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Abstract

We present a PTAS for agnostically learning halfspaces w.r.t. the uniform distribution on
the d dimensional sphere. Namely, we show that for every p > 0 there is an algorithm that runs
in time poly (d, 1), and is guaranteed to return a classifier with error at most (1 + p)opt + e,
where opt is the error of the best halfspace classifier. This improves on Awasthi, Balcan and
Long [2] who showed an algorithm with an (unspecified) constant approximation ratio. Our
algorithm combines the classical technique of polynomial regression (e.g. [22, 16]), together
with the new localization technique of [2].
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1 Introduction

In the problem of agnostically learning halfspaces, the learner is given an access to examples drawn
from a distribution D on R? x {£1} and an accuracy parameter € > 0. It is required to output' a
classifier h : R? — {£1} whose error, Errp(h) := Pri, y)op (h(x) # y), is at most® opt + €. Here,
opt is the error of the best classifier of the from h,(z) = sign({w, z)). The learner is efficient if it
runs in time poly (d, %) We note that we consider the general, improper, setting where the learner
have the freedom to return a hypothesis that is not a halfspace classifier.

Halfspaces are extremely popular in practical applications, and have been extensively studied
in Machine Learning, Statistics and Theoretical Computer Science (see section 1.2). Unfortunately,
from a worst case perspective, the problem seems very hard: Best known efficient algorithms have
a terrible approximation ratio of Q(d) In the case of proper learning, where the output hypothesis
must be a halfspace, agnostic learning is known to be AN'P-hard. Even learning with a constant
approzimation ratio, where the returned classifier should have error < « - opt + ¢, is N'P-hard. In
fact, even approximation ratio of 2108”*(d) i5 A’P-hard. In the general (improper) case, agnostic
learning of halfspaces, and even agnostic learning with an approximation ratio of 210g0'99(“l)7 have
been showed hard under various complexity assumptions (see section 1.2). In light of that, it is
just natural to consider agnostic learning under various restrictions on the distribution D. A very
natural and widely studied such restriction [21, 20, 2, 10] is that the marginal distribution, Dga, is
uniform on the sphere S%~1.

Even under the uniform distribution, no efficient algorithms are known, and there is also an
evidence that the problem is hard [19]. This lead researchers to consider approximation algorithms.
The first approximation guarantee is due to [16], who showed an efficient regression based algorithm
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0)> . In an exciting recent work, [2] introduced a new
pt

with approximation ratio of @« = O < log (

algorithmic technique, called localization, and showed an efficient algorithm with an unspecified
constant approximation ratio. In this paper, we advance this line of work further, and show a
Polynomial Time Approximation Scheme (PTAS). Namely, we show:

Theorem 1.1 (main) For every p > 0, there is an efficient algorithm for agnostically learning
halfspaces under the uniform distribution with an approximation ratio of (1 + ).

As noted above, [19] showed that under a certain complexity assumption (hardness of learning
sparse parity), there are no exact efficient algorithms (i.e., with approximation ratio o = 1). In
that case, our result is optimal.

Label Complexity: Our algorithm naturally fits to the active learning (e.g. [21]) setting.
Often, a label is much more expensive than an example (e.g., when applying learning methods in
biology, it might be the case that we have to make an experiment in order to get a label). It is
therefore useful that algorithms will make economical use of labels. Our algorithm naturally have
such property, as its label complexity (i.e., the number of labels it needs to see) is poly-logarithmic
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in 5 (see theorem 1.5 for a more detailed statement).

Interpolation between approximation and exact algorithms: A more precise statement
e (1)
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of our result is that there exists an algorithm with runtime poly | d #* that is guaranteed

to return a classifier with error at most (1 + p)opt + € for every 0 < p,e < 1. Taking p up to

! Throughout, we require our algorithms to succeed with a constant probability (that can be standardly amplified
by repetition).
?Note that opt might be > 0, namely, we consider the “agnostic PAC learning” model [18].



¢ and replacing € with £, the error bound is (1+ §)opt + § < opt + e. Hence, we get an exact
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algorithm. The running time is poly (d e ) , which almost matches the current state of the art

— poly (de%> [16, 13].

Open questions: Obvious open questions are to extend our results to more distributions (uni-
form on {#1}%, permutation-invariant, product, log-concave, ...) and more problems (learning
intersection of halfspaces, functions of halfspaces, ... ). In addition, as opposed to previous approx-
imation algorithms [2, 16], our algorithm does not always return a halfspace classifier. A natural
open question is therefore to find a proper PTAS.

