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Abstract

We study the problem of testing whether a function f: R™ — R is a polynomial of degree at most d
in the distribution-free testing model. Here, the distance between functions is measured with respect to an
unknown distribution D over R™ from which we can draw samples. In contrast to previous work, we do
not assume that D has finite support.

We design a tester that given query access to f, and sample access to D, makes poly(d/e) many
queries to f, accepts with probability 1 if f is a polynomial of degree d, and rejects with probability
at least 2/3 if every degree-d polynomial P disagrees with f on a set of mass at least £ with respect to
D. Our result also holds under mild assumptions when we receive only a polynomial number of bits of
precision for each query to f, or when f can only be queried on rational points representable using a
logarithmic number of bits. Along the way, we prove a new stability theorem for multivariate polynomials
that may be of independent interest.

1 Introduction

Traditionally, program testing involves running a suspect program on a curated test set and checking the
validity of the results. To formalize and quantitatively study this problem, Blum, Luby, and Rubinfeld [BLLR93]
initiated research on self-testers, which check a particular property of the given program by verifying
whether the program’s output on a random input is consistent with its outputs on other related inputs.
Soon afterwards, spurred by connections to the newly emerging areas of interactive proof systems and
probabilistically checkable proofs, self-testing blossomed into the general area of property testing; see the
textbooks [Gol17,BY22] for detailed introductions. Perhaps because of these early connections to complexity
theory and coding theory, the standard setup in property testing is to assume that both the domain and range
of the function being tested are finite sets.
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In this work, we return to the roots of property testing and consider testing properties of real-valued
functions f : R®™ — R with real-valued inputs. Specifically, we focus on the fundamental problem of
low-degree testing which has been widely and intensely studied in the standard setup. Recall that in the
traditional setup we are given query access to a function f: F” — [ defined over some finite field F and
a parameter € > 0. The aim of a property tester for these parameters is to distinguish with probability at
least 2/3 between the case when f is a polynomial of degree at most d, and the case when f is e-far, i.e., it
disagrees with any polynomial P of degree at most d on at least an ¢ fraction of the domain F".

To extend the notion of testing to functions defined over R", we need a notion of “c-farness” in this
setting. One approach is to fix a specific distribution D over R", and define f to be e-far from a property P if:

inf Prlf(@) #g(@)] > e M
Indeed, for D being the standard Gaussian distribution, this is the approach used by most prior work on testing
properties of functions over the reals, e.g., testing halfspaces [MORS10b, MORS10a, MORS09, Har19],
surface area [Neel4, KNOW 14], high-dimensional convexity [CFSS17], linear separators [BBBY 12], and
linear k-juntas [DMN19]. However, this approach is not entirely satisfactory, as the assumed D may not be
the relevant underlying input distribution.

A different approach is to use the framework of distribution-free testing, studied first by Halevy and
Kushilevitz [HK07], that does not assume knowledge of D. Instead, it is only assumed that the tester receives
sample access to the underlying distribution D, and the goal is to reject when (1) holds. Distribution-free
testing has been widely studied for a variety of properties of boolean functions, e.g., monomials [GS09,DR11],
juntas [LCS ™ 19], halfspaces [CX16,CP22], and monotonicity [BCS20]. Distribution-free property testing
over R™ is an emerging trend in the field, that has been studied, e.g., for monotonicity [BCS20, HY20],
halfspaces [Har19] and polynomial threshold functions [BFPJH21]. Most directly relevant here is the
work of Fleming and Yoshida [FY20] where they studied distribution-free testing of linearity of functions
f:R*"—=R.

To further discuss testing real functions, we first formally define distribution-free testing of real functions.
For a property P over real functions, we say that an algorithm is a fester for P if, given query access to a
function f : R™ — R, and sampling access to an unknown distribution D, and € > 0, it distinguishes the case
that f satisfies P, from the case that f is e-far from P over D, i.e., for any function g : R” — R satisfying P,

Pr[f(x) # g(x)] > €

x~D

holds. We say that a tester is a one-sided error tester, if it always accepts functions satisfying P. We also
explore testing in the presence of errors. In this context, the early works [ABCG93, GLR 791] introduced
the notion of approximate testing, which was made more formal by the work of Ergun, Kumar and Rubin-
feld [EKRO1]. Given two parameters o < (3, in addition to £ > 0, query access to f : R™ — R and sample
access to a distribution D, the goal of an approximate tester for a property P is to distinguish between the
following two cases:

* YES: There exists h € P, such that |f(x) — h(x)| < a for all x € R™.
* NO: For every h € P, Prypl|f(x) — h(x)| > 8] > e.

In the YES case, we say that f is pointwise a-close to h. Here, o should be thought of as a representational
limitation, or a round-off/truncation error. For example, o = 1/ exp(poly(n)) can be achieved by storing
poly(n) bits of precision.



1.1 Our Contributions

Our first result gives an exact tester for low-degree that generalizes the result of [FY20]. Note that there is a
trivial (max{d, 1/e}) lower bound on the complexity of testing degree-d polynomials.

Theorem 1.1. Let d € N, and for L > 0, suppose f : R™ — R is a function that is bounded in the
ball B(0, L). Given € > 0, query access to f, and sampling access to an unknown distribution D, there
exists a one-sided error, distribution-free, O(d® + % log %)-query tester for testing whether f is a degree-d
polynomial, or is e-far from degree-d polynomials over D.

Some form of the boundedness condition is necessary to test low degree using standard functional equation
characterizations. Even for linearity, Hamel [HamO05] showed the existence of functions f : R — R
that satisfy the Cauchy functional equation f(x + y) = f(x) + f(y) everywhere but are unbounded on
any measurable set'. On the other hand, Cauchy [Cau21] showed that the only continuous solutions to
flx+y) = f(x) + f(y) are the linear maps f(x) = cx. Darboux [Dar75] later showed that boundedness on
any interval is a weaker condition than continuity that also implies the result of Cauchy. The latter two results
were generalized to low-degree polynomials by Fréchet [Fré09] and Ciesielski [Cie59] respectively.

Theorem 1.1 serves as a starting point for our investigation into approximate low-degree testing. In
this setting, we give an approximate tester for low-degree polynomials, where the unknown underlying
distribution D is required to be (¢, R)-concentrated. We say that a distribution is (¢, R)-concentrated if most
of its mass is concentrated in a ball of radius R, that is,

Pr[peB(0,R)] >1—¢.
p~D

Note that the standard Gaussian distribution is (0.01, 2/n)-concentrated.

Theorem 1.2. Lerd € N, f : R™ — R be a function that is bounded in B(0, 2d\/n), and for e € (0,1), R >
0, let D be an (¢/4, R)-concentrated distribution. Given oo > 0, 5 > 92 pd, query access to f, and
sampling access to D, there is a one-sided error, O(d® + g log %)-query tester which, distinguishes between
the case when f is pointwise a-close to some degree-d polynomial and the case when, for every degree-d
polynomial h: R™ — R, Prpp[| f(p) — h(p)| > 5] > e

Thus, if d is constant, R is polynomial in n, and the tester receives poly(n) most significant bits of f(p)
for any query point p, the tester accepts when f is a degree-d polynomial, and rejects when f is not pointwise
1-close to a degree-d polynomial on at least an ¢ fraction of D. In Appendix D, we consider the special case
of testing additivity. Here, we give a tester which requires only O(log n) bits of precision.

The above results assume that the function can be queried on arbitrary points in R™ which is unrealistic
in view of finite precision issues. We also analyze the setting where the tester can evaluate f only on points
with finite number of bits of precision and also, the unknown distribution D is promised to be supported on
points with finite number of bits of precision. More precisely, D is given to be supported on points of the
lattice £ = %Z”, for some parameter B controlling the density of the lattice, and also, f can be queried only
on a lattice £’ £ ﬁZ” for a bounded B’. This setting models the situation where we only care about the
function’s behavior on finitely representable inputs, and on such inputs, the function can be evaluated exactly.
The goal is to obtain a tester that does not require B’ to be very large but still allows B to be large.

'In fact, Hamel showed that if f is a non-linear solution, the set {(x, f(x))} intersects every neighborhood of every point in
R X R, and so is clearly unbounded on any measurable set.



Theorem 1.3. Ford, B, R > 0, let B' > 16 max{n®/?+21q> B2R?/\/n} be a multiple of B. Let L = 57"
and L' = %Z”. Given € > 0, query access to a function f : R™ — R, and sample access to an unknown

(¢/4, R)-concentrated distribution D supported on L, there is a one-sided error, O(d® + % log 1)-query
tester for testing whether f agrees with a degree-d polynomial on L, or is e-far from degree-d polynomials
over D. The tester queries f on points in L'.

Note that unlike Theorem 1.2 and Theorem 1.1, our tester for lattices does not make any assumptions
about the function f.

1.2 Related Work

Although distribution-free testing (for graph properties) was already defined in an early work on property
testing [GGRI8], the first distribution-free testers for non-trivial properties appeared much later in the
work of Halevy and Kushilevitz [HK07]. Since then, distribution-free testers have been considered for a
variety of Boolean functions including low-degree polynomials, dictators, and monotone functions [HK07],
k-juntas [HK07,LCS ™19, Bsh19,Bel19], conjunctions, decision lists, and linear threshold functions [GS09],
monotone and non-monotone monomials [DR11], and monotone conjunctions [GS09, CX16]. The first
(partial) distribution-free testing result for functions on the Euclidean space was due to Harms [Har19]: He
gave an efficient tester for half spaces over any rotationally invariant distribution. Then, as we mentioned
above, Fleming and Yoshida [FY20] gave a tester for linearity of functions over the Euclidean space.

Property testing originated (implicitly, under the name of self-testing) in the work of Blum, Luby,
and Rubinfeld [BLR93], who exhibited the famous BLR tester for linearity over Fo. Since then, testers
have been developed for higher degree polynomials, such as the famous Rubinfeld Sudan [RS96] and Raz
and Safra [RS97] tests for degree-d polynomials over sufficiently large finite fields. One line of work,
closely related to ours extended the domain over which these testers worked, culminating in the work of
Lipton [Lip89] and Rubinfeld and Sudan [RS92], who gave testers for degree-d polynomials over any finite
subset of rationals, where the distance is measured according to the uniform distribution; see [KMS01] for an
excellent survey. The main distinguishing features between this paper and the works of [Lip89, RS92] is that
(i) we work in the distribution-free setting, (ii) we do not assume that the domain is finite, and (iii) the input
function is multivariate.

1.3 Proof Overview

This work significantly extends the framework of Fleming and Yoshida [FY20], who exhibited a constant-
query algorithm for testing the linearity of functions over R in the distribution-free setting (when distance is
measured according to an arbitrary distribution D); thus, we briefly describe their proof first.

Testing Linearity over the Reals. The tester follows the high-level “self-correct and test” approach of
Halevy and Kushilevitz [HKO7]. To test whether a given function f: R™ — R is linear, it suffices to construct
a linear function gj;, : R™ — R such that:

1. If f is indeed a linear function, then f = gjp.
2. For any p € R", we can efficiently query the value of gj,(p) using queries to f.

Indeed, by (1), to test if f is linear, it suffices to estimate the distance between f and gj;, (measured according
to D), which can be done efficiently by (2).



N(0,1)

Figure 1: Each point in the Gaussian distribution is projected into the small ball B(0, ) at the origin.

To construct g, they use the standard self-correcting approach pioneered in the Blum, Luby, and
Rubinfeld (BLR) test for linearity over GF(2) [BLR93]. However, this has to be significantly modified.
Standard self-correction arguments require that every point in the distribution has equal probability mass,
and there is no natural analogue to the uniform distribution over R™. Instead, they modify the self-correcting
argument to work for the standard Gaussian distribution — that is, by evaluating f on points sampled from
N (0, I), they are able to construct the desired function gj;,. Note that even though g;;, is constructed using
samples from N'(0, I), in order to test whether f is close to a linear function over the given distribution D, by
(1) it suffices to estimate the distance between f and gj;, over D. This can be done by sampling sufficiently
many points p ~ D and checking whether f(p) = giin(p), using (2) in order to evaluate gji,(p).

