to find a point

& € RY for which E [F(2) — F(x*)] < €, A must make (m + m'YEB2) queries to hp.

Without loss of generality, we can assume that Y = B = 1. We will first consider the case where
e = O (1) and prove that A must make 2 (/™) queries to h. Afterwards, we will show a lower
bound of ©2(m) in the large-¢ regime where that term dominates.

The function construction in this case is very similar to the non-smooth randomized construction.
As in Equation (11)

0 lz| <e¢
be(2) = {2121 — ) < |+ <2
22 —2¢2 |z] > 2¢

The key properties of this function for this proof are that it is convex, everywhere differentiable and
4-smooth, and when |z| < ¢, the function is constant at 0. It is also useful to note that

0 < 2% — ¢e(2) < 26 (16)

As in Equation (12), for values a and k to be fixed later, we define the pairs of functions for ¢ =
1,...,m/2:

far@) = = (@ vo) =20 (0 v+ S e (@ virt) — (3, i)

16 re{2,4,...}<k

fia(z) = — S e (@, vipo1) — (2, vir)) + 6 (2, vig))

re{1,3,..}<k

with orthonormal vectors v; ;- chosen randomly on the unit sphere in R? as for Theorem 5.

At the end of this proof, we will show that the functions f; . satisfy Property 1. Since the domain,
and therefore the queries made to the oracle are bounded by B, Property 1 and Lemma 7 ensure that
when the dimension is at least d = 325# log(10kN) then after IV oracle queries, (x, v; ) > § for
no more than N vectors v; , with probability %.

Now, we will bound the suboptimality of F;(z) := (fi1(z) + fi2(z))/2 at an iterate = such that
|(z, vi,)| < § forall » > t. From the definition of ¢,

k
R = g5 (“‘ 0i0) = 20 (@, vio) + 3 6 (2, 1) — (2, 03, + e ({2, vz-,k>>>
r=1
= 3—12 ((m, vi0)? — 2a (x, vig) + ;l(bc (z, vip_1) — (=, Ui,r>)>
Fifw) < 3712 <<x, Ui’0>2 = 2a(z, vio) + Z ({z, vip—1) — (, Ui,r>)2 + (z, Ui,t>2>
A > 5 <<$’ i) = 20, vig) + D (o, i) = o, vi)) 4 (o vi,f) -



and note that in the proof of Theorem 3 we already showed that that the optimum of F is achieved

at
t—1

taz(1r+1>

and )
tipr V- O (1
i) = =5 <1 t+1>
and )
. 12 a‘t
ozl < &

Therefore, setting a = /-y ensures that HZ; Ti g +1H < 1. Itis not necessarily true that
¥ =372, 7, butitserves as an upper bound on the optimum.

Letg := L%J and consider an iterate « generated by A before it makes ¢ — 1 queries to the functions
fipand f; 2. When (z, v;,) < § forallr > g,

qc

Fi(z) — Fi(z*) > F(z) — T6 — Fi(%] 41)

— K2

k+1/ _x qc2
> Fq( ,q) F; (wi,kJrl) ~ 16

2 2 2
S SRS S N SRS SN
32 g+1) " 32 k+2) 16

1 kc?
> -
~ 32k2m 32

where the last inequality holds as long as & > 2. When ¢ < ﬁ, setting ¢ = \/1765 and k =

L\/ﬁj > 2, ensures that
5
Fi(x) = (") = Se— % =2
Therefore, if (x, v;,) < § for all » > ¢ is true for at least 7 of the 4’s, then = cannot be ¢-
suboptimal for F. So forN = 4 in dimension d = ‘323 N log(IOkN) = 3232 (%) log(10kN),
with probablhty 15> the algonthm must make at least %2 queries in order to reach an e-suboptimal
point. This gives a lower bound of
Jm

>
~ 48+/10¢

which holds with probability %. To complete the first half of the proof, we prove that Property 1
holds for this construction:

m,

Proof of Property 1 for smooth and non-strongly convex construction. First we prove the properties
about gradients:

