Supplementary Material

A Additional Background for Hardness Result

In this section, we provide additional preliminaries required for the proof of Theorem 3. Throughout
the lower bound proof in the next section, we will sometimes view a vector w € R4 naturally as a
column matrix w € R'*9; for example, we may write (w,x) = wx . Furthermore, for any positive
integer m, we use [m] to denote {1, ..., m}. We also use e; to denote the i-th vector in the standard
basis (i.e., the vector with value one in the ¢-th coordinate and zero in the remaining coordinates).
We extend this notation to a set .S of coordinates and use eg to denote the indicator vector for .S, i.e.,

es =) cs €
A.1 Exponential Time Hypotheses

Recall that, in the 3-satisfiability (3SAT) problem, we are given a set of clauses, where each clause
is an OR of at most three literals. The goal is to determine whether there exists an assignment that
satisfies all clauses. The Exponential Time Hypothesis (ETH) [IPO1, IPZ01] asserts that there is no
sub-exponential time algorithm for 3SAT. ETH is of course a strengthening of the famous P # N P
assumption. In recent years, this assumption has become an essential part of modern complexity
theory, as it allows one to prove tight running time lower bounds for many NP-hard and parameterized
problems. See, e.g., [LMS11] for a survey on the topic.

For our lower bound, we use a strengthening of ETH, called Gap-ETH. Roughly speaking, Gap-ETH
says that even finding an approximate solution to 3SAT is hard. This is stated more precisely below:

Hypothesis 13 ((Randomized) Gap Exponential Time Hypothesis (Gap-ETH) [Din16, MR17]).

There exists a constant ¢ > 0 such that no randomized 2°)-time algorithm can, given a 3SAT
instance on n variables, distinguish between the following two cases correctly with probability 2/3:

o (Completeness) There exists an assignment that satisfies all clauses.

o (Soundness) Every assignment violates at least ( fraction of the clauses.

Although proposed relatively recently, Gap-ETH is intimately related to a well-known open question
whether linear size probabilistic checkable proofs exist for 3SAT; for more detail, please refer to the
discussion in [Din16]. Gap-ETH has been used as a starting point for proving numerous tight running
time lower bounds against approximation algorithms (e.g., [Din16, MR17, BGS17, AS18, JKR19])
and parameterized approximation algorithms (e.g., [CCK* 17, DM18, BGKM18, CGK™19]). Indeed,
we will use one such result as a starting point of our hardness reduction.

A.2 Hardness of Label Cover

Recall the definition of Label Cover and its decomposibility from Definitions 8 and 10, respectively.
We will use the following hardness of approximation result for Label Cover:

Theorem 14 ([Man20]). Assuming Gap-ETH, for any function f and any constants A € N\ {1}, u €

(0,1), there is no f(k) - n°®)-time algorithm that can, given a decomposable Label Cover instance
L=UV =VU-- UV, E Xy, Sy, {n.}ecr) whose right-degree is equal to A, distinguish
between

o (Completeness) val(L) = 1,
o (Soundness) wval(L) < p,
where k := |U| andn := |U| - |Sy| + V|- |Zv].

We remark here that the above theorem is not exactly the same as stated in [Man20]. We now briefly
explain how to derive the version above from the one in [Man20]. Specifically, in [Man20], the
decomposability of the instance L is not stated; rather, the instance there has the following property:
V is simply all subsets of size A of U, and, for any vertex {u1,...,ua} € V, its neighbors are
u1,...,uan € U. Now, we can assume w.l.o.g. that k is divisible by A by expanding each vertex



u € U to A new vertices u', ..., u” and replicate each vertex in {u,...,ua}t € Vto A® new

vertices {uf(l)7 e ,ugA(A)} for all £ : [A] — [A]. Once we have that k is divisible by A, Baranyai’s
theorem [Bar75] immediately implies the decomposability of the instance.

A.3 Anti-Concentration

It is well-known that, if we take m i.i.d. Rademacher random variables, their sum divided by
4/m converges in distribution to the standard normal distribution (see, e.g., [Ber41, Ess42]). As a
consequence, this immediately implies the following “anti-concentration” style result:

Lemma 15. There exists C € (0,1) and mq > 0 such that, for any m > mg, we have

Pr [Xi+ -+ X, >Cym|>04,
X150, Xm

where X1, ..., X,, are i.i.d. Rademacher random variables.

Note that the constant 0.4 above can be replaced by any constant strictly less than 0.5. We only use
0.4 here to avoid introducing additional variables.

B Proof of Tight Running Time Lower Bound for L., (Theorem 3)

Given the background from Section A, in this section we proceed to prove our computational lower
bound (Theorem 3). As explained in the proof overview, the main ingredient of our hardness result
is a reduction from Label Cover to the problem of L.,-y-margin halfspace learning. The formal
properties of our reduction are summarized below.