To circumvent the issue that points have differing probability mass under A (0, I), they project every
point into a Euclidean ball B(0, ) of small radius r at the center of the Gaussian (see Figure 1). Within this
ball, every point has approximately the same mass and they are able to perform the self-correction argument.
In particular, they define

. b

gin(p) = p - maj [f ( - q) + f(Q)] ,
q~N(0,I) Tp

where 7, € R is such that p/~, € B(0,r). That is, g;»(p) is the majority value weighted according to the

standard Gaussian distribution. This is essentially the same self-corrected function used in the BLR test,

except that each point q is first projected into B(0, ).

Finally they argue that, if their tests pass with a sufficiently high probability, then gj;, is a linear function,
and furthermore, for any p € R", the value of gj;,(p) can be recovered with a small number of queries to f.

Exactly Testing Polynomials over the Reals. Our work is a significant generalization of the ideas used
in the linearity test so that they may be applied to degree-d polynomials. Given a function f: R" — R, we
construct a degree-d polynomial g: R™ — R such that

1. If f is a degree-d polynomial, then f = g.
2. For any p € R", we can efficiently query the value g(p) using queries to f.

As in the the case of linear functions, we construct g using samples from the Gaussian distribution. We
mitigate the fact that points are weighted non-uniformly, by restricting attention to a small (open) ball B(0, ),



defining g within that ball, and then extending outwards. Formally, let o;; = (—1)“rl (d;“l), and for any

p € B(0,7) and q € R, let g4(p) £ Zfill «; - f(p + iq). For points p € B(0,r), we define g to be

g(p) £ maj [gq(p)],
qu(O,I)

where the majority is weighted according to N(0, I). For points p ¢ B(0, r), the value of g(p) is defined
by interpolating from evaluations of g, on d + 1 distinct points within B(0, ) (this is defined formally in
Section 3).

Having thus defined g, we would like to argue that if a certain set of tests pass with sufficiently high
probability, then g is a degree-d polynomial. We make this argument in three steps, where each step extends
the domain over which we guarantee that g is a polynomial.

1. We show that g is consistent with a degree-d univariate polynomial on any line segment Lanb =
{a + zb € B(0,r) : x € R} within the ball B(0, ). To prove this, we generalize the self-correction
argument from [RS96] to hold over the ball B(0, ) of reals.

2. We show how to stitch together these “local” representations of g on lines into a degree-d multivariate
polynomial, which is consistent with g within a hypercube contained within B(0, 7). We describe this
step in more detail below.

3. We extend this representation of g within the hypercube to a consistent representation of g as a degree-d
polynomial everywhere. This follows by extrapolating g from the small ball B(0, ) to all of R™.

The main innovation is step (2), and therefore we will describe it in more detail. Step (2) is proved in two
parts: first, we argue that g can be represented as a polynomial of degree dn; second, we reduce the degree to
d.

Figure 2: The construction of the degree nd representation of g. d + 1 slices, parallel to the x,, axis, of
the cube are chosen. On each slice g is a degree n(d — 1) polynomial (cyan). These degree n(d — 1)
representations on slices are stitched together along a line L.

To prove the first part, we consider the largest n-dimensional cube that can be inscribed in the ball
B(0, 7). We then discretize the cube by picking d+ 1 slices perpendicular to the z,, axis ((n — 1)-dimensional



Figure 3: The ball B(0, R), containing at least 1 — £/4 of the mass of the (¢/4, R)-concentrated distribution
D, and the ball B(0, r) from which g is extrapolated.

sub-cubes), and argue by induction that g can be written as a degree (n(d — 1)) polynomial on each slice”
(see Figure 2). To combine these n(d — 1)-degree polynomials into a degree-dn polynomial, we consider any
L line parallel to the x,, axis. This line has exactly one intersection point with each of the d + 1 slices. By
step (1), g restricted to this line is a degree-d univariate polynomial. Using this univariate representation of g
on the line to interpolate between the n(d — 1)-degree representations of g on the slices allows us to obtain a
representation of g as a degree-dn polynomial within the hypercube.

To reduce the degree of this representation of g from dn to d, we use the fact that (by step (1)) g can be
represented as a degree-d univariate polynomial on every line segment within the ball. In particular, we show
that for any representation if g as a polynomial of some degree m, there exists a radial line Lg j such that g
restricted to this line also has degree m. However, by step (1), g restricted to any line has degree at most d,
and this implies that m < d.

Approximate Testing Polynomials over the Reals. The major new challenge that arises in approximate
testing is that we must ensure that our tester accepts all functions that are pointwise d-close to being a
polynomial; i.e., we should accept f if there exists a degree-d polynomial f such that for every x € R”

o~

[f(x) — f(2)] < 6.

We work in the setting where the unknown distribution D is known to satisfy the condition that 1 — ¢/4
fraction of the mass of D is contained within B(0, R) for a given parameter R (see Figure 3).

We begin by constructing a self-corrected function g, except that now, it is in terms of the median® instead
of the majority. Our analysis then follows the three-step outline mentioned above for the exact case. In the
first step, we argue that g approximately satisfies the univariate characterization of degree-d polynomials
on every line restricted to B(0, r), and hence, g is pointwise close to a low degree univariate polynomial on
every such line segment. The last conclusion is due to a theorem of Gajda [Gaj91] from the literature on
Hyers-Ulam stability results for functional equations; see the book [HIR12] for a comprehensive survey of
this area.

Our main technical contribution comes in the second step of the analysis. We show that being pointwise
close to a multivariate low-degree polynomial is approximately a ‘lifted’ property [GKS13].

“The reason that we use a hypercube embedded within the ball — rather than using d + 1 slices of B(0, r) — is that we require
each of the (n — 1)-dimensional polynomials have the same domain. If we took d + 1 slices of B(0, ), this would not be true.
3The use of median in the context of approximate testing is not a new idea; see, e.g., [KMSO01].



Lemma 1.4. Letm € (0,1],6 > 0, and let h: [=m,m|" — R. If for every line L, there exists a degree-d

univariate polynomial hy, that is pointwise 0-close to hy, (the restriction of h on the line L), then h is pointwise
((2/ m)("40d)5)-close to a degree-d polynomial.

The proof of Lemma 1.4 is by induction on n, where we show in each step, that (i) the function is
pointwise close to a degree-2d polynomial, and then that (ii) the function from step (i) is pointwise close to a
degree-d polynomial. Both parts refine the corresponding analysis in the exact case.

» For part (i), we choose d + 1 hyperplanes Hy £ {x, = o}, ..., Hg = {x,, = cq} where co, . . ., cq are
the scaled Chebyshev nodes. By induction, there exist degree-d polynomials g; that are pointwise close
to g on H;. Now, for any line L parallel to the x,, axis, we look at the univariate degree d polynomial
g1, that g is pointwise close to, and the degree d polynomial gr, that agrees with g; for each of the
intersections between L and H;. The difference g;, — gr, is small at the Chebyshev nodes, which implies
that gr, — g1, is small everywhere inside [—m, m]™. This argument yields a degree-2d polynomial that
is pointwise close to g on [—m, m]"™.

* We prove a more general result that implies what we need in part (ii).

Theorem 1.5. Let m € (0,1], n > 2 and p be an n-variate polynomial of total degree at most ¢,
for some d < L. If for every a € [—m,m|", the univariate polynomial pg q(t) = p(at) which is the
restriction of p to the radial line Lo q, is pointwise e-close to a degree-d univariate polynomial on the
interval t € [—1,1], then p is pointwise 1-close to p=® (the truncation of p to degree d) on [—m, m]"
forn = 2(2/m)2”182a

In order to prove Theorem 1.5, suppose for the sake of contradiction that p — p=¢ is large at some
point in [—m, m]™. By a straightforward argument, this implies that there must be coefficient oy of
a degree > d monomial in p which has large magnitude. From this, we would like to conclude that
the restriction of p to some radial line Lo , must not be pointwise close to a degree-d polynomial, and
hence we would have a contradiction. Let the restriction of p to this line be defined as

plat) = > v(a)Tk(t),

k<t

where T}, is the kth Chebyshev polynomial. 1t turns out that in order to show p(at) is not close to a
degree-d polynomial, it suffices to show v (a) is large for some k > d.

The large coefficient o of p appears in some coefficient vy (a) for k* > d*. Note that - is itself a
degree-¢ multivariate polynomial when we consider a as variables. In order to conclude that v (a) is
large for some a, we will choose values for a such that ;- is a degree-d univariate polynomial (in
some variable z) and there is a monomial in -y« with a large coefficient; anti-concentration then implies
that there is a setting of z which makes v~ large. To satisfy this, we want to choose a substitution for
a in z such that the monomials under this substitution have exactly the same coefficients as those of
v+ (@) (that is, no two monomials collapse to the same monomial).

Fixing a formal variable z, we set a to be (2%, ..., z¥) for an integer valued vector y = (y1,...,Yn),
and define Y~ (2) = v+ (2Y1, ..., 2¥*). We choose y in such a way that distinct monomials of @ in
~i+ lead to distinct powers of z in «; such a y exists due to a probabilistic argument.

“In fact, k* is either d + 1 or d + 2.



At this point, we have a univariate polynomial 7y~ that has at least one large coefficient, and we would
like to conclude that it has a large value at some point. This is a statement about the anti-concentration
of the polynomial 7. If the largest coefficient were the leading term, then it is well-known that
Chebyshev polynomials attain the smallest uniform norm on [—1, 1] among all such polynomials. In
our situation, the largest coefficient may not be the leading one; nevertheless, we can show a lower
bound on the uniform norm by making a connection to Chebyshev polynomials®:

Lemma 1.6. Let p(z) = Y%, a;z* be a degree-d polynomial and let n > 0. If |a;| > 1 for some
i > 1, then there exists © € [—1, 1] such that |p(x)| > 2—2d27]_

We now return to the main thread of describing the three-step analysis for Theorem 1.2. In the last step,
we need to extrapolate our definition of ¢ from within the small ball B(0, ) to the bigger ball B(0, R), within
which the underlying distribution is concentrated. Again, using properties of Chebyshev polynomials, we
show that if g is pointwise 7-close to a degree-d polynomial in some ball B(0, '), then its extrapolation
is pointwise (O(R/r"))%n pointwise close to a degree-d polynomial in B(0, R). After this, the rest of the
analysis mirrors the one for the exact case.

Exactly Testing Polynomials over Discrete Domains. For Theorem 1.3, the main complication is that
we can no longer evaluate points (even approximately!) on points drawn from N (0, I'). We crucially relied
on properties of the Gaussian (e.g., it is stable) for showing the self-correction properties of g in the above
results. Instead here, we sample from discrete Gaussian distributions on lattices in order to define the
self-corrected function g. Discrete Gaussians are a fundamental object of study in lattice cryptography (see,
e.g., [IMR07,Reg09]). Ours seems to be the first application of discrete Gaussians in a property testing setting.

For a lattice £, the discrete Gaussian G(L, s) is proportional to the density function of A/ (0, s) on the
lattice points. The self-corrected function g is defined as majg..g(/ 194 (P)], Where gq is the same as in the
exact testing analysis over R"™. We perform the same three-step analysis here as above. For the first step, in
order to show that g satisfies the degree-d characterization over lattice points, we derive explicit bounds on
the TV distance between discrete Gaussians that were implicit in previous literature. For the second step, we
follow the argument in the exact case, but we need to ensure that the lattice is large enough so that a nonzero
low-degree polynomial is nonzero on at least one lattice point. Finally, in the third step, we extrapolate g
from its self-corrected values on lattice points of £’ inside a small ball B(0, ) to lattice points of £ on which
D is supported. By the concentration property of D and from taking £’ fine enough, we can find d + 1 lattice
points of £’ on any line from the origin to a point in £ N B(0, R). This suffices for the extrapolation and the
rest of the analysis.

1.4 Further Remarks

We leave the question of improving the bounds for the query complexity and the other parameters in
Theorem 1.2 and Theorem 1.3 as interesting open problems. Also, it would be very interesting to obtain
a separation between the complexities of the exact and approximate testing problems, in terms of query
complexity. For the case of d = 1, we have an improved analysis that appears in Appendix D.

It is also natural to ask about tolerant testing [PRR06] in our setting. This is distinct from approximate
testing, because in the completeness case, the function is only required to equal a degree-d polynomial P

3Note that (scaled) Chebyshev polynomials are bounded by 2!~y within [—1, 1]. We leave it open whether the lower bound of
2700 can be improved to 2~ (4. However, for our application, this improvement would not be significant.