Consider the case when ¢ is odd. From equation 16, we can see that <2§L( ) = 0 when |z| < c.
Furthermore, for r > ¢, |{(x, v;r—1) — (2, v; )| < c. We can therefore express the gradients:

t—1
Viiilz) = 1i6 (2 (T, vi0) — 2av;0 + Z o, ((z, vir_1) — (z, Vi) (Vip—1 — Ui,r)>

V fia( (Z &, (@, vip—1) — (@, vir)) (Vi1 — vir) + &L (2, vig)) Ui,k)
7 odd

It is clear from these expressions that Vf;1(x) € span{v;o,...,v;—1} and Vf;a(z) €
span{v; o, ..., U; + }. The proof for the case when ¢ is even follows the same line of reasoning.

Now, we prove the properties about proxs:
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We follow the same line of reasoning as in the Lipschitz and non-strongly convex case. The only
necessary addition is to show, that when ¢’ > ¢ is the smallest even number which is not smaller

than ¢ and u~ = Zi,:_ol (u¥, vip)vip and wt = SF_ (u¥, v ) vig, then fio(u™ 4+ ut) =

fip(u™) + fio(u™):
fiolu” +ut) = 116( Z be (<U77 Ui,r—1> - <U77 vi,r>)

re{l1,3,...t/—1}

- > e ((uh, vip—1) = (u™, vig)) + de ((u” ”ivk>)>

re{t'+1,t'+3,...}<k
= fia(u™) + fia(u™)

This same reasoning applies for f; ; or odd ¢’ O

So far, we have shown a lower bound of Q (/) when e = O (). We now show a lower bound
of Q(m) for all € > 0, which accounts for the first term in the lower bound  (m + /™) which
dominates when € = 2 (). Consider the 0-smooth functions

filz) = C(z, vi)

for any constant C' > 0, and where the orthonormal vectors v; are randomly chosen as before. F'
reaches its minimum on the unit ball at

-1
argmin F'(z) = — »
=] <1 vim ;
and F( ) = —%. Using similar analysis as inside the proof of Lemma 7, if d =

A

5 log 2m < 32B%m log 2m then P (Hz which has not been queried s.t. |{(z, v;)| > 4W>

)

o if fewer than % functions have been queried, then with probability at least 1 :

&

ev/m

Therefore, by simply choosing C' = 3%%,

completing the proof for all € > 0.

we ensure that such a point x is at least e-suboptimal,

As noted above, the queries made to the oracle must be bounded for Lemma 7. Since the domain
of F'is the B-ball, this is easy to satisfy. If we want to ensure that our construction is still hard to
optimize, even if the algorithm is allowed to query arbitrarily large vectors, then we can modify our
construction in the following way;

I () = {wa ol < B
v fis (B) +(Vhs (Bigr) =~ Bg) el > B

This function is continuous and smooth, and also has the property that querying the oracle at a point
x outside of the B-ball is cannot be more informative than querying at Bﬁ That is, an algorithm
that is not allowed to query outside the B-ball can simulate such queries using its restricted oracle.
Since this restricted algorithm cannot optimize quickly, but can still calculate the oracle outputs that
it would have recieved by querying large vectors, it follows that an unrestricted algorithm could not
optimize this function quickly either.
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Remark: Another variant of (1) that one might consider is an unconstrained optimization problem,
where we assume that the minimizer of F’ lies on the interior of that ball. In other words, we could
consider a version of (1) where the gradient of ' must vanish on the interior of X.