1.1 Algorithmic Components, The PTAS, and Proof Outline

Our algorithm and its analysis build on and combine various algorithmic and proof techniques
that were previously used for learning halfspaces. This includes regression based algorithms (e.g.
[25, 16]), polynomial approximations of the sign function (e.g. [25, 16, 12, 13]) and localization
techniques [2]. In this section we outline these techniques and the way we use them. Then, we
present our PTAS, state its properties (theorem 1.5), and describe the course of the proof. The full
proof is in sections 2 and 3.

1.1.1 Some preliminaries

Noise tolerance is a measure to evaluate the performance of learning algorithms, that is essentially
equivalent to the approximation ratio. Yet, we find it slightly more convenient for the technical
exposition. We say that a learning algorithm tolerates noise rate of 0 < f(n) < n (w.r.t. halfspaces)
if, when running on input 0 < n < 1, it guaranteed to return a hypothesis with error < 7, provided

that opt < f(n). We say that such an algorithm is efficient if it runs in time poly (d, %) We

note that given a learning algorithm that tolerates noise rate of I, for some o > 1, it is not hard
to construct an algorithm with approximation ratio of «, and the running time grows only by a
factor of poly (%) Indeed, in order to return a hypothesis with error < « - opt + €, we can run the
algorithm with a-opt < n < a-opt+e. We can find such an n by trying n = ke for k =1,2,..., E]
Notation. Let D be a distribution on a space X. For Y C X we denote by Dl|y the restriction
of D to Y. If D is a distribution on X x {£1} we denote by Dx the marginal distribution on
X. If D is a distribution on S9! (resp. S9! x {£1}) and w € S9!, we define the projection
of D on w as follows: If z ~ D (resp. (z,y) ~ D) then D,, is the distribution (on [—1,1]) of the

random variable (w, x). For a distribution D on a space X and a function f : S4=1 5 R, we denote

| fllpp = (Exwp|f(x)\p)%. We will sometimes abuse notation and use || f||, p instead of || f|pp, ,
even when D is a distribution on S9! x {#1}. We denote by 6(w,w*) = cos™((w, w*)) the angle
between two vectors w,w* € S71. We will frequently use the fact that for uniform z € S 1 we
have Pr (hy« () # hy(z)) = fww’) We denote by POL, 4 the space of d-variate polynomials of

™

degree < r. For w € S¥! and v > 0 we let Ty (w) := {u € ST 1 : |(w, u)| <~}

1.1.2 Polynomial /;-regression for classification

The output of a classification algorithm is a (description of a) hypothesis h : S9! — {+1}.
Often, the returned hypothesis is of the form h(z) = sign(f(x)), for some real valued function
f: 891 5 R. To conveniently dealing with such hypotheses, we introduce some terminology. We
denote the standard (zero-one) loss of f by Errp(f) = Errp (sign(f)). We also consider the ¢;-loss,



Errp1(f) = E(yy)~plf(z) — y|l. We note that for f: S9!t — R, since % < |z —1] for all z,
we have

Errp(f) = E(x7y)ND|Sign(yf2(x)) —1]

< E(x,y)ND’yf(‘r) - 1‘
E(w,y)~D|f($) - y‘ = Eer,l(f)

Thus, by finding f with small ¢i-error we can find a good classifier. The motivation for moving
from the 0-1 loss to the ¢; loss is the convexity of the #; loss, which enables the use of convex
optimization. Concretely, for “nice enough” convex set, F, of functions from S%! to R, it is
possible to efficiently find (both in terms of number of examples and time) f € F with ¢; error
almost as small as min ez Errp 1(f). Now, for a classifier h: S — {£1} we have

Eer(f) < Eer,l(f) = E(x,y)ND’f(x) - y‘
< Egy~plf(@) = h@)| + Egy~op|h(z) — Yl (1)
= |If = hlli,p +2Exr(h)

Thus, if we minimize the £1-loss over a collection of functions that is large enough to contain a good
{1-approximation of the best halfspace classifier, we can find a function whose ¢1-error, and therefore
also the 0-1 error, is almost as good as the 0-1 error of the best halfspace classifier. Methods that
follow the above spirit have been extensively studied in computational learning theory. Concretely,
[16] suggested the following algorithm: First, find P € POL, 4 that minimizes the empirical ¢;-error
on the given sample®. Then, find a classifier that makes the least number of errors on the given
sample, among all classifiers of the form x — sign (P(x) — a) for a € R. We note that the second
step is required in order to overcome the factor of 2 in equation (1). They used that algorithm to
show:

Theorem 1.2 [16] There is an algorithm with runtime poly (d”, %) such that, for every distribution
D on STt x {£1} and every h: St — {&1}, it returns P € POL, 4 with Errp(P) < Errp(h) +
minplepOLqu ”h — P/HLD + €.