In our analysis, we have, and choose 7’ that are strictly smaller than 7.



with some probability over the distribution D which may be less than 1. Our test should still work under an
appropriate choice of parameters, because by the union bound, we can upper bound the probability that one
of the queries does not come from P.

Our work also opens the way for investigating the testability of other multivariate functional equations.
Is there a general theory that characterizes testability (under natural assumptions) just as there is for finite
fields [KS08, BFH " 13]?

1.5 Organization

In the following section we discuss some preliminaries used for the exact testing. In Section 3 we give the
full proof for the existence of an exact tester for low-degree polynomials, proving Theorem 1.1. Section 4
is devoted to proving Theorem 1.2, giving the approximate tester, wherein in Section 4.1, we give more
preliminaries needed for the approximate tester. And Section 5 contains the tester for discrete domains, as
specified in Theorem 1.3, wherein in Section 5.1 we give some more preliminaries needed for the discrete
case. As the exact tester is the starting point for the other settings, in the later sections we rely on the proofs
from Section 3, and show what changes need to be done. Finally, in Appendix D, we prove a sub-case of the
approximate tester, where d = 1 and show a better result. While in the other appendices we show full proofs
of some intermediate lemmata/theorems, that we skipped in the paper for the convenience of the reader.

2 Preliminaries

Here we record some notations and definitions which will be used throughout the paper. For a positive integer
n,let [n] = {1,2,...,n}. We will reserve non-boldface symbols (such as a € R) to represent variables and
scalars, and we will use boldface (such as a € R™) to represent vectors.

For any S C R", we say that f: R™ — R is a polynomial over S if there exists a degree-d polynomial
g : R" — R such that f(x) = g(x) for every & € S. A line is a polynomial of the form a + ib, where 7 is a
variable, and we will denote by L, 5 = {a + ib : i € R}, the set of points on this line. A radial line is a line
that passes through the origin; that is, a line of the form Lg ; for some b € R". Throughout this paper, it will
be convenient to talk about functions restricted to lines. For a,b € R", let f, 5 : R — R be defined as the
restriction of f on Lg p, i.e., fap(z) = f(a + zb).

Local Characterization of Degree-d Polynomials. In order to test whether a univariate function f is

consistent with a degree-d polynomial, we will use a characterization of degree-d polynomials which is more
amenable to this task. This characterization involves inspecting the finite forward differences of f, defined as

Aplfl(z) = f(z + h) — f(z), )

for h € R. This difference is a linear operator, i.e., for functions f, and g,

Aplf + gl(z) = Aplf](z) + Anlg](z). 3)

Higher order finite forward differences are defined inductively as,

AP ) 2 A ATV @) = (-1 Y- fa o+ ih), @
=0
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where o; = (— 1)”1( ),m € Z>1, and A( ) = Ay, Finite forward differences are related to the standard
notion of a derivative, and we explain this further in Appendix A.

We will use the following characterization of degree-d polynomials, that follow from well-known results
in analysis (see Appendix A for details).

Local Characterization Theorem. Let a,b € R such that a < b, and let g: (a,b) — R be a univariate,
bounded function. If for every x € (a,b) and sufficiently small h > 0, such thata < z < x + (d 4+ 1)h < b,

AE;HU [9](x) = O, then g is a degree-d polynomial.

A discrete variant of this theorem, given in Section 5, will be used for our lattice-based tester.

Sampling from Gaussian Distributions. In order to test that the local characterization holds, we will
sample points from the p ~ N (0, 8I) for various values of 5. This is possible, given sampling access to
N(0, I), by multiplying sampled vectors with the respective 1/3’s, since \/Fv ~ N(0, BI), if v ~ N(0, I).

In order to generalize our tester to distributions that need not be centered at the origin, but say, at ¢ € R",
we can test the local characterization at points sampled from Gaussians that are centered at such ¢’s. This
again is possible, given sampling access to N'(0, I), by translating the sampled vectors by the respective ¢’s,
since ¢ +v ~ N (e, I), if v ~ N(0,1).

Throughout this work, we will need to relate points sampled from different Gaussian distributions. For
two distributions D and D’ on the same domain 2, the total variation distance between them is defined as

drv(D, D) / D(x) — D (2)|dz.

We will use the following lemma (a proof can be found in [FY20]) to bound the total variation distance
between two Gaussian distributions. Let || - ||2 denote the operator norm on matrices.

Lemma 2.1. Consider two Gaussian distributions N'(p1, X), N (2, ) with shared invertible covariance
matrices ¥ € R™ ™. Then dpy (N (1, 2), N (2, X)) < ¢ holds, if |1 — p2ll2 < 2¢//[[ 2712
An immediate corollary of Lemma 2.1 is the following:

Lemma 2.2. For any integer k > 1, real v > 0, and p € R", such that ||p|la < r, it follows that
drv(N(0, kD), N (p, kD)) < kr/2.

Proof. Observe that the spectral norm of kI is k, and therefore ||p|l2+/||kI||2 < kr. It follows from
Lemma 2.1, that dpy (N (0, k1), N (p, kI)) < kr/2. O

3 Exact Testing

In this section, we develop a distribution-free tester for low-degree polynomials over the R™, assuming that
we can exactly query the input function. Our tester is given in Algorithm 1 and uses the subroutines given in
Algorithm 2. The CHARACTERIZATIONTEST checks properties of f which will be sufficient to guarantee
that g — the self-corrected version of f — is a degree-d polynomial. QUERY-g retrieves the value of g(p)
for a given point p by running the subroutine QUERY-g-INBALL, which in turn obtains the values of g on
points within the small ball B(0, ) by evaluating f.

Recall that in Theorem 1.1, f is assumed to be bounded in B(0, L), for some L > 0. Throughout
this section, we assume L = 2d+/n. This is without loss of generality as we can define ' : R" — R as
f'(x) = f(xL/(2d\/n)) which is bounded in B(0, 2d\/n), and the tester can query f’ via queries to f. If f

is a degree-d polynomial, so is f’. If f is e-far from degree-d polynomials over a distribution D, so is f over

the distribution D', where a sample y ~ D’ is generated as y =

11



LO,p

Figure 4: The definition of g(p) for p & B(0, r). First, a degree-d univariate polynomial pj, is defined by the
value of g on d + 1 points ¢; € B(0, ) on the line Lo p, such that p,(c;) = g(pc;). Then, the value of g(p)
is defined to be pp(1).

The Self-Corrected Function. As outlined in Section 1.3, by sampling points from the standard Gaussian,
we will construct a self-corrected version g of the input function f such that, if our tests (in particular
CHARACTERIZATIONTEST in Algorithm 2) pass with sufficiently high probability, then we can guarantee
that g is a degree-d polynomial. Let r = (3d)~%, and B(0, ") be the open ball of radius , centered at the
origin. We will guarantee that g is a degree-d polynomial for points p € B(0, r) first, and then extended the
characterization to points outside of this ball. The advantage of restricting our attention to this small ball is
that for any p € B(0,r), p + « is approximately distributed as .

We define g: R — R formally as follows: let c; = (—1)"** (d;rl), and for any p € B(0, ) and q € R”,
9q(p) £ X% ;- f(p + iq). The intuition behind g, (p) is that it is the value of the univariate, degree-d
polynomial at the point p, that is uniquely defined by the d + 1 evaluations { f(p + iq) : i € [d + 1]}. For
points p € B(0, r), we define the value of g to be

g(p) = maj [gq(p)].
q~N(0,1)

For points p ¢ B(0, ), we define g(p) by interpolating the evaluations of g on points within B(0, r)
as follows (see Figure 4). Consider the radial line Lo, = {zp : = € R} and fix d + 1 (arbitrary)
“distinguished” points along this line cy, ..., cq € R such that ¢;p € B(0,r) for all i; in Algorithm 2 we
choose ¢; = ir/((d + 1)||p|2). Let pp: R™ — R be the degree-d, univariate polynomial uniquely defined by
these d + 1 points, such that p,(c;) = g(c¢;p), for every i € [d + 1]. The value of g(p) is defined as pp(1).
Note that if g was a degree-d polynomial to begin with, then we would indeed have p,(1) = g(p).

The following lemma records the properties of g that will be guaranteed by our tester.

Lemma 3.1. J[f CHARACTERIZATIONTEST fails with probability at most 2 /3, then g is a degree-d polynomial,
and furthermore for any p € R", g(p) = QUERY-g(p) with probability at least 1 — 5.

We prove the main theorem of this section assuming Lemma 3.1 holds; we restate it next for convenience.
Theorem 1.1. Let d € N, and for L > 0, suppose f : R™ — R is a function that is bounded in the

ball B(0, L). Given e > 0, query access to f, and sampling access to an unknown distribution D, there

12



Algorithm 1: Distribution-Free Low-Degree Tester

1 Procedure LOWDEGREETESTER(f,d, D, ¢)

Given :Query access to f: R™ — R, degree d € N, sampling access to an unknown distribution
D, and farness parameter € > 0.
2 Reject if CHARACTERIZATIONTEST rejects;
3 Ny + O(e71);
4 for N, times do
5 Sample p ~ D;
6 L Reject if f(p) # QUERY-g(p) or if QUERY-g(p) rejects.
7 Accept.

exists a one-sided error, distribution-free, O(d® + % log %)—query tester for testing whether f is a degree-d
polynomial, or is e-far from degree-d polynomials over D.

Proof of Theorem 1.1. First we analyze the query complexity. CHARACTERIZATIONTEST performs O(d?)
independent tests, each of which requires O(d) evaluations of f, and is repeated Ny = O(d?) times. QUERY-
g-INBALL samples N5 = O(log(1/¢)) points, each requiring O(d) evaluations of f. QUERY-g picks O(d)
points in B(0, r) and calls QUERY-g-INBALL on them. LOWDEGREETESTER calls CHARACTERIZATION-
TEST once, and then calls QUERY-g, N7 = O(1/¢) times. Altogether, our algorithm makes O(d® + dg—z log(1))
queries.

Next, we argue that the tester is correct. If f is a degree-d polynomial, then it accepts with probability 1.
Indeed, in this case f restricted to a line p + iq is also a degree-d polynomial, g = f, and all of the tests pass
with probability 1.

Now, assume that f is e-far from any degree-d polynomial (according to D). If CHARACTERIZATION-
TEST fails with probability at least 2/3, then we reject with probability at least 2/3. Otherwise, by Lemma 3.1,
g is a degree-d polynomial and so Pr,.p[f(p) # g(p)] > €. The probability that we do not reject in any
of the Ny steps of Algorithm 1 is at most the probability that f(p) = g(p) or that QUERY-g(p), instead of
rejecting, returned some value other than g(p). The latter happens with probability at most § by Lemma 3.1,

and so
€

Pr [f(p) = 9(p) V 9(p) # QUERY-g(p)] < 1 —c+ 0 <1 _.
p

Thus, Algorithm 1 accepts with probability at most (1 — 5)™ < % by choosing the constant in Ny = O(s71)
to be sufficiently large. O

In the remainder of this section we will prove Lemma 3.1. First, in Section 3.1, we show that g agrees
with a degree-d, univariate polynomial on every line segment in B(0, 7). Then, we show that g is consistent
with a degree-d, n-variate polynomial within B(0, ). Finally, by the fact that for points outside B(0, ), g is
defined by interpolating evaluations out of B(0, ), we show that it is a degree-d, n-variate polynomial on
R™.

3.1 Polynomial Representation on Every Line Within the Ball

We will prove that if CHARACTERIZATIONTEST passes with high probability, then g is consistent with a
degree-d polynomial when projected to any line segment that lies within the open ball B(0, r) for r = (3d)~°.

13



Algorithm 2: Subroutines

1 [Recall a; £ (—1)"+! (d;.rl).]