In this case, there is little reason to consider any e larger than % i since F'(0) — F(z*) < "%2
always (by smoothness F'(0) — F(z*) < (VF(x*), zo — z*) + 1 la*]|® < ﬁ) Consequently,

when ¢ > VB there is a trivial upper bound of zero oracle queries, as just returning the zero

vector guarantees e-suboptimality. We can construct functions so that Theorem 7 still applies for
2

0<ex< %. In the previous proof, the first construction is still valid in the unconstrained case

since the minimizer lies within the unit ball. For the Q(m) term, consider the 1-smooth functions

(assume w.l.o.g. thaty = B = 1)

filx) = v/m (x, v;) + il

2
where the m orthonormal vectors v; are drawn randomly from the unit sphere in R? as in the
previous construction. The gradient of F' vanishes at z* = —\/—% S v, (note ||z
1) and F(z*) = —%. Using similar techniques as inside the proof of Lemma 7 if d =

( 215 2)2 log 10m < 32BZmlog 10m, then for any iterate x generated by A before f; has been

queried P (Ei which has not been queried s.t. |(x, v;)| > 5 1m) < . Furthermore, if [(z, v;)| <

1 \F for more than b of the functions, then

2
>1 m\ﬁ—l_'_m\ﬁ—l +%'%+%'1%m
— —_— mi —_— m
“m\ 2 Jm 2 4y/m 2
23
- 64

Therefore, if fewer than % functions have been queried, then with probability at least 19—0:

-23 -1 9
Flx)-Fz*)> — — — = —
@)= F@) 255~ 5 = &
so 9
E[F(x) — F(z*)] > —
[P(e) - F(e") 2 5
This proves a lower bound of Q(m) 1282 .

C.4 Smooth and strongly convex components

In the smooth and strongly convex case, we cannot use the same simple reduction that was used to
prove Theorem 6. Using that construction, we would be able to show a lower bound of m, but would
not be able to show any dependence on ¢, so the lower bound would be loose. Instead, we will use
an explicit construction similar to the one used in Theorem 7.

Theorem 8. For anym > 2, any vy, A > 0 such that 3 > 161m, any € >0, any eg > 60¢\/ -, and

m’

any randomized algorithm A, there exists a dzmenszon d=0 ( s 0 Jog? ()‘50) + M2 log m)

domain X C RY, xy € X, and m functions f; defined on X which are ~-smooth and )\—strongly
convex, and such that F(xo) — F(a*) = € and such that in order to find a point & € X such that

E[F(2) — F(z*)] < ¢, A must make Q (m + /5t log (%’1 /%)) queries to hp.

Proof. We will prove the theorem for a 1-smooth, A-strongly convex problem, for A\ < which

can be generalized by scaling.

7dm ’
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As in the proof for the non-strongly convex case, we introduce the 4-smooth helper function

0 |z| < ¢
be(z) = € 2(]2] —¢)? e<|z| <2¢
22 —2¢2 |z| > 2¢

using which we will construct m/2 pairs of functions, which will each be based on the following.
As in previous proofs, we randomly select orthonormal vectors v; ,- from R%. Then, for constants k,
C, and ( to be decided upon later; with A := m - \; and for i = 1, ..., |[m/2] define the following

pairs of functions (if m is odd, let f,,,(z) = 2/;\n ERE

1- A ) b N
firle) = == | (2, vi0)” = 2C (2, vio) D e (@, vipr) = (@, vi0) | + 2 Izl

T even

7 odd

fial) = 122 <<¢c<<x, v + Y e (@, i) — (o vm)) + o ol

When X € [0, 1] these function are 1-smooth and A-strongly convex.

These functions also have Property 1, but we will omit the proof, as it follows directly from the
proof in Appendix C.3. Intuitively, the squared norm reveals no new information about the vectors
v;» besides what is already included in the query point x.

When all of the queries are bounded by B, Property 1 along with Lemma 7 ensures that when
d = 325”# log(10kN), after the algorithm make N queries (z, v;,) > § for at most N of the
vectors v; , with probability 19—0. For this probability bound to apply, we need that all of the queries
made by the algorithm are within a B-ball around the origin. We know that F'(0) — F'(z*) = e,
and by strong-convexity F(0) > F(z*) + 3 [|z* a*|| < (/%2 =: B. Since the
optimum point must lie in the B-ball around the origin, we will restrict the algorithm to query only

at points within the B-ball. At the end of the proof, we will show that with a small modification to
the functions outside of the B-ball, querying at vectors of large norm cannot help the algorithm.