Theorem 16 (Hardness Reduction). There exist absolute constants A, ko € N\ {1} and p,§ > 0
such that the following holds. There is a polynomial time reduction that takes in a decomposable
Label Cover instance L = (U,V = V1 U--- U Vi, E, Xy, By, {7etecr) whose right-degree is
equal to A, and produces real numbers v*,e* > 0 and an oracle O that can draw a sample from a

distribution D on BIYFU 1T {£1} in polynomial time, such that when |U| > ko we have:
o (Completeness) If L is fully satisfiable (i.e., val(L) = 1), then OPTWD* < €*.
o (Soundness) If wval(L) < u, then OPT(’i_é),Y* > 1.6€*.
e (Margin Bound) v* > Q(1/Vk).
e (Error Bound) ¥ > n~O0Wk),
Here k := |U| and n := |U| - |Ey| + |V - |Zv| are defined similarly to Theorem 14.

We remark that, similar to Theorem 3, the constant 1.6 in the soundness above can be changed to any
constant strictly less than two. However, we choose to use an explicit constant here to avoid having a
further variable.

The majority of this section will be spent proving Theorem 16. Specifically, in Section B.1, we
describe the parameter setting for our reduction (including the margin bound and the error bound).
Then, in Sections B.2 and B.3, we prove the completeness and the soundness respectively. Finally, in
Section B.4, we briefly argue how it implies the claimed running time lower bound (Theorem 3).

B.1 Parameter Selection for the Reduction

Recall that we already presented the reduction in Figure 1. The parameters of our reduction are
chosen as follows:

e (' and my are as in Lemma 15,
o A =T10%/C?,

o v =0.5C\/A/k,

[ ]{30 = moA,



§=(0.1/A)%,
0= [6VE],
q = 0.001/ n' (where n is as defined is Theorem 14),

e = 0.6(0.25¢),

_ 0.01
NN

It is easy to see that the oracle can draw a sample in polynomial time. Furthermore, ¢* = 0.001/n¢ >

n=O(%) and v* > Q(1/Vk), as desired. Hence, we are only left to prove the completeness and the
soundness of the reduction, which we will do next.

B.2 Completeness

Suppose that the Label Cover instance L is satisfiable, i.e., that there exists a labeling ¢* that covers
all right vertices. Let w* be such that w} = 1/2 and

w* _ i if o = ¢*(u),
(u,0) 0 otherwise

forall u € U,o € Xy. Itis simple to check that the samples generated in Steps 1, 2, 3, 4a and 4b are
all correctly labeled with margin ~*.

Hence, we are left with computing the probability that the samples generated in Step 4c are violated.
To do this, first notice that, for every j € [t],v € V7,0, € Zy, we have

(W* (Hj)T)(v,a,,) = Z wz‘up'u)

(u,0u)EU Xy

uj(u):u,w(um)(ou):ov
1
(From definition of w™) = % [{u € N(v) | Ty (@" (1)) = 00}

Now since every v € V' is covered by ¢*, there exists a unique o, such that 7, ) (¢*(u)) = o, for
all u € N(v). As aresult, w*(II7)” has [V7| = k/A coordinates exactly equal to A - 5- = %, and
the remaining coordinates are equal to zero. Recall that, for the samples in Step 4c, s 1s a random

{1} vector. Thus, (w*,sIl) = (w*(II7)7,s) has the same distribution as % times a sum of
k/A i.i.d. Rademacher random variables. By Lemma 15, we can conclude that Prs[<w*, sIl/ > >

0.5C'y/A/k] > 0.4. Since we set v* = 0.5C\/A/k, this implies that w* correctly classifies (at
least) 0.4 fraction of the samples from Step 4c. Hence, we have

err?(w*) <0.6-(0.25¢) = €*,

as desired.

B.3 Soundness

We will prove the soundness contrapositively. For this purpose, suppose that there is a halfspace
w € BY such that errg_é)v(w) < 1.6e* = 0.96(0.25¢g). We will show that there exists an

assignments ¢’ with wval(¢’) > p.

B.3.1 Some Simple Bounds

We start by proving a few observations/lemmas that will be useful in the subsequent steps.

First, observe that every distinct sample from Steps 1, 2, 3, 4a and 4b has probability mass (in D) at
least %(}_q) > g > 1.6¢*. Since we assume that errgﬂw(w) < 1.6€*, it must be the case that
all these examples are correctly classified by w with margin at least (1 — §)~y*:

Observation 17. w correctly classifies all samples in Steps 1, 2, 3, 4a and 4b with margin (1 — §)~*.