2 Procedure CHARACTERIZATIONTEST

3 Ny O(d2) 5

4 for No times do

5 forje{l,....,d+1}do

6 fort € {0,...,d+ 1} do

7 Sample p ~ N (0, j2(t* + 1)I),q ~ N(0,I); > [52(t2 + 1) vs. 1 Test.]
8 Reject if Y- a; - f(p +iq) # 0;

9 Sample p ~ N(0,521),q ~ N(0, (t* + 1)I); > [52 vs. 12 + 1 Test.]
10 Reject if X1 a; - f(p +iq) # 0;

11 Sample p, ¢ ~ N(0, j%1); > [j% vs. j* Test.]
12 Reject if X1 o - f(p +iq) # 0;
13 Accept;

14 Procedure QUERY-g(p)

15 | 7+ (3d)°5

16 if p € B(0,r) then

17 | return QUERY-g-INBALL(p);

18 | forie{l,...,d+1}do

19 L ci «ir/((d+1)[|pll2):

20 v(c;) < QUERY-g-INBALL(¢;p);

21 Let pp: R — R be the unique degree-d polynomial such that pp(c;) = v(c;) fori € [d + 1];
22 return py,(1);

23 Procedure QUERY-g-INBALL(p)

24 | Nj+ O(logl);

25 Sample g1, . .., qn; ~ N (0,1);

26 Reject if there exists j € {2,..., N} such that Z‘fill o - f(p+iq) # Zf;rll a; - f(p+1iq;);
27 | return X o, f(p+iqi);

For a,b € B(0,r), we will denote by LE,b the line segment obtained by restricting the line L p to the
ball B(0, ). The main theorem of this section states that evaluations of g on every point on any line segment
within the open ball B(0, r), are consistent with a unique, univariate, degree-d polynomial.

Theorem 3.2. (Polynomial Representation on Lines) If CHARACTERIZATIONTEST fails with probability
at most 2/3, and f is bounded on B(0,2d\/n), then for every a,b € B(0,r), the univariate function
Ja,p(x) = g(a + xb) defined on points x € LE’b is a degree-d, univariate polynomial.

In order to prove this theorem we will need the following auxiliary lemmas.

Lemma 3.3. [f CHARACTERIZATIONTEST fails with probability at most 2/3, then for every p,q € B(0, 1),
for all sufficiently small h > 0, such that p +ihq € B(0,r) for every i € [d+ 1], Zﬁ'& a;-g(p+ihq) = 0.

Lemma 3.4. If f is bounded on B(0,2d\/n), then g is bounded on B(0, r).
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We prove Theorem 3.2 assuming these lemmas, and prove them afterwards.

Proof of Theorem 3.2. Since f is bounded on B(0,2d+/n), by Lemma 3.4, g is bounded on B(0, ). Fix
some a,b € B(0,7). We would like to show that g, p() is consistent with a degree-d polynomial on every
point z in {x € R : @ + zb € B(0,r)}; fix such an z. By the Local Characterization Theorem, it suffices to
show that for all sufficiently small i > 0, satisfying @ + (z + ih)b € L2 p forevery i € [d + 1],

d+1 d+1
Agdﬂ) [Ga.b)( Z a; - Jap(x +ih) Z a; - g(a+ zb+ ihb) = 0.
=0

From Lemma 3.3, it follows that Zd+()1 a; - g(p + ihq) = 0 for every p,q € B(0,r) and all sufficiently
small h > 0, satisfying p + ihq € B(0,r) forevery i € [d + 1]. Let p 2 a + zb and ¢ = b. Observe that
P, q € B(0,r), and therefore since B(0, ) is an open ball, p + ihqg € B(0, ) for every i € [d + 1]. Thus,

d+1 d+1
A(dﬂ Z a; - g(a+zb+ihb) = Z g(p+ihq) = 0. O
=0

In the remainder of this subsection we prove Lemma 3.3 and Lemma 3.4. For this, it will be convenient to
let p denote the smallest upper-bound on the probability that each of the tests in the CHARACTERIZATIONTEST
failed. That is, for every j € [d + 1] and t € {0,...,d + 1}, p is the smallest value such that

rd+1 T
Pr a; +i 0] < p, [52(t> + 1) vs. 1 Test.] (5)
oo Z(:) i f(p+iq) # p Il )
q~N(01) T :
rd+1 ]
Pr Y ai- f(p+iq) #0| <p, [j2 vs. t? 4 1 Test.] (6)
p~N(0,51) Li=0
q~N(0,(t2+1)1)
_ )
Pr o7 +1 0] <p. 2 vs. §2 Test. 7
prian | Z f(p+iq) #0| <p [% vs. j* Test.] (7)

A bound on the rejection probability of CHARACTERIZATIONTEST implies the following bound on p.
Claim 3.5. If CHARACTERIZATIONTEST fails with probability at most 2/3, then p is at most (30d) 2
Proof. Each of the tests (5), (6) and (7) are invoked Ny = O(d?) in the CHARACTERIZATIONTEST. If any of
these tests fail with probability more than 1/(30d)?, then CHARACTERIZATIONTEST passes with probability
at most (1 — ﬁ)o(‘ﬁ) < 1/3, which contradicts our assumption. O

The proof of Lemma 3.3 will heavily rely on the fact that if p is small then g4, and g4, agree on points in
B(0, r) with high probability.

Lemma 3.6. For every p € B(0,7), and everyt € {0,...,d+ 1},

> < 4dp + 48d°r.
Q1NN(O,(I.1€2+1)]) [g(h (p) ;é 9q2 (p)] =~ P r
q2~N(0,I)
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Proof. Lett € {0,...,d + 1} and fix some p € B(0,r). We will bound the probability that gq, (p) and
dq, (p) are different from ZdH Zdﬂ a;a; - f(p+iq1 + jg2); the lemma will then follow by a union bound.

By definition, g4, (p) = Zd+11 a; - f(p +iq2). Fixing i € [d + 1], we have

d+1

Q1~./\/’(0,(rt2+1)[)[f(w) ?é 94> (p qu)] m’\’/\/’(p,ig.(t2+1)[) [f(m) 75 Jz::l a] f(m ]qQ)]
qQNN(O,I) ém q2~./\/(0,[)
d+1
= ' 0| +2d 0,i2(2 + 1)I 241
_mwN(Oz (24+1)1) {ZO‘J (m+jq2) # }-l— v (N(0,2(t2 + 1)I), N (p, i (t* + 1)I))

q2~N(0,1)

< p4i2(t2 4 1)r < p+ 20d*r. (By (5) and Lemma 2.2)
By a similar calculation, for every j € [d + 1], we have that
d+1
Pr +7J +3J = Pr m a; - f(m+1
ooy F@HIB) A gaptie) = bro f(m) # ; i flm +iqy)]
q2~N(0,1) 2m a1 ~N(0,(2+1)1)
d+1
< N 21 [Zal (m +iq) # 0| +2dpv(N(0, 721), N (p, 52I))
m~N(0,j —

q1~N( (t2+1)1)

< p+j%r < p+4d?r. (By (6) and Lemma 2.2)

Taking a union bound over i € [d + 1] and j € [d + 1] respectively, it follows that

q1~N(0 t2+1)1 [
qQNN(O I)

[Z Qg -
1~N(0 t2+1 )I)
QNN(O I)

d+1 d+1d+1
i flp+iq) # D) iy f((
i=1 j=1
=9q1 (p)
d+1 d+1d+1

flo+ig) #> ) aioy - f((

j=114=1

=9q, (P)

The first inequality is at most 2dp + 40d°

over the two previous inequalities we can conclude that

Pr lg
q~N(0,(82+1)1)
QQNN(Ovl)

p+iq) +jqo)

P+ jq2) +iqq)

a1 (P) # 9go(P)] < 4dp + 48d°r.

< (d+1)(p +20d*r),

< (d+1)(p + 4d>r).

r, while the second is at most 2dp + 8d>r. Thus, by a union bound

O

The next corollary follows immediately by instantiating the parameters in the previous lemma.

Corollary 3.7. If CHARACTERIZATIONTEST fails with probability at most 2 /3, then for every p € B(0,r)

and every t € {0,. ..

,d+ 1},

r
q~N(0,(t2+1)1)
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Proof. Observe that for any t € {0,...,d + 1}, and any p € B(0, ),

l9(p) # 94(P)] <  Pr  [g(p) # gq,(P)] + Pr (901 (P) # 94(P)]-

Pr
a~N(0,(t2+1)I) a~N(0,I) g~N(0,(t24+1)1)
q1~N(0,I)

By Lemma 3.6, this is at most 2(4dp + 48d°r), where for the first term, we have used the fact that g, (p) is
defined as the majority of ¢ ~ N(0, I). By Claim 3.5 and by our choice of » = (3d)~5, this probability is at
most 1/(7d). O

We are now ready to prove Lemma 3.3.

Proof of Lemma 3.3. Fix p,q € B(0,7), and let > 0 be such that p + ihq € B(0,r) forevery i € [d + 1];
note that h exists as B(0, r) is an open ball containing p. We will argue that the following hold simultaneously
with non-zero probability over g1, ga ~ N(0, I):

d+1 d+1
Y ai-glp+ihg) = i ggi+ig, (P + ihq), (8)
] =0

d+1

Y i flp+jq+i(hq +jq2)) =0, forevery j € [d+1]. ()

We will complete the proof assuming that these bounds hold. Fix any q;, g2 satisfying both (8), and (9).
Then,

d+1 d+1
Z a;i-g(p+ihq) =) i gg, vig,(p + ihq) (By (8))
1=0

d+1 d+1

=3 [ Y a; f(p+ihg+ (a1 +ige))
i=0 j=1
d+1 d+1

=> o (Z a; - f(p+jqu +i(hg + jqz)))
j=1 i=0
d+1

= a;-0=0. (By (9)
=1

Next, we argue that (8) and (9) hold separately with sufficiently high probability.

d+1 d+1
b 8 = ai-g(P+ihq) = ) - gq +ig.(P +ih
q1,q2~/\/(071)[( = q1, q2~NOI) Z 9(p q) ; a1+ ¢12(p q)
z br [Q(Pﬂhq) = Gartiae (P + ihq), Vi€ {0,...,d+1}]
q1,92~N(0,I)
=1- Pr [EliG{O,...,d—l— 1}:g(p—}—ihq)#gql_ﬂ.(h(p_,_ihq)]
q1,92~N(0,I)
d+1
z1- P ih i ih By union bound
- ;} quqQN/{/(OJ) l9(p +ihq) # 9q+iqx (P + ihq)] (By union bound)
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J’_
Pr ih m ih Letti S '
Z(:)mNNO ooy 9P Tih) # gm(P +ihg)]  (Letting m £ g1 + ig2)

d+2 1
>1- g > X (Applying Corollary 3.7, as p + ihq € B(0, 1))

For (9), fix some j € [d + 1], then

d+1 d+1
;- + jq1 +i(hq + 7 0} ;- f(z1+iz 0
‘I17112~N 0,I) Z w (\u-%)) 7& 1N./\/'(p,121 % ! 2) 7&
ézl ézz QNN(hq,]QI)
d+1

< B Y aif(z1 +iza) # 0} +2(drv(NV(0, 521), N (p, 1)) + dv(N (0, 5°1), N (hq, 5°1)))

z1~. \J =

22~N(0,521) 0
< p+3%r + j2hr < p + 8d>r. (By (7) and Lemma 2.2)
By a union bound over all j € [d + 1],

d+1

Pr 9)] = Pr Vield+1],) o f(p+jqi+i(hq+j =0| >1—(2dp+16d°r),

watbopOl=_ Pr o, )[ jeld+1], ) - f(p+iqu+i(hg+jgz)) (2dp )

1=0

which is at least 2/3 by our choice of r = (3d)~% and Claim 3.5. A final union bound over (8), and (9)
concludes that both hold simultaneously with non-zero probability. O

Finally, in order to conclude that g is indeed a polynomial by using Local Characterization Theorem on
lines within B(0, ), we will argue that g is bounded in B(0, r)

Proof of Lemma 3.4. It suffices to prove gq(p) is bounded for every p € B(0,r), and every g € R" such
that g4(p) = g(p). By Corollary 3.7, g(p) = gq(p) with probability at least 1 — 1/7d for g ~ N(0,1).
By [BHK20, Theorem 2.9], at least 99% of the mass in A/(0, I) lies in the annulus |r — y/n| < 20. Therefore,
we can conclude that g(p) agrees with g4(p) for g satisfying ||g||2 — v/n| < 20. Note that g4(p) depends
only on { f(p + iq)}{*;, and max{||p + igl|2} < (d + 2) max{||p|2, [q]l2} < (d+ 2)(v/n + 20). Thus,
if f is bounded on B(0, 2d+/n), then g is bounded on B(0, 7). O

3.2 Polynomial Representation Within a Hypercube

Let m € R be be the largest value, such that the hypercube [—m, m|" is strictly contained within the open
ball B(0, r); in particular, 7/(2/n) < m < r/y/n. We show that if the conditions of Theorem 3.2 are met,
then g is consistent with a degree-d multivariate polynomial on [—m, m]". This is done in two steps; first,
in Lemma 3.8 we show that g is consistent with a finite bounded degree polynomial. Then, in Lemma 3.9, we
show that this degree can be reduced to d.