1.1.3 Learning halfspaces using sign approximations

To use theorem 1.2 for learning halfspaces, we need to prove the existence of low degree polynomials
P such that ||h—P||; p is small, where h is a halfspace classifier. As explained below, this is naturally

. . . . . 1 x>0 .
done by approximating the sign function, sign(x) = , <0’ with respect to an appropriate
-1 z<
proximity measure.
Suppose that w* € S% 1 defines the optimal halfspace and let D, be the projection of D on
w*. For a univariate polynomial p € POL, 1, consider the d-variate polynomial P € POL, 4 given

by P(z) = p({(w*,z)). We have

”P - hw*

10 = Eeupy,, [Ip((w",2)) = sign((w*, )]
= EBup,.[lp(x) — sign(=)|] (2)
= |lp—sien|f1.p,.

*Le., if the sample is (z1,91), ..., (Tm,ym) € S*"' x {£1}, find P € POL, 4 that minimizes = > 7" |P(x:) — yil.



Therefore, in order to find a good ¢; approximation for h,+ w.r.t. D, we can find a good /;
approximation for sign w.r.t. Dy-.

Approximating the sign function is a central component in many papers about halfspaces
[6, 12, 12, 16, 25]. These papers needed to find approximation of the sign function w.r.t. rela-
tively well studied proximity measures, such as the £,, norm, or the ¢; and ¢» norms w.r.t. the
Gaussian distribution. Therefore, some of these papers used basis expansion methods (Fourier,
Hermite, Chebyshev, ...). In this paper we need to find ¢; approximation w.r.t. messier distribu-
tions. Therefore, we use a somewhat more flexible approach, similar to the one used in [12]. We
rely on techniques from approximation theory [I1]. In particular, our main tool for constructing
polynomials will be the celebrated Jackson’s theorem.

Theorem 1.3 (Jackson, [11]) For every L-lipschitz function f :[—1,1] — R and r € N there is
a degree r polynomial p such that [|p — f|ls =1, < 6L

- T

1.1.4 Localization

An additional algorithmic component we will use, except polynomial regression, is localization in
the instance and the hypotheses space (e.g. [3, 2]). The basic idea is the following. Suppose that
w* € S9! defines the optimal halfspace. Suppose furthermore that we have found (say, using some
simple algorithm) a vector w € S9~! that defines a halfspace with a relatively small error. The facts
that the marginal distribution is uniform and Err(h,,) is small have two relevant consequences:

e We know that the optimal vector, w*, is close to w.
e Hence, if |(w, z)| is large, then hy«(x) = hy(2) and therefore we know hy«(z).

These two properties enable us to “localize the learning” and concentrate only on hypotheses A,
with w’ close to w, and on instances x with small [(w,x)|. We will use this idea directly in our
algorithm. In addition, we will use, as a black-box, the localization-based algorithm of [2]. Their
algorithm starts with a crude approximation w; € S%! of the optimal halfspace w*. Then, it finds
wy that minimizes the hinge loss Ep|,._ ., (1 —(w,yz))+ on the restriction of D to some small strip
T = {z € 81| |(w,z)| <~}. Then, it continue in this manner to find better and better w;’s.
Awasthi, Balcan and Long used their algorithm to show:

Theorem 1.4 [2] There is an efficient learning algorithm with label complezity poly (d, log (%))

that tolerates moise rate of aio for some universal constant ag > 1. Moreover, the algorithm is
proper, that is, its output is a halfspace.

1.1.5 The PTAS and its analysis

In a nutshell, our algorithm first find (step 1) a “rough estimation”, w, of w*. Then, it “localizes
the learning” and apply more computation power (step 3), to a small strip 7" that is closed to hy,’s
decision boundary, and therefore, intuitively, we are less certain about h,,’s prediction.



Algorithm 1 A PTAS for agnostically learning halfspaces w.r.t. the uniform distribution

Input: 0 <7 < 1 and access to samples from a distribution D on S9=! x {£1}.
Parameters: r € N, § > 0 and v > 0.

1: Find, using [2] (theorem 1.4), a vector w € S%! with Errp(hy) < aon
2: Let T = Ty (w) := {u € S : [(w,u)| <~}
3: Find, using [10] (theorem 1.2), P € POL, 4 with

Brrpy, (P) < Brrpyy (o) + it [lhwr = P'lpir + 5

where h,+ is an optimal halfspace classifier w.r.t. D.
4: With probability % return hy,, and w.p. % return the classifier

h(x):{7w<x> [(w, )] >
sign(P(x)) |(w,z)] <~

Theorem 1.5 (main — detailed) With appropriate choice of the parameters r,[3,v (depending
on 0 < p,n <1), algorithm 1 satisfies:

e [t tolerates noise rate of (1 — p)n.