Throughout the remainder of this section, we will use the following notations:



Definition 18. For every u € U, let M,, denote
M, < 1/k} and Ujgyge denote U \ Ugpar.

s |W(y,0)|- Then, let Ugyay denote {u € U |

The next observation, which follows almost immediately from Observation 17, is that the value of the
“constant coordinate” wy, is roughly 1/2 (as we had in the completeness case) and that the sum of the
absolute values of the negative coordinates is quite small.

Observation 19. The following holds:
1. (Constant Coordinate Value) w, € [0.5(1 — 6),0.5(1 + 9)].

2. (Negative Coordinate Value) Y jewxsyuixy |w;| < 6.
wj <0

Proof. 1. Since w correctly classifies the sample from Step 1 with margin (1 — §)~*, we have
2v*w, > (1 — &)~*. This implies that w, > 0.5(1 — 9).

Let a = (W, eyxys, ). Similarly, from w correctly classifies the sample from Step 2 with
margin (1 — §)y*, we have a > 0.5(1 — 0). Furthermore, observe that
atw, < [lwlh <1 (3)

As aresult, we have w, < 0.5(1 4 §) as desired.

2. Since w, > 0, we may rearrange the desired term as

1

> lwil= 5 (Wl —a—w.)
JEWUXSy)U{x}

w; <0

1

< =

-2

< 6,

(1-0.5(1—8)—0.5(1—4))

where the first inequality follows from a, w* > 0.5(1 — §) that we had shown above. [

Another bound we will use is that Ulyge is quite small, and the sum of absolute values of the
coordinates correspond to Uy is also quite small.

Observation 20 (Bounds on Ulye). The following holds:
1. (Size Bound) |Ujarge| < 20k.

2. (Mass Bound) ZueUh,,-ge M, <26

Proof. To prove the desired bounds, first notice that, since w correctly classifies the sample in Step 3
with T' = Ugpan with margin (1 — 6)~*, we must have

Usma % N
<W, eUsmuIIXEU> > (|kll| — 2y > Wy + (1 — 6)7 .

Now, observe that the term on the left hand side is at most ), ;; M, which, from ||w|; < 1,is

in turn at most 1 — w, — EueU]m M,,. Combining these, we get

Usm U
l—w,— Y M, > (' Ska“| —27*) wy + (1= 8)y* = (1 _ V| llz;rgel —27*> w, + (1= 8)y*

ue Ularge

Recall from Observation 19 that w, > 0.5(1 — ¢§). Plugging this into the above, we have

S oM <1- (2 - ‘Ul;;rge| —2’y*> 0.5(1—8) — (1= 8)y*

uEUlurge
=1- (2 - U‘de|> -0.5(1 —6)

<54 0.5|T]J€'13Ige| .

4)



1. Subtracting % from both sides, we have

By definition, M, > 1/ for all u € Ulyrge. As a result, we have |Ulare| < 20k, as desired.

2. Plugging the bound on |Ujyre | back into (4), we get the claimed bound on ) O

ue Ularge Mu :

B.3.2 Identifying a “Nice” Halfspace

We will now convert w into a “nicer” halfspace, i.e., one without negative and large coordinates. It
will be much more convenient to deal with such a nice halfspace when we “decode” back a labeling
later in this section.

The “nice” halfspace is quite simple: we just zero out all coordinates w(y, ), where u € Ulyrge. More
formally, let w € RIVI'>vl be such that

~ Wy,o) U S Usmally
W(u,0) = /
’ 0 u < Ularge7

forallu € U and o € Xy.

The main lemma needed in our analysis is that, for each j € [t], w(II7)” preserves most of the L,
norm compared to the original w(I17)T".

Lemma 21 (Nice Halfspace Preserves Most of Ly Norm). For every j € [t], we have

lw@)")3 Vo

(11972 > )
W)™ ||z > 5 A

(&)

Proof. For convenience, letv=w —wand b = V(ﬂj )T'. The majority of this proof is spent on
bounding ||b||3. To do this, let us define several new notations:

o LetCso = [{(u,0) € UxZy | by,o) > 0} and Cco = [{(u,0) € UXxBy | b(y,0) < 0}].
o Let b=0 ¢ RUX®V be defined by
b’

(u,0) = maX{O, b(uyg)}

for all (u, o) € U x Xy Furthermore, let b<® = b — b=°.

Observe that ||fIJ |1 < 1, because each column has exactly a single entry equal to one and the
remaining entries equal to zero. As a result, we have

bl = [VAF) |y < vlh = > M, <25, (©6)
u€EUarge
where the last inequality follows from Observation 20.

Since b = bZ% + b<?, we may bound ||b=°||5, |[b<?||5 separately, starting with the former.