Let e; denote the ¢th standard basis vector, defined as e; ; = 0if j #iand e;; = 1.

Lemma 3.8. (Local to Global) Let m > 0, and let h: [-m,m]" — R. If for every i € [n], and
a € [—m,m]" such that a; = 0, the restriction of h to the line segment Lq ¢, the univariate function
hae;: [—m, m| — R is consistent with a degree-d univariate polynomial on the interval [—m, m], then h is
consistent with an n-variate polynomial of degree at most dn.
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B(0,r)

Figure 5: The construction of the polynomial h(aq, ..., a,—1). d+ 1 slices of the cube [—m, m]" are chosen,
where the ith slice corresponds to setting z,, = ¢t = ¢;. The picture depicts setting ¢ = ¢ and thus d., (t) = 0
for all ¢ # 2 and 4., (t) = 1, selecting the polynomial representation h(¢2) of h on the 2nd slice.

Proof. We will show that h is a degree-dn polynomial by induction on the dimension n. For the base case
when n = 1, we have that h = hg 1 and therefore is of degree d by assumption.
Assume the statement is true for dimension 7 — 1. Let ¢ € [—m, m] and define h(9): [—m, m]"~ ' — R
as
h(c)(ajl, ey 1) 2 h(w1,. ., 201, 0).

We will argue that h(©) satisfies the conditions of Lemma 3.8: Fix i € [n — 1], and @ € [-m, m]""!

with a; = 0, and define a’ = (a1,...,a,_1,¢) € [-m, m]" to be an extension of a to dimension n. By
assumption, Ayt o, 0 [—=m, m] — Ris a degree-d polynomial. For every z € [—m, m], we have
hat e;(x) = h(a1,...,ai-1,7,041,...,an-1,¢) = h(c)(a + xe;) = hg’:)ez(x),
and so hg’:)el(x) is a degree-d polynomial on the domain [—m, m]. Thus, by the inductive hypothesis we can
conclude that h(9): [—m, m]"~ " — R is a degree-d(n — 1) multivariate polynomial.
It remains to show that & is a degree-dn polynomial. Let cg, c1, ..., cq € [—=m,m] be any d + 1 distinct
values. Denote by d., the unique degree-d polynomial satisfying

A 1 | = .7
6@-(@):{0 Z#j (10)

Using 6., we will show that / can be written as a polynomial of degree dn.
First, we claim that for every fixed a € [—m, m]’“1 and variable ¢,

d

h(at, ... an—1,t) =Y ¢, ()R (ay,. .. an-1).
=0
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B(0,r)

Figure 6: The radial lines Lg 5 within the hypercube [—m, m]" in two dimensions.

To see this, observe that /(¢ (a1,...,an—1) is a constant and therefore J, (t)h(ci) (a1,...,ap—1) is a degree-
d polynomial. Thus, % 6., (t)h(*) (a1, ... ,an_1) and h(as, ..., a,_1,t) are degree-d polynomials (the
latter is by assumption). Furthermore, these degree-d polynomials agree on the d 4+ 1 distinct points cg, . . . , ¢q
and therefore they must be equal. As this equality holds for every (a,t) € [—m, m]", it follows that for every
x € [-m, m]"

B

d
hz1, ..., xn) = Zéci(a:n) R (@1, ... En1),

=0 degree d degree d(n—1)

which is a degree dn representation of h. O

Lemma 3.9. (Degree Reduction) Let « € N,m > 0, and h: R™ — R be a multivariate polynomial of finite
degree . If for every radial line segment in the cube [—m,m|", the restriction of h to that line segment is
consistent with a polynomial of degree at most d, then o < d.

Proof. Fix some b € [—m,m]" and consider the radial line Lo . The n-variate polynomial h, restricted to
this line, ho p(x) = h(zb) for  such that b € [—m, m]", can be written as

]TL

n «

hab) =3 > e ][] (wbs)"7 = > ( > e ]l b;j)$k,
j=1

k=014 +in=k j=1 k=0 iid-tin=k
which is a univariate degree-« polynomial in z. Consider the coefficient ¢,, of  in h(zb) as a function of b,
n .
A o ij
ca(b) = Z Cityeesin H by,
11++in=a j=1

this is a n-variate polynomial of degree « in the variables b. Note that c,, #Z 0, as otherwise h would have
degree less than «v. Fix some b = b* € [—m, m]" such that ¢, (b*) # 0, such a point exists since c,, has
finite number of roots, and view x as the only variable; as ¢, (b*) # 0, ho p+ is a univariate polynomial of
degree . However, by assumption hg p+ () has degree at most d, and hence o < d. U
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3.3 Polynomial Representation Everywhere

We are now ready to prove that g is a degree-d polynomial over R™.

Lemma 3.10. I[f CHARACTERIZATIONTEST fails with probability at most 2/3, then g is a degree-d, n-variate
polynomial.

Proof. Consider the largest n-dimensional hypercube H £ [—m,m|" that can be inscribed in the open ball
B(0,r). By Theorem 3.2, g restricted to any line segment qu = Lp ¢ N B(0, ) within the ball B(0, r) is
consistent with a univariate degree-d polynomial, and therefore the same holds for g restricted to any line
segment qu, as H C B(0,r).

By Lemma 3.8 and Lemma 3.9, we can conclude that g(x): [-m, m|" — R is consistent with a
polynomial of degree at most d within H. Hence, for every a € N" such that ||| < d, there exists ¢o € R,

such that for every € H, we can write

g(x) = Z Ca H a:;lJ ¢8))

aceN":||a|1<d =1

Next, we argue that g is also consistent with this polynomial representation for every point within B(0, r).
By Theorem 3.2, for any y € B(0,7) \ H and = € R, for which zy € B(0, ), it follows that g(xy) has a
unique representation as a univariate polynomial. This polynomial must be consistent with (11) on any point
2’y € H, with 2’ € R. As these are both polynomials (agreeing on at least (d + 1) points), it follows that
both polynomial must be consistent on any point on the line segment LOB@. As we know that g is consistent
with the univariate representation within B(0, ), it follows that the representation (11) holds for g(y) for
any y € B(0,7).

It remains to argue that g is consistent with this degree-d polynomial representation everywhere. Recall
that we defined g(p) for p € B(0, ), by extrapolating its representation within B(0,r) along line Lg p, to
obtain a representation of g(zp) as a degree-d (univariate) polynomial.

Thus, g is consistent with a degree-d, n-variate polynomial over R™.

O

Finally, having established Lemma 3.10, we are ready to prove Lemma 3.1, restated here for convenience.

Lemma 3.1. [f CHARACTERIZATIONTEST fails with probability at most 2/3, then g is a degree-d polynomial,
and furthermore for any p € R", g(p) = QUERY-g(p) with probability at least 1 — §.

Proof of Lemma 3.1. Suppose that CHARACTERIZATIONTEST fails with probability at most 2/3, then by
Lemma 3.10, g is a degree-d polynomial. It remains to bound the probability that g(p) # QUERY-g(p) for
p € R™. To query g on a point p € R™, QUERY-g(p) call QUERY-g-INBALL(p) if p € B(0, ) or otherwise
it attempts to obtain d + 1 distinct points on the line segment Lgp using QUERY-g-INBALL(-) for each
and then interpolate g along this line. For each of these d 4 1 points s, QUERY-g-INBALL(s) samples an
additional N3 points q1, ..., qn; ~ AN(0, I), and checks whether

Z Oél"f(S—{—Z'ql): Z ozi-f(s—l—iqj),

1€[d+1] 1€[d+1]

for all j € [IN3]; it fails if any of these checks fail. Note that by the definition of gq, this is equivalent to
checking whether gq, (s) # g4, (s). By Corollary 3.7 the probability that g4, (s) # g(s) is at most 1/(7d),
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since s € B(0, ). The probability that QUERY-g-INBALL(s) returns an incorrect value is the probability
that g(s) # gq, (8) = gq; (s) for every g;, which is at most (7d)7Né < 4; by choosing N = O(log(1/¢)).
As QUERY-g(p) evaluate at most d + 1 points using QUERY-g-INBALL(:), the probability that these points
are all evaluated correctly, is at least 1 — ¢/2. O

4 Approximately Testing Polynomials

In this section, we generalize our polynomial tester to be robust against noise. Given query access to a function
f: R™ — R bounded on the ball B(0, 2d+/n), and sampling access to an unknown (¢/4, R)-concentrated
distribution D, and constants o, ¢ > 0, 5 > «, a point-wise approximate tester for degree-d polynomials is
an algorithm that distinguishes between the following two cases with probability at least 2/3:

* Yes Case: There exists a degree-d polynomial & : R™ — R such that for every € R",
[f(x) = h(z)| < o
* No Case: For any degree-d polynomial h: R" — R,

Pr(1f(@) ~ h@)] > B > <.

An alternative interpretation of this model is as follows: we would like to design a low-degree tester for a
function f*: R™ — R; however, on every p € R", we are only able to obtain “noisy” evaluations of f(p)
within an accuracy of up to a. We represent this by giving the tester query-access to a function f: R™ — R,
such that for every p € R",

[f*(p) = f(p)| <

This setup is quite natural, and captures the setting in which we are only able to observe a small number of
bits of precision of the evaluations of f*(p). The main theorem of this section is the following.’

Theorem 1.2. Letd € N, f : R™ — R be a function that is bounded in B(0, 2d\/n), and fore € (0,1), R >
0, let D be an (e/4, R)-concentrated distribution. Given o > 0, 5 > 9(2n) 0 R, query access to f, and
sampling access to D, there is a one-sided error, O(d® + g log %)—query tester which, distinguishes between

the case when f is pointwise a-close to some degree-d polynomial and the case when, for every degree-d
polynomial h: R" — R, Prpp||f(p) — h(p)| > B] > ¢

Our self-corrected function g will be the same as the self-corrected function in the exact case, with one
small twist: We use the median rather than the majority, as the median is more robust to errors.

The Self-Corrected Function. Let r be sufficiently small (r = (4d)~% suffices). We first define our self-
corrected function for the points p € B(0, ) as the (weighted) median value of g,(p) £ Z?ill a;- f(p+iq),
weighted according to the probability of g ~ N(0, I). That is,

9(p) = med gq(p)).

"We note that it is possible to relax the condition on f to be bounded in B(0, L) for some known L > 0. This then leads to 8
being dependent on L as well. To avoid complicating the parameters, we have chosen to present the less general theorem here.
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For points p ¢ B(0, ) we define the value of g by extrapolating it from within the ball B(0, r) along the
radial line Lg ,,. To do so, we will interpolate a univariate polynomial on the line Lg ;, using the evaluation
of g on d + 1 points in B(0, 7). For our analysis, it will be convenient to take these points to be c, . . ., ¢4,
where® ¢; £ (r/||p|2) cos(w(i + 1/2)/(d + 1)). Let p, be the unique univariate degree-d polynomial such
that pp(c;) = g(pc;) for all i. Then, we define g(p) = pp(1).

Our tester is given in Algorithm 3, with subroutines in Algorithm 4.

Algorithm 3: Low-Degree Approximate Tester

1 Procedure LOWDEGREEAPPROXTESTER(f, d, D, a, e, R)
Given :Query access to f: R™ — R, a degree d € N, sampling access to an unknown

(e/4, R)-concentrated distribution D, a noise parameter o > 0, and a farness parameter
e>0.
5+ 20t1q:
r <+ (4d)75;
Reject if APPROXCHARACTERIZATIONTEST rejects;
for N3 < O(e7!) times do
Sample p ~ D;
if p € B(0, R) then
L Reject if | f(p)— APPROXQUERY-g(p)| > 2 - 22" R5, or if APPROXQUERY-¢(p)
rejects.

®w N NN B W N

9 | Accept.

Bridging the gap between Median and Majority. The following lemma will allow us to port the techniques
that we used in Section 3, where g was defined as a majority over the standard gaussian, to our setting where
g is defined as a median. This lemma gives sufficient conditions for the median of any distribution to be close
to a random element.