()
e [t runs in time poly | d #* ,% .

oe'(3)
o [lts label complexity is poly (d w2 log (:}))

Proof outline. To prove theorem 1.5, we must show that we can choose the parameters so that
the time and label complexity are as stated, and under the assumption that Errp(hy«) < (1 —p)n,
the error of the returned classifier satisfies Errp(h) < n. Below, we explain how we do that. We
would naturally like to decompose the error into two parts:

Errp(h) = (@ I;)rND (xgT)- Eer|TC><{i1} (h) + (@ E)ip (zel)- Eer|Tx{il}(h)
= (m’l;)rND (@& T) Errpjpe, oy, (hw) + (m’l;’)rND (@ €T)-Errp, ., (P) (3)

We first handle the former summand using a localization lemma (lemma 2.1 below). We show that
()
for y =0 — | the probability that h,(2) # hye+(2) outside the strip T, is < &!. Hence,

on the complement of T, the returned classifier, that coincides with h,,, is as good as h,, up to an
additive error of &!. Concretely,

un
(17]?;){/1) (x ¢ T) ' Err'D|TcX{i1} (hw) S (ﬁ,]?;)I'.\/D ('r ¢ T) : Err'D|Tc><{i1} (hw*) + 7 : (4)
It remains to handle the latter summand in equation (4). It is enough to show that
Hn
(x’];)I,‘\,T (.’L' & T) . Eer'Tx{il} (P) S (x’E)I'NT (IL' S T) . Err,D‘Tx{il}(h'W*) =+ 7 (5)

5



Indeed, in that case it follows from equations (3), (4) and (5) that

Errp(h) <  Pr (x¢T)- EerlTCx{il}(hW*) + Pr (zeT)- Eer‘TX{il}(hw*) + un
(Z‘vy)ND (Z‘7y)NT
= EBrrp(hes) +pun < (L—pn+pn=mn.

To prove equation (5) we first note that Pr(, ,yp(z € T) = © (n log (i)) Hence, it is enough

to show that for suitable choice of r and 3, Errp|,. ., (P) < Errpy, iy, (hy+) + ———— for large

enough constant C' > 0. By theorem 1.2, it is enough to choose § = —*——, and large enough
2C, [log i

r so that minP/EPOLTVd ||h — Pl||17D|T><{:tl} < KL

2C log(i) .
logB(l> . o -
As we show, r = O MQ“ suffices. To do that, by equation (2), it is enough to find
: 0g® (1) . : :
a polynomial of degree O T” that approximates the sign function up to an f¢j-error of

1. We first (section 3.1) show how to find polynomials that approximate the sign function on
all the points of a given segment [—a,a], except the area that is very close to the origin,
say [—¢€,€]. To this end, we invoke Jackson’s theorem (theorem 1.3) to find a polynomial
that roughly (up to an error of, say, 0.1) approximates the sign function on the mentioned
regime. Namely, we find a polynomial p of degree O (%) that maps [—a, —€]| (resp. [, al)
to [—-1.1,-0.9] (resp. [0,9,1.1]). To move from accuracy of 0.1 to accuracy of some small
7 > 0, we compose p with another polynomial r that maps [—1.1,—0.9] (resp. [0.9,1.1]) to
[-1—7,—14 7] (respg. [1 — 7,1+ 7]). Using the Taylor expansion of the the error function

erf(z) := \/%7 ffoo ef%dt, we show that there exists such r of degree O (log (%))

2. In the second step (section 3.2), we will find ¢; approximations for distributions with strong

w.r.t the distribution (D|ry{41})w+. This is done in section 3, in three steps:

tail bounds (namely, distributions that have density function bounded by 2exp (—%) on a

certain domain). We use step 1 to find polynomials that approximate the sign function in
on a relatively large area, and use the tail bounds and lemma 3.4 to neglect the ¢; norm on
the complement of that area.

3. In the last step (section 3.3), using basic facts about high dimensional spherical geometry, we
show that the distribution (D|7y(+1})w+ have strong enough tail bounds.

1.2 Related work

Upper bounds. Statistical aspects of learning halfspaces have been extensively studied (e.g.
[26]). Halfspaces are efficiently learnable in the realizable case, when opt = 0. This is done using
the ERM algorithm [26] that efficiently find, using linear programming, a halfspace that makes
no errors on the given sample. For agnostic, distribution free learning, the best known efficient
algorithm [17] have an approximation ratio of O(d), and the best known exact algorithm is the naive
(exponential time) algorithm that go over all halfspaces and return the one with minimal error on the



given sample. Under distributional assumptions, better algorithms are known. Under the uniform
distribution, [16] and [2] presented efficient algorithms with approximation ratios log< > and

1
O(1) respectively. The best known exact algorithm [16] runs in time do<62> (as follows from [13]).
For log-concave distributions, [21] and [2] presented efficient algorithms with approximation ratios

o (=)

opt2

and O <log (Opt>) respectively. The best known exact algorithm [10] runs in time

d’(©). In learning halfspaces with margin® v > 0, best known algorithms [23, 6] have approximation
O 10g(1/’7>)
v .