Bounding ||b=°|[5. Let us sort the coordinates of b=% from largest to smallest entries as
>0

b(Zuol,gl), ceey b(—um xIZy | GlUIxIZy ) (tie broken arbitrarily). For every j < min{C, ¢}, consider the
sample from Step 4a when S = {(u!,0'),..., (u’,07)}. Since w correctly classifies this sample

with margin (1 — §)~*, we have
(-t < (w (227" ) e —esll)

_ (; + 27*) w, — w(Il’)" (es)”



i€[j]

05(140)— | ( ey T (‘?V(ﬁj)T)w,oZ))

i€[j]

()
(Observation 19) < (2 + 27*> 05(146) — | D (W) (i o)
()

J «
- <k+27>.0.5(1+6)— D b |

i€lj]

where the last equality follows from the fact that, for every i < Cs, we must have ut € Ularge as
otherwise b(Zue ) would have been equal to zero.

Rearranging the above inequality, we have

0.5(1+0)y '
S0 | < BEUE gy < T gy
i€lj]
Recall from our assumption that b(zuolﬁ > > b—u J i) Plugging this into the above, we get
1 20"
>0 L Y
b(ufﬂ,aj) — k + j : 7

Notice that while we have only derived the above inequality for j < min{C¢, ¢}, it also extends to
all 7 < ¢ because b(Zug- oi) = 0 forall j > Csy.
We can use this to bound ||b=||3 as follows.

[UI-[Zv]

b1 3 (525,))"
= (80.) Z(WM)

j<e

<30 (82 0n) +03h I
j<t

9 1 20v\> (1 25y
< — — .
<> (k+ 7 ) +(k 7 Ibll1

j<e
1 1 2 %\2 l 257*
<k2+j2 45(y))+(k+ )20

6)

1

j<t

2(0-1) = 2, w2, 20 407y

< — =

S—@= t - 80%(y )+k+ 7
(From our choice of £ and §v* < 0.14/d/k) < ;Ti + % + 2—; + g

2

Tk

Bounding |b<C||5. This is very similar (and in fact slightly simpler) to how we bound [|b=?]|,

above; we repeat the argument here for completeness. Let us first sort the coordinates of b<C from

smallest to largest entries as b(flo,lyg,l), e b(<u UIxIZy | g=IUIxIZy 1) (tie broken arbitrarily). For



every j < min{Cg, £}, consider the sample from Step 4b when S = {(u=1,071),..., (u™7,077)}.
Since w correctly classifies this sample with margin (1 — 0)~*, we have

(1= < <w, 2v%e, + esﬁj>

= 27" - w, + b(eg)”

(Observation 19) < 29" - 0.5(1 + 0) — Z |b Cumi 0—1)

i€(s]
Rearranging the above inequality, we have
D Gk omol | <267
i€ls]
Recall from our assumption that |b<u0 - 1)\ > |b(<uO i o—d) |. Plugging this into the above, we
get
207*
|b(<u0m sl < i 3

Similar to the previous case, although we have derived the above inequality for j < min{C¢, ¢}, it
also holds for all j < ¢ simply because b<0 io-i) = = 0forall j > C.

We can use this to bound ||b<?||3 as follows.

[U]-[Zv ]

D=3 (5. )
X (050n) + 3 (0mn)

> (- o) - 1D,

20~* 2 20~y*
) (2 el
J

<
|
—_

A
™ 2 i

ING
<
AN
o~
N

© 72 25"
< T4ty (2) 25
6 4
1) 1)
(From our choice of £ and §v* < 0.14/d/k) < z + %
< 72\/5.
B
Using our bounds on ||bZ?]|2, |[b<?|2, we can easily bound ||b||2 by
4f
Ibll3 = [b=°]3 + [Ib=°]13 < ©)

Next observe that || TI7]|; = 1, because each column has exactly a single entry equal to one and the
remaining entries equal to zero. Furthermore, ||I17||. = A because each row has exactly A entries

equal to one’. As a result, by Holder’s inequality, we have ||II7 ||y < 1/ ||T19]|1||T17||oc = v/A. From
this and from (9), we arrive at

45 A .y .
fk > [[b(IF) 7|3 = [Iv (1) 73, (10)

"For every row (v, o), these 1-entries are the entries (u, 0, ) for all u € N (v).



where the latter follows from our definition of b.

Thus, we have

, o . o , 10 8V0A
lw ()3 = (1w ()T + v (1) 7|3 < 2[w (@) T3 + 2|lv(IF) T3 < 2[w(IF)” ||2+7«

Finally, recall from our choice of parameter that v/0A < 0.1+v/3. This, together with the above
inequality, implies the desired bound. O

B.3.3 Decoding Label Cover Assignment

We now arrive at the last Part of the proof, where we show that there exists an assignment that weakly
covers at least y = ( A7y Iraction of vertices in V', which completes our soundness proof.