2
, therefore,

Now it remains to lower bound the suboptimality of the pair f; ; and f; o at an iterate which is
orthogonal to all vectors v; , for r > ¢:

In order to bound the suboptimality of a pair of functions ¢, it will be convenient to bundle up all
of the terms which affect the value of (z*, v;,) from all m of the component functions. Most of
those terms are contained in f; ; and f; o, however, :E||2 terms in each of the other components also
affect the value of (z*, v;,.). For each ¢, consider the projection operator P; which projects a vector

x onto the subspace spanned by {vi,r}fzo,
all 4, r. Now decompose

and P, projecting onto the space orthogonal to v; , for

Nooe A [ )
oo 171 = gy | 2 1P + 1Pl

Gather all m of the ﬁ ||PZ:EH2 terms and split them amongst f; 1 and f; 2 to make the following

modified functions:

. A2 A 2
i = fi1— — — || P

For(®) = fis = 5 ol + 3 [P
N SR S
fl,?(‘r) - f1,2 - % ||"EH + Z ”Pl‘TH

After this shuffle, all of the terms affecting (z*, 117;7,,> are contained in these two functions which

will help the analysis. Note that there is also a remaining % || P x| term, however, this term is not
very important to track since we are bounding the suboptimality of F', which can only increase by
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considering that non-negative term and P, z* = 0. Now, consider

1/ . 1— A
5 (fi,l(x) + fi,z(I)> = 32 <<33a ’Uz',0>2 =20 (z, vi) + CPe({z, vik))
k A
Y olle v = o) ) + 7 1Pl
r=1
If we define
: 1- > 2
Fi(r):= ETH ( (x, vi,0)” —2C (z, vi0) + (T, Vi)
! A
# 3 (e vip) = 0 ) + 5 Pl
r=1
and
1- 5\ 2 2
Fi(z) == TH ( (x, vi,0)" —2C (x, vi0) + (2, Vi)
k A
# Y (@ viren) = (o wi))? ) 4 7 IRl
r=1
then when [(z, v; )| < §
Fi(z) < % (ﬁ,l(x) n fi,Q(x)> L A=NE+D)

and for any y

and, conveniently, F; is very similar to the construction from Appendix B.4. In particular, let Q=
%(% — 1) +1, then

Fl(z) = 1 (A(QS_” ( (z, v5,0)° —=2C (z, v; ) + (x, Vi)

t

3 (i) = o i) ) 5 Pl

r=1

(a4

<<x, 11@0)2 —2C (x, vio) + ¢ (z, Ui,k>2

k ~
2 (i) = o) ) 4 5 Pl

We have already showed in Appendix B.4 that if & := arg min,, F;(z), and if

C > Lﬁ = 26, :=2(F;(0) — Fi(2)) > 30
Ao -1) A
‘= 2
Ja+1
-1
A<
t= \/5_110g %
4 204/ Qe
[(z, v; )] g% Vr >t
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then,

>

2 (F}(z) — Fy(&)) > 10e

Therefore,

10e < 2 (F{(z) — Fi(%))

<2 (; (fia(@) + fial@)) + %{(ﬁmg)@ 5 (@ + ﬁﬂ@))

< (fir(@) + fiz(@) + MS(’”O& — (firl@") + fia@"))

So
7 : : e o4 1=NE+Q) ,
(fz',l(%“) + fi,2($)) - (fm(x ) — fio(x )) > 106 — "¢
Setting
T
1-=X)(k+0)
then
; ; Py F (o (1L=NE+Q o _
(Fir@) + Fia@)) = (Fur (@) = fiale) 2 106 = =200 = e

Therefore, if at least /4 of the pairs i it holds that |(z, v; )| < § for r > ¢, then

,_
o3
i

F(o) = F*) = — 3 (fua@) + fio@)) = (Fiala) = fiala")

~

3=l

- 8¢

Y
Kal3 3=

As a consequence of this, when the dimension is d = 23 (%) () log (2£) then with probabil-
ity 1—90 the optimization algorithm must make at least ¢ queries to each of at least “J* pairs of functions

in order to reach an e-suboptimal solution in expectation. So, when

<
AS 161m

Y

(e}
§j%
>
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this gives a lower bound of

SNE
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o) <\/Tlog 60@)

The same argument as was used in the discussion after theorem 7 to show the Q(m) term of the
lower bound can be used here, as the function in that construction was both smooth and strongly
convex.