ratio of 7, while the best known exact algorithm [25] runs in time (1) (

logé/w
Lower bounds. Hardness of (distribution free) agnostic learning of halfspaces is known to follow
from several complexity assumptions including hardness of learning parity [10] (this result even rules
out learning under the uniform distribution on {41}%), hardness of the shortest vector problem [14],
and hardness of refuting random K-SAT formulas [3]. Hardness of learning sparse parity implies
hardness of agnostic learning under the uniform distribution on S?~1 [19]. For every 7 > 0, hardness
of agnostic learning of halfspaces with an approximation ratio of 208" (4 follows from hardness
of refuting random K-XOR formulas [7] (see also [9]). For proper learning of halfspaces, super
constant (21°g177(d) for every 7 > 0) lower bounds on the best approximation ratio are known,
assuming NP # RP [1, 15, 14]. Finally, lower bounds on concrete families of algorithms were
studied in [1, 10]

2 Proof of theorem 1.5

For localization arguments, we will use the following lemma.

Lemma 2.1 (localization) Let w,w* € S™™ ! and let D be a distribution of S4=' x {£1} such
that D|ga-1 is uniform.

o We have ( w) < Errp(w) 4+ Errp(w*).

o Ifx € ST is a uniform vector, then for every r > 0,

Pr (hy(x) # hy+(2) and |(z,w)| > r- 0(w,w")) < Mexp <—;r2d>

s

Q(ww)

Proof For the first part we note that Prywp (hy(z) # hy+(z)) = , while on the other hand,

Pr (hy(z) # hor(2)) < Pr(hy(z) #y)+ Pr(he-(2) #y) -

z~D (z,y)~D (z,y)~D

For the second part, let V' C R¢ be the 2-dimensional space spanned by w,w*, let Py : R¢ — V be
the orthogonal projection V', and let B C V be the ball of radius r around 0. We have

[(w", ) = (w, )| = [(w" —w, Py ()] < lw—w[| - | Pv(2)[] < 0w, w") - | Pv(z)] .

“4In this problem the distribution is supported in the unit ball, and the algorithm should compete with all classifiers
that predict like a halfspace classifier h., except that they give no prediction (and therefore err) for instances that
are within distance - of the decision boundary of h,,.



Therefore, if Py (z) € B and |(z,w)| > 7 - (w, w*) then hy(x) = hy+(x). It follows that

Pr (hy(x) # hy+(z) and [{(z,w)| > - 0(w,w*)) = Pr(hy(z) # hw=(z) | Pv(z) ¢ B) - Pr(Py(x) ¢ B)
_ H(W;Tw ) Pr(Py(2) ¢ B) .

Finally, let e1,e2 € V be an orthonormal basis. Note that if |(z,e;)| < 7 and |(z,eq)| < 7 then
Py (x) € B. Hence, we have

Pr(Py(z) ¢ B) < Pr <|<x er)] > ﬂ> 4 Pr <|<:E,62>| > %) < dexp (-éri’d) |

Here, the last inequality follows from the well known measure concentration bound according which
for every e € S471 and o > 0 we have Pr (|(z,€)| > o) < 2exp (—10%d).

0

To approximate h,,+, we will need to find low degree ¢ approximation of h,+ w.r.t. the distribution
D|r. Such approximations are given in the following two lemmas. The first lemma is from [12] (see
a proof in section 3. For a stronger version, with r = O (T—lg), see [13]). The proof of the second
lemma is established by approximating the sign function (as explained in section 1.1.3) and is given
in section 3.

Lemma 2.2 (uniform halfspaces approximation, [12]) Let D be the uniform distribution on
2

S and let w* € S41. For every T > 0 there is P € POL, 4, for r = O (logT(#) such that

|hw — Pllip < T.

Lemma 2.3 (halfspaces approximation on a strip) Let w,w* be two wvectors with 0 =
O(w,w*) and let % >~ > 0. Let D be the distribution on S that is the restriction of the uniform

distribution to Ty ~(w). Then, for every 0 < 17 < ;m\(af) there is P € POL, 4, for r = O (@#)
such that ||hy+ — Pll1p < T.

Lastly, we will also rely on the following complexity analysis of algorithm 1.