Lemma 22. There exists an assignment ¢’ of L such that wval(¢') > p.
Proof. We define a (random) assignment ¢ for £ as follows:

e For each u € Ugpan, let ¢(u) be a random element from Xy where o, € Xy is selected
[ (w00

sesy | Wu,al”

with probability =
e For each © € Ulyge, let ¢(u) be an arbitrary element in Xy

We will now argue that E[wval(¢)] > p. Since we assume that OPT?P(;)V* (w) <0.96(0.25¢),
we have

0.96(0.25q) > OPT{ gy, (w)

> (0.2 P I 1—8)*
2(0.25) . Pl vus, [((w,sIV) < (1-6)y"] ,

where the second inequality is due to the error from the samples from Step 4c.

Let J C [t] contain all j € [t] such that Pryc 4 qyvusy [(w,sI) < (1 —6)y*] < 0.99. The above
inequality implies that

Pr [j € J] > 0.01. (11)
jeln

Now, let us fix j7 € J. By definition of J, we have
001<  Pr [(w,sIllV) > (1-06)y"]

se{£1}V >y
< P sIY | > (1—6)y*
S, [ (w,sT) | > (1 - 6)7"]
- P 7 s) 2 > (1= 6)7*)?
e by, (W@ 8) P 2 (=97
EsG{:ﬁ:l}VXZV [| <W(Hj)T7S> |2]
Markov’s inequality) <
( ’ (DR
w3
(1 =6)r)?
As aresult, we must have ||[w(I1/)7||3 > 0.01((1 — 6)~*)%. We now apply Lemma 21, which yields
; Vo 2
ST > 0005((1 )77 — 2 > 2 12

Using the definition of IT7, we may now rewrite | W (I17)7'||3 as follows.

I (1) 3



= Y (W),

(v,05)EV XEy

= Y (W) ),

(v,04)EV; XSy

= ) > W(u,o,)

(0,00)€Vix Ty \ ueN (v),0uen}, (00)

= > > Y. e

(v,00)EV; XZy u€N (v) oueﬂ(*ulv) (04)

+ Z Z Z w(u,ou) Z w(u’ﬁu/)

(v,00)EV; Xy uv#u/:luv,w ouent, (ov) Tw €y, (0)

= > > Yo e

(v,00)EV; XSy uEN (V)NUsman \ o, e‘/r(_ulv) (0v)

) > Yoo e S e, s (13

. ,u’ €N (a U, —1 —1
(v,0)EV; X Ty w,u eu;l,]u)/m small O-“Eﬂ-(u,ru) (ov) Uu/en’(u’,v) (ow)

where the last equality follows from the fact that ua(w“) =0 for all u ¢ Ugnan-

We will now bound the two terms in (13) separately. For the first term, we have

2
) > > Wuen | S D > >l
(v,05)EV; X Ty wEN (V)N Ugman Uueﬂallyu)(g,u) (v,04) €V XZy weN (v)NUsman a,uEn@f,u)(a,v)
2
- E E E : |’li}(uvgu)
UEUsman \ 00 €SV (ruE‘/r(_qivj(“))(ov)
2
< E ( § |w(u,au)|>
UEUsmal \0w €Xy
_ 2
= E M
UE Usmall
1

where the last inequality follows from M, < 1/k for all u € Usman (by definition) and from
U Mu < Wil < 1.

We now move on to bound the second term of (13). To do so, let us observe that, for every
U € Usman, v € N(u) and o, € Xy, we have

‘w(“v”u) |

P;r[ﬂ(um)@(u)) =0y] = Z M,

—1
TuEM (40 ()

> k Z |w(u,au)| .

ouemt, (00)



As a result, we have

> > Y e > e,

(’U,O’U)E‘/j XXy u,u/EZ:LI;(:;L)/ﬁUsmull a'ue'n'(fulm) (a',u) Oy 67‘—(7”1/,“)(011)
Pr¢[ﬂ-(u v)(¢(u)) = UU] Pr¢[7r(u’ v)(¢(ul)) = UU]

< 2 > ’ ' ’

(v,00)EV; XDy w,u! EN(V)NUgna K F

uFu

1

=12 > > };r[ﬂ-(u,v)((b(u)) = T(u w) (B(U)) = 7]
(v,04)EV; x By u,u/ €N(V)NUspay
uFu’

—5 Y Y Y Prlrun0) = e (66) = o

vEV; u,u/ €N (W)NUgpqy 0y EXY
uFu’

%Z D Prlmn (6(u) = . (9(u))]

vEV; u,u’ €N (v)NUgmay
uFu’

1
< = P k1
< 2 Z Z ¢r[¢ weakly covers v]

vEV; u,u’ €N (v)NUgmay
’

uFu
A(A-1)
< - 7
< 2 UGEV, 111"[¢ weakly covers v] , (15)

where the last inequality follows from the fact that each v € V has degree A.
Combining (12), (13), (14) and (15), we have

k

> .
Z ]F(;r[qb weakly covers v] > AB-T)

veVj
By summing over all j € J and using the bound from (11), we have

k

Ol XA~ < p Kl
00t A(A-1) —j;}v; JWWC& y covers v]

< 1;/ If;r[¢ weakly covers v]
= V|- Eg[wval(¢)]
< kt - Egwval(¢)] .