Y

As mentioned above, Lemma 7 requires that the norm of all query points be bounded by B. We
argued above that the optimum of F' must lie within the B-ball around the origin. Even so, we can
slightly modify our construction to show that even if the algorithm were allowed to query arbitrarily
large points, it still would not be able to optimize F' quickly. Define:

= {129 e
ST s (Big) + (Vi (Bﬁ),x—3ﬁ>+%Hx—Bﬁ‘ |z > B

This new function is continuous, y-smooth, and A-strongly convex, and it also has the property
that querying the function at a point x outside the B-ball, it is no more informative than querying

at BH%\I‘ That is, an algorithm that was not allowed to query outside the B-ball could simulate

the result of such queries. Since that restricted algorithm can’t optimize F’ well, as proven above,
another algorithm which could query at arbitrary points, therefore could not either. O

C.5 Non-smooth components when e is large

Theorem 11. For any L, B > 0, any % <e< %, and any m > 161, there exists m functions

fi which are convex and L-Lipschitz continuous defined on X = {x € R : |z| < B} such that for
any randomized algorithm A for solving problem (1) using access to hr, A must make at least

Q0 (Lifg) queries to hp in order to find a point & such that E[F (%) — F(z*)] < e.

Proof. Without loss of generality, we can assume that . = B = 1. We construct m functions f; on
R! in the following manner: first, sample p from the following distribution

p= % —2€ w.p. %
142 wp. 1
Then for i = 1, ..., m, we define
T w.p. p
filz) {—x wp.1l—p

Consider now the task of optimizing F'(z) = L Y™ fi(z) = XZ. Clearly, F is optimized at

—sign(Y), and as long as |Y'| > 2me, then any x which is e-suboptimal given sign(Y) = +1
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must be at least 3e-suboptimal given sign(Y') = —1. Using Chernoff bounds, P(|Y| < 2me) <

2 . . . . .
exp(—<5") < exp(—>5). Therefore, since the expected suboptimality of an iterate x is at least

E[F(z) — F(z")] > 3P (sign(x) # —sign(Y)||Y| > 2me) P (|Y| > 2me) - €
> 3(1 — exp(—5))P (sign(z) # —sign(Y)||Y| > 2me) - €

Therefore, until the algorithm has made enough queries so that

1

P (sign(x) # —sign(Y)[|Y] > 2me) < 3 3exp(—5)

the expected suboptimality is greater than e. By a standard information theoretic result [2, 19],
achieving that probability of success at predicting the sign of Y implies a comparable level of ac-
curacy at distinguishing between p = 0.5 + 2¢ and p = 0.5 — 2¢, and that requires at least ﬁ
queries to hp. O

. . 2 . .
It is straightforward to show a lower bound of {2 <%) for strongly convex functions using the same

reduction by regularization as in the proofs of theorems 2 and 6. We also note that this lower bound
implies a lower bound of ©2(m) for smooth functions, whether strongly convex or not. Each function
fi in this construction is linear, and therefore is trivially 0O-smooth. We make the gradient of each
function arbitrarily large by multiplying each f; by a large number. As the multiplier grows, the al-
gorithm need be more and more certain of the sign of Y in order to achieve a expected suboptimality
of less than €. Thus for a sufficiently large multiplier, the algorithm must query Q2(m) functions. We
cannot force it to query more than that, of course, since it only needs to query m functions to know
the sign of Y with probability 1.
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