Lemma 2.4 (complexity analysis) The runtime of algorithm 1 is poly (dr, é, =, %) and the la-

bel complexity is poly (dr’ n,log < )>

Proof The runtime of step 1 is poly (d 7>, while the label complexity is poly (d log ( )) For
step 3, we can apply the [10] algorithm on poly (dT, %) examples and labels from the distribution
D|r. We can get these many examples by sampling poly <d7", %, m> examples from D and
keep and expose the labels of only the first poly (dT, %) examples that fell in T". It is not hard to
see that Prp(T x {£1}) > Q (min (’y\/g 1)> Hence, the runtime of step 3 is poly <d’", > 7) To

summarize, the total runtime is poly (d", [13 i 71]) and the label complexity is poly (dr, 3 log <ﬁ>>

0



We are now ready to prove theorem 1.5.
Proof (of theorem 1.5) We will first deal with the case that n > m In that case we won'’t
use localization, that is we will choose v = 1 (in that case our algorithm is essentially the algorithm

of [16]). We will choose 8 = &L, and r = O (%) =0 (%) that is large enough so
that minprepor, , [|hws — P'|l1,pj, < 5 (this is possible according to lemma 2.2). Tt that case, the
algorithm will, w.p. %, return the hypothesis sign(P) for the polynomial P that was found in step

3. We have

Errp(P) < Errp(hy+) + % + % .
By assumption, Errp(hy+) < (1 — p)n. Hence, Errp(P) < 7, as required. It also follows from

log?(1/)

lemma 2.4 that the runtime and label complexity are poly <d n? ) (note that n is bounded

from below by a constant) as stated .
Next, we deal with the case that n < Q(Tlao)

6 (ng(i))’ 50 . and 7 — © m/log(i)

We will show that it is possible to choose

e C 7 for which the algorithm will have
the desired properties. Also, by lemma 2.4, for such a choice of parameters, the runtime and label
complexity are as stated.

Let w* be the vector defining the optimal halfspace. By assumption, Errp(hy+) < (1 — p)n.
Let w be the vector found in step 1, and let P be the polynomial found in step 3. We first claim
that we can assume w.l.o.g. that

= 2>y (6)

0 O(w,w")
v s

Indeed, otherwise, we will have

Errp(hy)

IN

Brrp(ye) +  Pr  (hu(x) # hu (2)

0
= Errp(hes) + — < (1= p)n+pn <1
and in that case the algorithm will return, in the last step, w.p. %, a hypothesis with error at most

7, as required.
haw ;
et ey = {M@ Il >
sign(P(z))  [{w,z)] <v
Tyn(w) :={u e gd—1 . [(w,u)| <~}. The error of h is

It is enough to show that Errp(h) < n. Let T =

Brip(h) = Pr_(hu(e) £y and |(w.o)] > )+ Pr(sign(P(o) #y and [{w2) <)
< (xglpr(hw(x) # hw(z) and [{w, z)| > ) + (xvlyD)TND(hw* (z) # y and [(w, z)[ > )
+ Pr _(zeT)- Errp,(P) (7)
(z,y)~D

By the first part of lemma 2.1 we have

0
= < Errp(hy) + Errp(hy+) < (14 ao)n . (8)



By the second part of lemma 2.1 we have

Pr (hw(z) # hy+(z) and [(w,z)| >7v) < 4(1+ ag)nexp (—
(z,y)~D

(3)°4)
(i) )

o= 0o

< a0 capo -

Now, by an appropriate choice of v = © —va |- we get
Hn
Pr  (hy(z) # hy+(z) and [(w,z)| > ) < — . (9)
(z,y)~D 2

ol
We next deal with the term Pr, y.p (z € T') - Errp),.(P). Since v = © —a | we have that

1
(x,?lj’)rwp (xeT)=0 (77 -1 /log <H>> (10)

y> We have that 0 < 6 < Z. For this

Also, by equation (8) and the assumption that n < m 2

regime, sin(6) > 2779. Hence, by equation (6) we have
sin () 4 pin f
> > =0 | —V— (11)
29v/d ~ myVd T y/d log (1/p)

By equations (10) and (11) we can choose = “(), where C' > 0 is a universal constant that
4C4 [log i

is large enough so that

sin(0) ©n
< and 28- Pr (zeT)<— 12
b 2vv/d b (I,y)ND( )< 2 (12)
) log2 (%) log3 (l)
By equation 12 and lemma 2.3 we can choose r = © 7 =0 “2“ such that
i « — P <
I
in that case we have
Eer|T(P) < Eer|T(hw*) + min || Ay — P/HLDIT + B < Errpy, (hw+) +28 .
P'€POL, 4
Hence,
P el E P) < P eT)-E P P eT)-2
@bl @ E€T) Brrp(P) < Pr (z€T) Bopy(her)+ Pro(z€T)-26
©n
< P el E R —
< P (@eT)-Erpy () + ]
= Pr(hye(x) £y and [(w,7)] <7) + 5 (13)
(z,y)~D 2

10



By equations (7), (9) and (13) we conclude that

Errp(h) < 24 Pr (hy-(z) £y and |(w,z)| > )
2 (zy)~D
+ Pr_(hy(x) #y and [(w,z)] <) + 2
(2,y)~D 2

= Errp(he) +un <A —pn+un=mn.