Equivalently, this means that E4[wval(¢)] > p, which implies that there exists an assignment ¢’ of
L such that wval(¢') > u, as desired.

B.4 Putting Things Together

Now that we have proved Theorem 16, we briefly argue that it implies the desired running time lower
bound (Theorem 3).

Proof of Theorem 3. Let A, kg, 11, 6 be as in Theorem 16. Suppose for the sake of contradiction that
there exists a proper d-robust 1.5-agnostic learner for L.,-y-margin halfspace .4 that runs in time

f(1/7) - d°1/7*) poly(1/e). We will use this to construct an algorithm B for Label Cover.

Given a Label Cover instance £ as an input, the algorithm B works as follows:

e Run the reduction from Theorem 16 on input £ to get e*,v*, O.

e Run A on O with parameters v = v*, e = 0.05¢*, 7 = 0.9 to get a halfspace w.

10



e Draw 10°/¢? additional samples from O. Let D be the empirical distribution.

o If errgf 5) ,Y(w) < 1.58¢*, return YES. Otherwise, return NO.

The first step of B runs in poly(n) time. The second step runs in time f(1/7)d°/7*) poly(1/e) =
FIOWE)) - n°® - poly (nPVE)) = £(O(Vk)) - n°*). The last two steps run in time poly(n, 1/¢);
recall from Theorem 16 that ¢* = no@/%)’ meaning that these two steps run in time nOWk), Hence,
the entire algorithm B runs in g(k) - n°*) time for some function g.

We will next argue the following correctness guarantee of the algorithm: If val(£) = 1, then the
algorithm answers YES with probability 0.8 and, if wval(L) < p, then the algorithm returns NO with
probability 0.8. Before we do so, observe that this, together with Theorem 14, means that Gap-ETH
is violated, which would complete our proof.

Note that we may assume that & > kg, as otherwise the Label Cover instance can already be solved

in polynomial time. Now consider the case val(£) = 1. Theorem 16 ensures that OPTf* < €.

As aresult, A returns w that satisfies the following with probability 0.9: err(’if &)y (w) < 1.5¢* +
D

0.05¢* = 1.55¢*. Furthermore, it is simple to check that Pr[[errf] ;.. (w) — err] s . (w)| >
0.02¢*] < 0.1. Hence, with probability 0.8, we must have crr(’a_éh* < 1.57€¢* and the algorithm

returns YES.
On the other hand, suppose that wval(£) < p. The soundness of Theorem 16 ensures that

erra_(sh* (w) >~1.66*. Similar to before, since Pr|| erra_é)ﬂ{* (w) — errg_(s)v* (w)] > 0.02¢*] <

0.1, we have err(’if 8y (w) > 1.58¢* with probability at least 0.9. Thus, in this case, the algorithm
returns NO with probability 0.9 as desired. O

C Tight Running Time Lower Bound for L, when 2 < p < oo

In this section, we briefly sketch a nearly tight running time lower bound when p > 2 is a (finite)
constant, which follows almost directly from our previous work [DKM19]. In fact, [DKM19] already
provided such a hardness in the case of p = 2, which we summarize below.

Theorem 23 ((DKM19]). For any constant o« > 1, assuming Gap-ETH, there is no proper 1-robust
a-agnostic learner for Lo-y-margin halfspace that runs in time poly(d/e) - 2/

Moreover, this holds even when ~y, e = 1/d°().

Note that the hardness above is quite strong in the two aspects. First, it holds even against 1-robust
learner, i.e. when the learner only requires to output a halfspace with small classification error (with
margin 0). Secondly, the above hardness holds for any constant factor ac > 1.

We can extend this hardness to any constant p > 2, which matches with our algorithm from Theorem 2
upto a O(y°(M) factor in the exponent.

Theorem 24. For any finite constant p > 2 and any constant o > 1, assuming Gap-ETH, there
is no proper 1-robust a-agnostic learner for Ly-y-margin halfspace that runs in time poly(d/e) -

o(1/m)* 7o

D

In the proof sketch below, since we are dealing with multiple L;, norms at once, we will write err,,

D with respect to the L,, norm.

to emphasize that this refers to erry

Proof Sketch. Suppose for the sake of contradiction that, for some finite constant p > 2 and constants
a >1,{ >0, there is a proper 1-robust a-agnostic learner A for L,-y'-margin halfspace that runs

n2—¢’
in time poly(d/¢€’) - 20((1/ ) ) . We will use this to devise a proper 1-robust a-agnostic learner B

for Lo-y-margin halfspace that runs in time poly(d/e) - 20((1/%)°™) for some constant ¢ > 0 when
v,e=1/ d®M) . Together with Theorem 23, we arrive at the desired lower bound.