Lemma 4.1. Let Q) be a sample space, g : Q — R and D be a distribution over ). For any n € [0,1/4],
6 € R, if Prg; go~pll9(q1) — g(a2)| < 6] > 1 —n, then Prg,~pl|gmed — 9(q1)| < 6] > 1 — 4n, where
9med = medqu{g(q)}.

The proof is given in Appendix E.

4.1 Preliminaries on Chebyshev Polynomials

Our proof will heavily rely on properties of the Chebyshev polynomials (of the first kind), which we recall
next; further details on Chebyshev polynomials can be found in [MHO02]. Denote by T};(x), the d-th Chebyshev
polynomial. T} is a degree-d polynomial and has d roots ¢; = cos(m(i + 1/2)/d) fori € {0,...,d — 1}
in the interval [—1, 1], known as Chebyshev nodes. On the interval [—1, 1], the extrema of the Chebyshev
polynomials are either —1 or 1, and thus we have

vel-1,1] = |Tu(2)] < 1. (12)

Chebyshev polynomials form a basis of polynomials, and in particular satisfy the following orthogonality
properties.

8These are the Chebyshev nodes of the (d + 1)-st Chebyshev polynomial, scaled to lie on Lo , N B(0, 1), as in Section 4.1.

23



Algorithm 4: Approximate Subroutines

1

2

3
4
5
6
7
8
9

10

11
12

13

14
15
16
17
18
19

20
21

22
23
24

25

26

[Recall a; £ (—1)"*1 (1) and § = 2'*a.]

Procedure APPROXCHARACTERIZATIONTEST

N4<—O(d2);

for N, times do
forje{l,....,d+1}do
fort € {0,...,d+ 1} do

Sample p, q ~ N(0, j°1);

N Accept;
Procedure APPROXQUERY-g(p)
if p € B(0, ) then
| return APPROXQUERY-g-INBALL(p);
fori e {0,1,.. ,d} do
i+1/2).
L ci IIPH cos (w(de/ )),

| return py(1);

Procedure APPROXQUERY-g-INBALL(p)
N} + O(log %)

Sample g1, ..., qy; ~ N(0,1);

return > o, - f(p +iqy);

Samplepw/\f( 73>+ 1)I),q ~ N(0,1);
Reject 1f\zd 0 @i f(p+iq)| >6;
Sample p ~ N (0 ,JQI)anN(O
Reject 1f|2d+01 ai- f(p+iq)| > 9

| Reject if | Y - f(p +iq)| > 0;

v(¢;) < APPROXQUERY-g-INBALL(¢;p) ;

Reject if there exists j € {2,. Ni} such that
‘Zd‘i‘llaz f(p—i—qu) ZZ 1 Qg f(p—f—lq])] >2d+25;

(2 +1D));

> [§2(#2 + 1) vs. 1 Test.]

> [52 vs. t2 + 1 Test.]

> [42 vs. j2 Test.]

Let pp: R — R be the unique degree-d polynomial such that pp(c;) = v(¢;) fori € {0, ..., d};

Orthogonality. The polynomials T} are orthogonal with respect to the weight function w(z) £ (1—z2)~1/2
on the interval [—1, 1]. Formally,

/ T dx
\/1—172

0 if n #m,
s ifn=m=20,
w/2 ifn=m#0.

Discrete orthogonality. The polynomials 7y are also discretely orthogonal:

0

d+1
d+1
2
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if ¢ # j,
if i=7=0,
if i=j+#0,

13)
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where d > max(i, j), and the ¢, are the d + 1 Chebyshev nodes of T .
The following lemma will be useful throughout our proof, and follows in a straightforward fashion from
properties of Chebyshev polynomials.

Lemma 4.2. Let f: R — R be a univariate polynomial of degree at most d. And let ¢y, ..., Cq be the
Chebyshev nodes of Ty1. If | (k)| < e forevery k € {0, ...,d}, then for every x € [—1,1]

(@)l < V2(d + 1)e.

Proof. Let f(z) = Y%, a;Tj(z) be the Chebyshev expansion of f. Since for every k, we have f(¢;)? < 2,

d

S F@)? < (d+1)e

k=0
On the other hand,

2

k:O k=0 \:=0
d
=D > aioyTi(e)T;(C)

k=01,7=0

d d

=D Z

,j=0 =

d d
Z (By (14))
1=0

Combining the above bounds, we have that |o;| < v/2¢ for every i € {0,...,d}. Thus, for every
x € [-1,1],

d

< || Ti()] < (d+1)v2e. (by (12))

=0

O]

By scaling the Chebyshev nodes, we can obtain the following corollary, which is a scaled version of
Lemma 4.2 to any given interval, rather than [—1, 1].

Corollary 4.3. Let f be a univariate degree-d polynomial, let m € R, and ¢, & m cos (
fork € {0,...,d} be the Chebyshev nodes of T;+1 scaled to the interval [—m,m)]. If | f (c)
k € {0,...,d}, then for any x € [—m,m],

1(/-c+ 1/2))

for every

+>1

d
|

| /\

|f(2)] < V2(d+ 1)e.

Proof. In the proof of Lemma 4.2 we represent f(z) = %, a;T;(x/m) as a linear combination of the
Chebyshev polynomials with the back-scaled variable. The other parts of the proof are the same. 0
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4.2 Correctness of the Approximate Polynomial Tester

In the remainder of this section we will argue the correctness of our tester (Theorem 1.2). The next lemma
records the properties of g that it guarantees.

Lemma 4.4. Let r = (4d)~5, § = 2%+ q, as set in Algorithm 4, and R > r. If APPROXCHARACTERIZA-
TIONTEST fails with probability at most 2/3, then g is pointwise 22" Rd§s_close to a degree-d polynomial
in B(0, R). Furthermore, for every point p € B(0, R) APPROXQUERY-g(p) well approximates g(p) with
high probability, that is,

Pr “g(p) — APPROXQUERY-¢(p)| < (12R/r)d2d+45} >1— %
We prove the main theorem of this section assuming that Lemma 4.4 holds.

Proof of Theorem 1.2. 1f f is point-wise a-close to a degree-d polynomial A, then for any p, g € R”,

d+1 d+1 d+1
Y oai- flpt+ig)|= > i (f(p+ig) —h(p+iq)| <Y || - a <2 a =04
— — i=0

Thus, APPROXCHARACTERIZATIONTEST always passes, and APPROXQUERY-¢g(p) returns a value that
is 2435-close to g(p), without rejecting with probability 1, and Algorithm 3 always accepts. To see this
observe, for any p, q1,q; € R",

d+1 d+1 d+1 d+1
190, (P) = 9,(P)| = | > st (p+iqn) = Y cif(p+igy)| = | > cuf(p+iq) = Y cif(p+igy)
i=1 i=1 1=0 1=0
d+1 d+1
= | > ailf(p+ia) - h(p +ia)) Zaz (p+ia;) — h(p +iqy))|
=0
d+1 d+1
<2 oi(f(p+iq) — h(p+iqu))| <2 Jou| - a = 272 < 20425,
] 1=0

So, by Lemma 4.1, we may claim Prg, n(0,1)[|9(P) — APPROXQUERY-g(p)| < 24+25] = 1, where
APPROXQUERY-g(p) = 9q: (P), by APPROXQUERY-g-INBALL(p), and g(p) = medg. (o, 1){gq(p)}.

Next, we show that if f is 3-far from all degree-d polynomials, for 3 2 2 - 2(20)*** Rd§ then Algorithm 3
rejects with probability at least 2/3. Let §; 2 220" Rd5 and 6, £ (12R/r)429+45. If APPROXCHAR-
ACTERIZATIONTEST fails with probability at least 2/3, then we reject f with probability at least 2/3.
Otherwise, by Lemma 4.4, g is pointwise d;-close in B(0, R) to some degree-d polynomial H, and for every
p € B(0, R), Pr[|g(p) — APPROXQUERY-g(p)| > d2] < §. Hence, Prpp[|f(p) — g(p)| > B — 01] > ¢,
noting 5 — 41 > 4.

The probability that we do not reject in any of the N3 steps of Algorithm 3 is at most the probability that
either p ¢ B(0, ), for every sampled point p, or |f(p) — g(p)| < d1, or that APPROXQUERY-g(p) returned
a value that is d2-far from g(p) (instead of rejecting). The first event happens with probability at most £,
while the last happens with probability at most § by Lemma 4.4. Thus,

JLrlp & B0, R)V[f(p) - g(p)| < 01V |g(p) — QUERY-g(p)| > 02] < Z +l-e+ Z <1- %

and Algorithm 3 accepts with probability at most (1 — %)N:‘ < % for sufficiently large N3 = O(1/¢).
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Finally, the bound on the query complexity of the tester follows the same argument, as in the exact case, for

Algorithm 1, noting that for sampled points p ~ D that don’t fall in B(0, R), LOWDEGREEAPPROXTESTER
. 5, d? 1 .

makes no queries to f, and thus matches the O(d”+ - log(2)) query complexity of the LOWDEGREETESTEER].

In the remainder of this section, we will prove Lemma 4.4. This will be done in three steps, similar to the
proof outline for Lemma 3.1. First, we show that g is pointwise close a univariate polynomial of degree d on
every line segment in B(0, ). Then, we show that g is pointwise close to a degree-d, n-variate polynomial
within B(0, r). Finally, by the fact that g is defined by interpolating evaluations out of B(0, ), we show that
it is pointwise close to a degree-d, n-variate polynomial on R".

4.3 Polynomial Approximation on Every Line Within the Ball

First, we will argue that g is approximately consistent with a degree d polynomial on every line within the
ball B(0, r). The following is an approximate analogue of Theorem 3.2.

Theorem 4.5. If APPROXCHARACTERIZATIONTEST fails with probability at most 2/3, and f is bounded
on B(0, 2d+\/n), then for every a,b € B(0,r), the univariate function gq p(x) = g(a+ xb) defined on points
WS Lgb is pointwise 2154 . 5_close to a degree-d, univariate polynomial.

The main technical tool in the proof of this theorem will be the following corollary of a result’ from
[Gaj91], which guarantees that any bounded function f defined on a line segment, which has small (d + 1)-st
order finite forward differences, is point-wise close to a degree-d polynomial, on that line segment.

Theorem 4.6. Let zp € R, d € N, ¢, a € (0, 00), and a bounded function f : (xg—a,xo+a) — R, such that
forallx € (xo—a,z9+a), and h € (—a,a), withxz+(d+1)h € (vo—a,zo+a), |A§ld+1)[f](x)| < ¢. Then,
there exists a degree-d polynomial g : R — R, such that for every x € (zo—a, zo+a), | f(x)—g(z)| < 287 6.

Thus, in order to prove an approximate analogue of Theorem 3.2, it suffices to show that the self-corrected
function g satisfies the conditions of Theorem 4.6; i.e., along every line the (d + 1)st order finite differences
of the restriction of g to these lines are small, which will occupy the remainder of this subsection.

Let p denote the bound of the probability that each of the tests in the APPROXCHARACTERIZATIONTEST
fails. That is, forevery j € {1,...,d+1}andt € {0,...,d + 1}:

~ d+1 -
Pr a; +iq)| > 8| < p. [52(t% + 1) vs. 1 Test.] 15
oo | Z i f(p+iq) |=» 7°( ) (15)
~ d+1 -
Pr a; +iq)| > 6| < p. [52 vs. t2 + 1 Test.] 16
paN(0,521) | Z i flprig) 1=* J (16)
a~N(0,(£2+1)1)
~ d+1 -
Pr Q; +1 >0 < p. i2 vs. 72 Test. 17
ol | Z i flp+ig)>0) <p [ vs. j° Test] a7
q~N(0,521)

Following the same argument as in Claim 3.5, we first bound p:

%Stated in Appendix B as Theorem B.1.
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Claim 4.7. 1f APPROXCHACTERIZATIONTEST fails with probability at most 2/3, then p is at most (30d) 2

Then, we prove an approximate version of Lemma 3.6 (which lower bounded collision probabilities), via
an identical argument, the proof of which can be found in Appendix B:

Lemma 4.8. For every p € B(0,7), and everyt € {0,...,d + 1},

Pr > 29425 < 4dp + 48d°r.
x99 @) = 90 P)] | <adp
q2~N(0,I)
An immediate corollary is the following.
Corollary 4.9. If APPROXCHARACTERIZATIONTEST fails with probability at most 2/3, then for every
p € B(0,r) and everyt € {0,...,d+ 1},

p — 20135 :
e ooy l9(P) — 9a(P)] > 27770] < g

Proof. By Claim 4.7, p at at most (30d) 2. Observe that for any ¢t € {0,...,d + 1},

Pr > 20135
e @ esyn9P) ~ 9a(P)] ]

< > 20H25] + p - > 202§
P o) ) > 2520+ Pl (8) - g(p)] > 228
q1~N(0,I)
5(4dp + 48d°r). (By Lemma 4.1, g(p) = medgnr(0,1){9¢(P)}, and Lemma 4.8)
By choosing 7 = (4d) = and with p < (30d)~2, we get 5(4dp + 48d°r) < 1/(7d). O

Next, we prove the approximate analogue of Lemma 3.3, (which showed that the (d + 1)st order finite
differences of ¢’s restrictions to all lines in B(0, ) vanish) via an identical argument, and the proof of which
can also be found in Appendix B.