3 Polynomial approximation of the sign function

In this section we will find ¢; approximation of halfspaces. In particular, we will prove lemmas 2.3
and 2.2.

3.1 Approximation in “truncated L*”

Lemma 3.1 Let a,v,7 > 0. There exist a polynomial p of degree O (% -log (%)) such that

e Forx € [—a,al, p(x)| <1+T.
e forx € [—a,a]\ [ a,y-al, |p(x) —sign(z)| < 7.
We will use the following lemma:
Lemma 3.2 Let 7 > 0. There exist a polynomial p of degree O (log (%)) such that
e Forx € [—1.5,15], [p(x)] <1+T.
e Forx € [—1.5,1.5]\ [-0.5,0.5], |p(z) — sign(z)| < 7.

2
Proof The proof is established by approximating the error function, erf(z) := L ffoo e~ Tdt by

T WVer
a low degree polynomial. Let o = 2, /2 log(ﬁ). We claim that for every z > § we have
lexf(z) — 1], |exf(—z)] < (14)

Because 0 < erf(z) < 1 for all z, and since erf(x
erf(z) > 1 — 7. Indeed, we have

~—

= 1 — erf(—xz), it is enough to prove that

o0 t
1—erf(z) = / e 2dt




Now, by the Taylor expansion of ¢* we have

oo )nxQn—i-l

1 * ¢2 1 1 (—1
f(z) = — T2dt = - .
erf(z) o /_Ooe 2 5 + o ,LZ: W27 (20 + 1)

=0

Let r be the 2k’th Taylor polynomial of erf for k = max{[2(1.5¢)%],log, (£)} = O (log (1)). We
have, for |z| < 1.50 < w/2—ke

2 oo |x‘2n+1

NZ3 Z n!(2n +1)

|r(z) —erf(z)] <

VAN
Sl
Nk
=]

IA INA
SIS
NERRNgE:
9.

=

—

IA
S Al
NE
/N /N
N | =
»—A\/:

1\F~ IS
T \2 —\2) T 4
Here, the 4’th inequality follows from the well known fact that n! > /27 (%)n Finally, using the

last inequality and equation (14), it is not hard to check that the polynomial p(z) = 2r(cz) — 1
satisfies the required properties.

0

Proof (of lemma 3.1) By rescaling, we can assume w.l.o.g. that a = 1. Let ¢ : [-1,1] :— R be
the function

%x |z] <~
px) =91 z>7
-1 z< -y
By Jackson’s Theorem, there is a polynomial ¢ : [-1,1] — R of degree < [17—2—‘ with

Ilg = ®lloo,j—1,1) < % Also, let r be the polynomial from Lemma 3.2. It is easy to check that,
p = r o q satisfies the requirement of the Lemma.

0
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3.2 Approximations for short tailed distributions
Lemma 3.3 Let p: R — R a density function such that for some v,0 > 0 we have

9
v <z
z, p(l’)_a

and V|z| > 27, p(x) < 2 e —x—Q
Y, PAT) = p Xp 3902

Then, for every 0 < 1 < % there is a polynomial of degree’ O (ng(#) such that
o0
| 1vta) - sign(olpla)ds < 7
—0o0
We will use the following fact.

Lemma 3.4 [7] Let p: R — R be a polynomial of degree < r for which |p(x)| < b in the interval
[—a,a]. Then, for every |z| > a we have |p(z)| < b- ‘%V

Proof (of lemma 3.3) By lemma 3.1, there is a polynomial p of degree O (rlog(1/7)) such that
e For z € [—r7o,r70], |p(2)| < 2.
e For z € [—r7o,—1&], [p(2)| < 55-

e For z € [{&,r70], Ip(x) — 1| < f5-

We have,
- x) — sign(x x)dxr = x) — sign(x x)dx x) — sign(zx x)dx
/_ * Ipta) = sign(a)|p(o) /| Ip(z) — sign(a)|o(z)dz + /| Ip(z) — sign()o(z)

+ /z|>r“r0’ |p(x) — Sign(x)‘p(x)dx

6 T
—dx +/ —p(x)dx
/a:|<‘”7 g To5 S| <rro 100p( )

100 00 —

" /x|>rm p(z) — sign(z)|p(z)dz

IN

< 5+ [ @ sl

It remains to bound fl$|>rw |p(x) — sign(x)|p(x)dx. We will choose r > ;12, and therefore we will
have rro > Z > 2v. Hence, by lemma 3.4 we have

2 "9 s
/mm p(x) — sign(z)lp(s)de < /Hs(j) 2 s dr

o0
< 12/
rTO

IN

—_

[N}
—~

®The constant in the big-O notation is universal.
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r 2
Now, it is possible to choose r = © <l°g(12/7)> such that for all y > r7 we have (2—3’) cem6r < 1.