On input samples (x1,¥1), - - -, (Xm, Ym ), B works as follows:
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e Sample a rotation matrix IT € R?*? uniformly at random.

e Run A on samples (nrl[TTxlle yl) e, (ngx#"n’ ym) to get a halfspace w’ where +' =
P m llp

m and 6/ = 6/2

e Output %
The claimed running time of 5 follows immediately from that of .A. We will now argue the correctness
of B. Let D’ denote the distribution of (HIETXIIP’ y) where (x,y) ~ D. Our main technical claim is
that when the constant C' (for v") is sufficiently large, the following holds with probability 0.9:
D’ D €
OPT, , <OPT;, +%. (16)
Before we sketch the proof of (16), let us briefly argue the correctness assuming (16). Observe that

=1,/ ’
erry (M) = errDo(w’). As aresult, we have

H—lwl , D’ (16) D
erry <||HlW’q> = errpy(w') <a-OPT,., +€ < a- OPT3, +e,

where the first inequality follows from the guarantee of .A. Thus, B is the desired a-agnostic learner
for Lo-y-margin halfspace.

Finally, we turn our attention to proving (16). Let w* be the optimal halfspace for D, i.e. that
errgfv(w*) = OPT;V. It is simple to see that, when C is a sufficiently large constant, we have
[TIw*||, < Cy - dY/%71/2 . log(a/e) with probability 1 — 0.0l¢/a. Similarly, for any (x,y) €
supp(D), when Cy is a sufficiently large constant we have ||TIx||, < Cs - d*/?=1/2 . log(a/¢) with
probability 1 — 0.01le/«. Let C' = 2C1C5. When both of these occur and y (w*,x) > ~, we have

Iw* 11 : *
Y m, m> > ~'. In other words, for each sample (x,y) € D correctly classified by w

. . HX . . Hw* . . /
with margin vy w.r.t. Ls norm, <7HHXHP , y) is correctly classified by Tw=T, with margin v’ w.r.t. L,

norm with probability 1 — 0.02¢/a. Markov’s inequality then implies that, with probability 0.9, we
have

’ ’ IIw* € €
D D D * _ D
OPTP,’Y, S errpﬂ, (M> S errzv(w ) + % = OPTQ,’Y +%,
which concludes our proof sketch. O
D Proof of Fact 1
Proof of Fact 1. For convenience, let w' = —%—. Consider any (x,y) € R x {£1}. We claim

Iwllq

that sgn((w’, x) — ) # y iff 3z € U, (%), hw(z) # y. Below we only show this statement when
y = —1. The case y = 1 follows analogously.

Suppose y = —1. Let us first prove the forward direction: if sgn({w’,x) — ) # y = —1, we have
(w',x) > . Lett € R? be such that t; = - sgn(w}) - |w}|?7L. It is simple to verify that [|t||, =
and that (w’, t) = ~. Consider z = x — t € U,, ,(x). We have

<WI7Z> = <WI7X> - <W/at> > 0.
Thus, we have hyw (z) = hyw (2) = 1 # y as desired.

We will next prove the converse by contrapositive. Suppose that sgn({w’, x) —v) = y = —1. Then,
we have (W', x) < —v and, for any z € U,, ,(x), we can derive

(W', z) < (W', x) + | (W, z = x) |
(Holder’s Inequality) < —v + [|w’||4]lz — x|,
<0,
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where the last inequality follows from ||w'||, = 1 and ||z — x||, < 7. Hence, hw(2) = hw/(z) =
—1 = y as desired.

To summarize, so far we have shown that sgn((w’, x) — ) # y iff 3z € U,, (%), hw(z) # y. Asa
result, we have

Ru, . (hw,D) = ( P)r . [Fz € Uy (x), hw(z) # Y]
X,y)~

= (x,l;)rND [sgn({w',x) — ) # 9]

= err?(w') . O

E On the Necessity of Bicriterion Approximation

In this section, we briefly argue that, when there is no margin gap (i.e., for v = 0), the learning problem
we consider is computationally hard. In particular, we show the following hardness that, when v = 0
and® v = 0.5, there is no poly(d/e)-time learning algorithm for any constant approximation ratio
a > 1. Note that this result holds under the assumption NP ¢ RP. If we further assume ETH, we

can get a stronger lower bound of 2(%/€)° for some constant ¢ > 0. This is in contrast to our main
algorithmic result (Theorem 2) that, when v, ¥ > 0 and « > 1 are constants, runs in polynomial (in
d/e) time.

Proposition 25. For any constant o > 1, assuming NP ¢ RP, there is no proper O-robust
a-agnostic learner for Loo-0.5-margin halfspaces in time poly(d/e).