Lemma 4.10. If APPROXCHARACTERIZATIONTEST fails with probability at most 2/3, then for every
p.q E B(0, ) and sufficiently small h € R, such that p + ihq € B(0,r) for every i € [d + 1], we have
| g ai - g(p +ihg)| < 227456,

We are now ready to prove Theorem 4.5.

Proof of Theorem 4.5. First note that since f is bounded on B(0,2d/n), by the same argument as in
Lemma 3.4, g is bounded on B(0, r). Next, fix some a, b € B(0, 7); we would like to show that g, () is
pointwise close a unique degree-d polynomial for every point z in {z € R : @ + xb € B(0,7)}; fix such an
x. By Theorem 4.6, it suffices to show that for all sufficiently small 4 € R, such that a + (x 4 ih)b € LE,b
forevery i € [d + 1],

d+1
’A dH [Gapl(x)] = ‘ Zal a+xb+zhb)‘ < oTd? 5.

By Lemma 4.10, we have that for every P, q € B(0,r) and sufficiently small » € R, such that p + ihq €
B(0,7) forevery i € [d+ 1], | 01 oy - g(p + ihq)| < 22455, Let p £ @ + zb and g £ b. Since B(0, )
is an open ball containing p, and g, we have p + ihq € B(0,r) for every i € [d + 1]. Thus,

d+1 d+1
1A Y [ga b (2)] = ‘Zaz (a+ab+ihb)| = | 3 g(p+ihg)| < 22115 < 275, O
=0
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4.4 Polynomial Approximation Within the Hypercube

Let 0 < m < 1 be a large value such that the hypercube [—m,m|" is contained within B(0, r); setting
m = r/(2y/n) suffices. We will prove that the self-corrected function ¢ is close to a degree-d polynomial on
[—m, m]™. The following lemma is the approximate analogue of Lemma 3.8, and Lemma 3.9 combined into
one.

Lemma 4.11. Letr m € (0,1],5 > 0, and let h: [—=m, m]™ — R. If for every line L, the restriction of h to
this line hy, is pointwise d-close to a degree-d polynomial hy,, then h is pointwise ((2/ m)”40d5 )-close to a
degree-d, n-variate polynomial.

The proof of Lemma 4.11 is by induction. At each inductive step we build a degree-2d polynomial and
then reduce it to degree d using the following Lemma, the proof of which is in the of which is deferred until
the following subsection.

Theorem 1.5. Let m € (0,1], n > 2 and p be an n-variate polynomial of total degree at most {, for some
d < L. If for every a € [—m,m]", the univariate polynomial po o(t) = p(at) which is the restriction of p to
the radial line Lg 4, is pointwise e-close to a degree-d univariate polynomial on the interval t € [—1, 1], then
p is pointwise 1)-close to p=¢ (the truncation of p to degree d) on [—m, m|" for n = 2(2/m)2"18£5.
Proof of Lemma 4.11. We will show that / is pointwise close to an n-variate degree-d polynomial H,, by
induction on the dimension n. Set 6, = (2/ m)"wdé . For the base case, when n = 1, we have that h = hg 1
is pointwise d-close to a univariate polynomial 710,1 of degree d by assumption, so we let H; = 71071 and
91 = (2/m)d > 4.

Assume that the statement is true for n — 1, with 6,1 = (2/m)™D"5. For any ¢ € [—m, m], define
R(©): [=m,m]* ! = Ras

h(c)(:nl, oy @pq) 2 h(z1,.. . 201, ).
We will argue that h(©) is pointwise d,,_1-close to an (n — 1)-variate polynomial of total degree at most
d. Fixi € [n —1],and @ € [-m,m]" ! with a; = 0, and let a" = (ay,...,a,_1,¢) € [~m,m]" to be

an extension of a to dimension n. As well, let e; denote the ith standard basis vector. By assumption,
hat e;: [=m,m] — Ris pointwise J-close to some univariate degree-d polynomial, which we will denote by

h For every x € [—m, m|, we have

aT7ei'

hate;(x) = h(a1,...,0i-1,7,0i41,...,an-1,¢) = ) (a + ze;) = h((f,)ez (x),

and so ht(f,zgl (x) is d-close to EaT,ei on [—m, m]. Thus, by the induction hypothesis, h(9) : [—m,m]*~! — R
is pointwise d,,_1-close to an (n — 1)-variate polynomial of total degree at most d, which we will denote by
a9,

It remains to show that h is pointwise 6,,-close to an n-variate polynomial H,, of total degree at most d
on [—m,m]". Let cg, ..., cq € [—m, m] be the scaled Chebyshev nodes ¢; = mcos (5 (i + 1/2)/(d + 1)).
Let 6., : R — R be the unique degree-d polynomial which satisfies

1 i1=17,
5Ci(cj):{0 Z;ﬁj

Using 6., we build a degree at most 2d polynomial

d
H(z1, o) 23 6y (@0) HE (21,0 @n1) -
i=0 T

" degree d degree <d
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Next, we argue that H is pointwise close to h. Fix some b = (by,...,b,_1) € [—m,m|" ! and let
b = (b1,...,b,_1,0) be an extension of b to dimension n. Consider the following two univariate functions
in the variable ¢. The first function is

hbT,en (t) = h(by,...,bn_1,t),

which by assumption is pointwise §-close to a univariate degree-d polynomial ?LbT’en (t). The second is the
polynomial H with the first n — 1 variables fixed to b,

d

H(by, ... bpo1,t) = 0c, () H, 7 (b, bpt).
i=0
Since the H,(L(’z)l(bl, ...,bp—1) are constants in ¢, H,, (b1, ...,b,_1,t) is a univariate polynomial of degree d.

Observe that for ¢y, . . . cq,

gt e, (ci) = H(b1, ... by, )| < [y g, () = iyt e, (ci)] + [ (b) — H(by, ..., bp-1, )]
S o + 671—17

where the first inequality follows because Ayt . (c;) = h(¢)(b) and the second follows by the inductive
hypothesis, since H(by,...,bp—1,¢) = Hﬁ)l(bl, ..., by) by definition.

Applying Corollary 4.3 to the error function e(t) = }\Lb'r’en (t) — H(b1,...,bp—1,t), we have that for
every t € [—m, m], the difference between the two degree-d polynomials is at most

Rt e, (t) — H (b1, ... bu—1,t)| < V2(d+ 1)(6 + 1)
Since this is true for every b € [—m, m|" ! and t € [—~m, m], we have that for every & € [—m, m]"
|H(z) —h(z)| < |H(z) _}Al(:m,--‘,an),en (zn)]+ m(azl,...,xn_ﬂ,en (zn) —h(z)| < \/i(d"‘ 1)(0+0p-1) +0.

Note that for every a € [—m, m]", the restriction Hg , on the radial line Lg 4 is a univariate polynomial which
is pointwise (10dd,,—1)-close to the degree d univariate polynomial ?L()’a on points in the cube [—m, m]",
since |Ho.a(t) ~ ho.a(t)] < [Ho.a(t) — ho.a(t) + lho.a(t) — ho.a(t)] < V2(d+1)(6 -+ bu-1) + 26 for every
te[-1,1].

Applying Theorem 1.5 on H, we have that H,, & H=? is pointwise (20d(2/m)?
on the cube [—m, m|". Thus, for every € [—m, m]", we have

n36d

dn—1)-close to H

\h(z) — Hy(z)| < |h(x) — H(z)| + |H(z) — Hy(z)|
< (9d,_1) + (20d(2/m)2"™™ 5,_1)
< 30d(2/m)*"*" 5,1
< 6. O

4.4.1 Proof of Theorem 1.5

Consider the monic Chebyshev polynomials T}, () £ 21T}, (x), with || T}, (2)||oc = 2"~ on the interval
x € [=1,1]. Then, by the extremal property that Chebyshev polynomials have the minimum maximal
absolute value among all monic polynomials of the same degree on the interval [—1, 1], we have the following
fact and the subsequent lemma.
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Fact 4.12. For every monic polynomial p(t) of degree d > 1 there exists x € [—1,1] such that |p(x)| > 2174

Corollary 4.13. Let m < 1 and p(t) is a monic polynomial of degree d > 1. Then, there exists © € [—m, m]
such that |p(z)| > m921 -4,

Proof. Let p(z) = 2% + Y923 a;2*, and note that p(zm) = (zm)? 4+ + X924 a;(xm)?. Then p(zm)/m?
is a degree-d monic polynomial. Thus, by Fact 4.12, there exists 2 € [—1, 1] such that |p(zm)/m?| > 2174,
That is, there is 2 € [—m, m] such that |p(x)| > m?2'~9, O

Lemma 1.6. Let p(z) = Ed o ;! be a degree- dpolynomlal and let n > 0. If || > n for some i > 1,
then there exists x € [—1,1] such that |p(z)| > 224,

£ i
Proof. Let £ be the largest index such that || > 20~ 2k k)_n; ¢ exists since |a;| > n > 2= 2 K.
Note that by the maximality of ¢, for every j > /, || < 2= 2 k)n. Therefore,

pl) 5§ G v )

O‘K J 0 f J K—‘rl O! ag Oéé

Observe that p=‘(z)/ay is a monic polynomial of degree at most £, and thus by Fact 4.12 there exists
€ [—1,1] such that [p=‘(z)|/|ae| > 2'~%. On the other hand, for every = € [—1, 1] we have that

d
™" ()] > logl Z 9= (Xhcei ® SZQ*J‘ <27t

’ag| j=t+1 |a€| _J =041 j>¢

Altogether this implies that there is some = € [—1, 1] such that

p@| , @ @] e gy

(a7 7] low|

¥
and it follows that [p(z)| > 2~¢|ay| > 2742 2n=1 F)py = (2-U+3)/2)p) > =24, O

Corollary 4.14. Fixn > 0, m < 1, and let p(z) = % a;2* be a degree d polynomial. If |o;| > n for

some i € [d], then there exists x € |[—m, m| such that |p( )| > 2724 mdy,,

Proof. Writing p(x) = p=‘(z) 4+ p~*(z) as in Lemma 1.6, and noticing p=*(z)/ay is a monic, degree ¢
polynomial, we invoke Corollary 4.13 to claim, there exists = € [—m, m] such that [p=‘(z)|/|c| > 21~*m?.
While simultaneously, we have for every « € [—m, m]:

P> ()] < Xd: |aj[|m}? < zd: 2—(22:”1 k) mi <Y 27imi <mtY 27 < 27t

el j=t+1 el j=t+1 3>t i>t

Therefore, there exists € [—m, m] such that |p(z)|/|ag| > 27“m¢, and we have |p(x)| > 27! m*|ay| >
2_2d2md77. O

For vectors y, z € R™, denote by (y,z) = Y je[n) Y575 the standard inner product between them.

Lemma 4.15. For k > n3? there exists y € {0,...,k}" such that for any z") # 23 ¢ {0,...,d}"
satisfying 3771 %; (0 < 2d fori € {1,2}, it holds that (y 2Dy £ (y, 2(2)),
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Proof. Let Z2 = {z € {—d,...,0,...,d}": ||z]lo < 4d}, where || - ||p gives the number of non-zero
coordinates. Note that z(1) — 2(2) € Z. Thus, it suffices to show that there exists y such that for any z € Z, if
(y,z) = 0then z = 0. Suppose z # 0, and let £ be such that z; # 0. Sample y uniformly from {0, ..., k}".