T

2
For such r, the last expression is bounded by 12 fwo?l> e~ G1dy = o(T).

3.3 Approximation on a biased strip: proof of lemma 2.3

In this section we will find a low degree approximation of halfspaces w.r.t. to the distribution from
step 3 of our PTAS. Namely, we will prove lemma 2.3. Let pg~¢ : [—1,1] = Ry be the projection
on w* of the uniform distribution on Ty ,(w). By equation (2), it is enough to find T-approximation
of the sign function in /1, w.r.t. pg~¢. Namely, it is enough to prove:

. L . B log2(1/7)
Lemma 3.5 There is a univariate polynomial p of degree r = O (%) such that

1
/1 | sign(z) — p(z)|paq.e(z)de < T .

Lemma 3.5 follows immediately from lemma 3.3 with o = Si?/(g), the assumptions that v < % and

sin(6)
27\/& ’

T < and the following bound:

Lemma 3.6

_vd
sin(0)y/1 — 2

Va2
VIz| > 7, paye(z) < sin(@)ﬂexp ( (d—1) 4sin?(0) )

To prove lemma 3.6, we will use an explicit formula for pg.. It will be convenient to introduce
some notation. Let pg, : R — R be the density function of the random variable that is the inner
product of a fixed unit vector in S%~! and a uniform vector in r - S, Clearly,

vz’ pd:’Y’e(z) S

1 T
— . hd 15
Pd.r(T) Pl (r> (15)
We will use the following well known inequality
2d
pa(z) < Vdexp (—2) (16)

Lemma 3.7 Let A be the probability of Ty (w) according to the uniform distribution. We have

1 ~ cos(6)
Iodﬁﬂ(z) = Z /—A/cos(G) Pd,cos(6) (u) : pdfl, sin2(0)—tan2(0)u2 (Z - U) du
Proof Let z be a uniform vector in the strip T ,(w), and let y = (w*,x). We note that pg g is
the density of y. We write

r=a-w+z

1

where (w, z) = 0. For (w*)~ = w* — (w*, w)w we have,

y=(w"z) = a (W w)+ (w,2)
= a-cos(f) + ((w*)t, 2)

14



We note that the density function of the distribution of « - cos(6) is given by

) = | APeos) (W) [ul < - cos(6)
0 Ju| > 7 - cos(0)

Now, given «, z is a uniform vector of norm v/1 — a2 in the orthogonal complement of w, and
(w*)* is a vector of norm sin(f) in that space. It follows that the density function of ((w*)*,z)

iven that - 0) =wui = . . It therefore follows that
given that o - cos(f) = u is pdil’sin(g). 1760522(9) P g1 /52 (6)—tan2(0)u2 erefore follows tha
~ cos(6)
Pd,.0 A /'ycos Pd,cos( ( ) ' pd_L sin2 (0)—tan2(6)u2 (Z - 'LL) du

O

We are now ready to prove lemma 3.6.
Proof (of lemma 3.6) Let A be the probability of the strip T, (w) according to the uniform
distribution on the sphere. We have, using equations (15) and (16),

~ cos(6)
pd,’y,@(z) = — /’YCOS(G) pd COS 9) ( ) pd*l, sin2(9)7tan2(9)u2 (Z — U) du
~ cos(6)
< A /’ycos(e) Pd,cos (6 (u) : pd—l, sin2(0)—tan2(0)u2 (O) du
S -
sm(é?) 1—~2
Similarly, for |z| > v,
~ cos(6)
pd,’Y,O(Z) = —_— /,YCOS(G pd COb 0) ( ) pd*l, sin2(0)7tan2(9)u2 (Z — U) du
v cos
= A /7605(9 Pdcos(o) (1) Pa—1,1/5in%(0)—tan2(0)u2 (2] =) du
< /’YCOS (u) |Z‘ . "
© Asin(0)/1— ~ cos(6 Pdcos(t) pa-1 V/sin?(0) — tan2(9)u2
< /'YCOS ( ) (‘Z| > ;
cos u
o ASIH \/ 1-— ~ cos(6 P, (9) P11 Sln(a)
= ;Pd 1,1 <|Z| —’y)
sin(f)/1—~2 " \ sin(9)
d A2

sin(0)y/1 —~?

0

Proof (of lemma 2.2) By equation (2), in is enough to show that the there is a univariate polynomial
2
p of degree r = O (lOgT(#) such that

1
/ Ip(z) — sign(x)|pg1(z)de < 7.

-1

This, however, follows immediately from lemma 3.3 and equation (16).
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