Similar to before (see, e.g., Section 3), the above result immediately follows from Lemma 26 below.
We will henceforth focus on the proof of this lemma.

Lemma 26. For any constant « > 1, assuming P # N P, no poly(d/¢)-time algorithm can, given
€ > 0 and a multiset S C B, x {£1} of labeled samples, distinguish between:

e (Completeness) OPTg.5 <e
o (Soundness) OPTgﬁ > e

To prove Lemma 26, we will use the following hardness for (no-margin) proper agnostic learning
of halfspaces. Observe here that in the Completeness case, there is an extra promise that every
coordinate of w is non-negative; this follows from the construction of [ABSS97].

Theorem 27 ([ABSS97]). For any constant o > 1, assuming P # NP, no poly(cz/g)-time algo-
rithm can, given € > 0 and a multiset S C Be x {£1} of labeled samples, distinguish between:

o (Completeness) There exists W € Bf where w; > 0 for all i € [d] such that errs (w) <e
e (Soundness) OPTOS > - €.

Proof of Lemma 26. Given a multiset S C Ego x {£1} from Theorem 27. Let m = |5’ |. We create
a new multiset of samples S C BY x {1} as follows:

o Letd=d+ 1.
e Forevery (x,y) € S, add’ (x oy, y) to S.
e Add [am + 1] copies of ((1,...,1,0),+1) to S.

é-m

Finally, let € = T Tam T It is obvious that the reduction runs in polynomial time. We will now
argue its completeness and soundness.

8We remark that 0.5 is unimportant here and the reduction works for any v < 0.5.
Note that we use x o y to denote the vector resulting from concatenating x and v.
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Completeness. Suppose that there is w € B¢ whose coordinates are non-negative such that

errs (W) < & Consider w = (0.5W/||W/||1) o 0.5. Since each coordinate of W is non-negative, the
new halfspace w correctly classifies the last sample with margin 0.5. Furthermore, it is also simple to
verify that (x,y) € S is correctly classified by W (with margin 0) iff (x o y, y) is correctly classified

by w with margin 0.5. As a result, we have errg 5 (w) = -err§ (W) < e, as desired.

__m
m+[am+1]

Soundness. Suppose that OPTg > « - & Consider any w € B{. Let us consider two cases, based
on the value of wq .

e wgy1 > 1/2. In this case, (w, (1,...,1,0)) < 0.5. In other words, w does not correctly
classify the last sample with margin 0.5. As a result, we immediately have errf 5 (w) >
_fomt1ll - . € as desired
m—+[am+1] '

e wgy; < 1/2. In this case, notice that sgn({w,xoy) — 0.5y) = y implies
that sgn({(wi,...,wq),x)) = v. Thus, we have erry.(w) > T TamT T
erry ((wy, ..., wq)) > T TamTiT (- é)=a-e.

Hence, in both cases, we have OPT(”?.5 > « - €, which concludes our proof. O

F Additional Open Questions

In addition to the broader open questions posed in Section 4, we list several concrete open questions
below, regarding our lower bound (Theorem 3).

e As alluded to in Section 4, our proof can only rule out a margin gap (-, (1 — v)y) when
v > 0 is a small constant. An intriguing direction here is to extend our hardness to include a
larger v, or conversely give a better algorithm for larger . We remark that even the case of
margin gap (v, 0) (i.e., v = 1) remains open for the L..-margin setting. In this case, the
learner only seeks a small misclassification error (without any margin). Note that [DKM19]
gave hardness results that hold even when v = 1 in the setting of Lo-margin.

e Our technical approach can rule out approximation ratio « of at most 2. The reason is that,
the labeled samples (Step 4c¢ in our reduction) that test the Label Cover constraints are still
violated with probability at least 0.5 by the intended solution. As a result, any “reasonable’
solution will achieve an approximation ratio of 2. In contrast, [DKM19] can rule out any
constant o. Can our hardness be strengthened to also handle larger values of a?

5

e Finally, it may be interesting to attempt to prove our hardness result under a weaker as-
sumption, specifically ETH. Note that this is open for both our L,-margin setting and the
Lo-margin setting in [DKM19]'°. This question is closely related to the general research
direction of basing parameterized inapproximability results under ETH instead of Gap-
ETH. There are some parameterized hardness of approximation results known under ETH
(e.g., [Marl3, CL19, KLM19, Lin19, BBET19]), but a large number of questions remain
open, including basing Theorem 14 on ETH instead of Gap-ETH, which would have given
our hardness of L..-margin learning under ETH. However, it might be possible to give a
different proof for hardness of L.,-margin learning assuming ETH directly, without going
through such a result as Theorem 14.

10In [DKM19], the hardness result is stated under ETH but it is not asymptotically tight (as there is a 7o
factor in the exponent); their reduction only gives asymptotically tight hardness under Gap-ETH.
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