Then,
T ,Z} <1
Yizj| = s

Prl(y, 2) = 0) = Pr |y, =
J#L

1
74

By a union bound over all z # 0,

21 _ ()@d+ 1) _n*
Pr[3z: =0/ < < —.
i3z (y,2) = 0] < T < METT T < T
Thus, choosing k > n®, there exists y such that for every 0 # z € Z it holds (y, z) # 0. U

. . . . I;
Let us introduce some notation. For an n-variate polynomial p(x) = > ey o7 [] jem® jJ , let
<d N I;
i) 2 Y ar [ «f
IeN™||I|1<d  je€[n]

be the truncation of p to degree d.

Fact 4.16. Let p(x) = > ;e 1 [Licm x]IJ be an n-variate polynomial. Then, for every point x € [—1,1]",

p(@) —p=U(@) < > |l

IeN™:||I||1>d

Proof. Observe, that for every « € [—1, 1], for every j, || < 1, and hence

p)-p@) =] X o le|< X [l < Y el O

IeN™:||I|l1>d  j€n] IeN™:||I|1>d j€(n] IeN™:||I|1>d

Corollary 4.17. Let p(x) = > jenn a1 [Ljem :c]1~j be a polynomial of total degree { > d. If for every

I € N" such that ||I||; > d, we have |aj| < n, then p is pointwise ij-close to p=% on [—1,1]", where
d=nl{I | d< ||y < <nln+1).

We are now ready to prove Theorem 1.5.

Proof of Theorem 1.5. Let

p(x) = Z ag H :ch’

IeN™||I|1<e  j€n]

Assume by contradiction that p is not pointwise 7-close to p=? on [—m, m|™. Then, by Corollary 4.17 there
exists I such that [|I||; > d and |a;| > (n +1)~n. Fix a = (a1, . ..,a,) € [-m, m]", then the restriction
of p to the line L(g q) is

1
poalt) = 3 azHa?t”'l:Z( 2 aIHaﬁ”')“'

IeN™:||I|1 <€ j€[n] r=0 \ IeN":||I|j;=r j€[n]
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By the Fourier-Chebyshev expansion, we can write each monomial " = Y~} _ B 1% (t), where

0 if kK £ r mod 2,
Brr = o1l-r ((?“—2)/2) if k =7 mod 2,and k # 0,
27" ((T_Z)/Q) ifk =0, and r = 0 mod 2.

which gives

4

e[ Y a Tl ) S B Th(t)
k=0

r=0 \IeN™:|I|1=r  j€[n]

L r
> < S Busar [] o >Tkz(t)

r=0k=0 \ IeN":|I||;=r J€n]
¢ ¢ .
= (Z > Brrear [] o )Tk(t)-
k=0 \r=FkIeN":|I|=r J€ln]
é%(a)

Let g1 (a) be the coefficient of T}, (t) in the previous expansion and let # = ||||;. Note that by the values of
the coefficients (3, ., we have a; appears either in 441 or in g4 depending on the parity of 7; let i = d + 1

or i = d + 2 be such that ¢ = 7 mod 2. Thus, the coefficient of the monomial [] j€ln] aJI-j in g; is

_F T _F _
Bira; = 2! ((f—i)/Q)afZ2 a; > (2n+2)".

Using this, we will derive a contradiction to the following claim.

Claim 4.18. For all @ € [-m,m|", |¢;(a)| < v/2¢.
We defer the proof of Claim 4.18 until later and complete the proof first. As ||I||; < ¢ forevery I, lety €
{0,...,n8}" be given by Lemma 4.15 and consider the univariate polynomial G;(z) = ¢;(2¥1, 292 ..., 2¥")

in z. By the guarantee of Lemma 4.15, for any I # I’ with || I||1, ||[I’||1 < ¢, itholds that (y, I) # (y,I’), and
thus the coefficients of ¢;(z) are exactly the same as coefficients of g; (that is, no two monomials become the
same after the substitution of z¥¢). Therefore, there exists a coefficient in §; which is at least (2 4 2) 7. On
the other hand, since (y, I) < ||I|| 188 < nB the degree of §; is at most /n8¢ < n¢, and thus Corollary 4.14
implies that there is some z € [—m, m], such that |g;(z)| > 9= 2! ny) > (%)_2”18577 > +/2¢. This
contradicts Claim 4.18. 0
Proof of Claim 4.18. Let Pg 4(t) be the univariate degree-d polynomial which is pointwise e-close to po 4(t)
ont € [—1,1], and let its Fourier-Chebyshev expansion be pg 4(t) = Zgzo kT (t). Consider the error

polynomial
‘

e(t) £ po.a(t) — Po.a(t) = Y (qr(a) — ) Tk(t),

k=0

where we define v, = 0 for k > d. Note that since pg o and o q are e-close on [—1, 1], |e(t)| < ¢ for all
t € [~1,1]. Letting w(t) £ (1 — t*)~/2 be the Chebyshev weight function, and noting that [, w(t)dt = T,
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we have,

l

(%

k=0

1
(ar(@) = )? [ TOTL(Ow(t)dt

2
(an(a) WD) wt)i

Il
M~

i

v
NN I R

0
¢
> (ar(a) — w)?

k=0

2 qi CI,))2 5
where the first steps by the orthogonality of Chebyshev polynomials (13), and the final inequality follows
because i > d and so y; = 0. Rearranging, we conclude that |g;(a)| < v/2¢. O

4.4.2 Extrapolation

In this section we show that if g is pointwise close to a degree d polynomial then within B(0, r), then it must
be pointwise close to a degree-d polynomial within a bigger ball B(0, R).

Lemma 4.19. Let R > r' > 0 be any real numbers. If g is pointwise n-close to a degree-d polynomial in
B(0,7"), then g is pointwise (12R/r")%n-close to a degree-d polynomial on all points in B(0, R).

Proof. Let H: R™ — R be the degree-d polynomial which is n-close to g on B(0, r'). We will argue that for
any x € B(0, R),
l9(x) = H(z)| < (12R/r')n.

If z € B(0,7’), then this holds by assumption, so we consider the case when ¢ B(0,7’). Recall that
we define the value of g on points ¢ B(0, ') by pretending that it is a degree-d polynomial and using d + 1
points in B(0, 7') to extrapolate its value along radial lines from within the ball. In particular, let cg, . . ., ¢g
be the Chebyshev nodes ¢; = (r'/||x||2) cos (ﬁ(z + 1/2)), scaled so that they lie within Lo N B(0, 7).
Then, the value of g(x) for ¢ B(0, ') is defined by interpolating a degree-d univariate polynomial p,, such
that py(¢;) = g(xc;) for i, and then the value of g(x) is defined as p,(1).

Thus, in order to bound the distance between g(x) and H (), it suffices to bound the distance between
pa(t) and Hg 4 (t) for t = 1. Consider the error polynomial e(t) £ pg(t) — H(o,4)(t). As € is a polynomial
of degree at most d, we can consider its Fourier-Chebyshev expansion,

d

e(t) =) aiTi(t]zll2/r"),

=0

where T;(t||x||2/r") is the ith Chebyshev polynomial with the Chebyshev nodes back-scaled to the interval
[—1,1]. By assumption, e(c;) < n for each i, which allows us (by the same argument as in Lemma 4.2
and Corollary 4.3) to bound the coefficients |a;| < v/2n. The ith Chebyshev polynomial involves at most
i + 1 terms, each of which are of degree at most i and has coefficients of value at most 2¢, and therefore
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IT;([|z|l2/r")] < (i 4+ 1)24(||z||2/7")!. Altogether, this allows us to bound the value of the error polynomial
ont =1by

le(D)] < V2n(d + 1)*2||z||2/r')* < (12R/r') ",
where the second inequality is by v/2(d + 1)? < 67 for every d > 1, and the last holds as « € B(0, R). Since
g() = pe(1), we have that the distance between g(x) and H (z) is at most (12R/r")%. O

4.5 Approximate Polynomial Representation in a Large Ball

We now prove the approximate analogue of Lemma 3.10 which showed g is a degree-d polynomial over R".

Lemma 4.20. Let r = (4d)~% and R > r. If APPROXCHARACTERIZATIONTEST fails with probability

at most 2/3, then g is point-wise 22 Rd§_close to a degree-d, n-variate polynomial on all points in
B(0, R).

Proof. By Theorem 4.5, g restricted to any line segment qu = Lp 4N B(0,r) is point-wise 215d% §_close
to a unique univariate degree-d polynomial. Applying Lemma 4.11 (with m = r/(2y/n)), we have that g
is pointwise 915> (4y/n/ r)”40d5—close to a degree d, n-variate polynomial on every point in the hypercube

H = [—m,m]™, contained within B(0,7). We then consider a smaller ball B(0,7’) of radius ' = m,
contained within H. By Lemma 4.19, it follows that ¢ is point-wise 2154 (4,/n/r)""" (24/nR /7)%6 <
22" Rd§_close to a degree-d, n-variate polynomial in B(0, R). O

Finally, we are ready to prove the main lemma of this section.

Proof of Lemma 4.4. Suppose that APPROXCHARACTERIZATIONTEST fails with probability at most 2/3,

then by Lemma 4.20, g is pointwise 22" Rd§_close to a degree-d polynomial in B(0, R). It remains to
bound Pr[|g(p) — APPROXQUERY-g(p)| > (12R/r)?24+45], where p € B(0, R). In the YES case, f is
point-wise a-close to a degree-d polynomial h, and so for any p, g

d+1 d+1 d+1
1> ai-flo+ig) =D ai- (f(p+ig) —h(p+ig) <Y lail-a<2a =3
i=0 =0 =0

Therefore, APPROXCHARACTERIZATIONTEST always passes, and APPROXQUERY-g(p) returns a value that
is 24t35-close to g(p). Assume that f is not a degree-d polynomial. To query g on a point p € B(0, R),
APPROXQUERY-g(p) attempts to obtain d + 1 points on the line segment Lgp and then interpolate g
along this line. For these points s € {ckp}gzo, APPROXQUERY-g-INBALL(s) samples an additional
N} = O(log(1/e)) points g1, . .., qy; ~ N (0, ), and checks whether

Y i fls+ig) = ) ai‘f(5+in)’§2d+25,

i€ld+1] 1€[d+1]

for all j € [IV}]; it rejects if any of these checks fail. By the definition of g, this is equivalent to checking
whether [gq, (8) — gq,(s)| > 2%725; by Lemma 4.8, this occurs with probability at most 1/(7d), since
s € B(0, ). The probability that APPROXQUERY-g-INBALL(s) doesn’t reject, yet |g(s)— APPROXQUERY-
g-INBALL(s) | > 294, is the probability that: |g(s) — gq,(s)| > 27744, and |gq, (s) — gq,(s)| <
24436, (and therefore |g(s) — 9q; (8)| > 24+35) for every g;. By Corollary 4.9, this probability is at most
(7d)™™t < 27Ni /@Ni < e/(4(d + 1)), where the final inequality follows by choosing Nj = O(log(1/e)).
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As APPROXQUERY-g(p) approximately recovers the value of g on points {cip}‘iizo, we have that for every
i€{0,...,d},

3

d
Pr{|go p(ci) — APPROXQUERY-g-INBALL(¢;p)| > 29145] < TEESAE

Thus, by Lemma 4.19 and a union bound over ¢,
Pr{|g(p) — APPROXQUERY-g(p)| > (12R/r)*2*5] = Pr[|g(p) — gop(1)| > (12R/r)*2744]

d

g

< " Pr[|gop(c;) — APPROXQUERY-g-INBALL(c;p)| > 29145] < T
=0

S Exact Testing over Discrete Domains

In this section we show that the test for degree-d polynomials from Section 3 can be modified to work for
(sufficiently dense) discrete domains. The main theorem of this section is as follows:

Theorem 1.3. Ford, B, R > 0, let B' > 16 max{n°/>*2d>¢_ B2R?/\/n} be a multiple of B. Let L = %Z”
and L' = %Z". Given € > 0, query access to a function f : R — R, and sample access to an unknown
(¢/4, R)-concentrated distribution D supported on L, there is a one-sided error, O(d° + dg—g log 1)-query
tester for testing whether f agrees with a degree-d polynomial on L, or is e-far from degree-d polynomials
over D. The tester queries f on points in L'

The key idea behind our tester is to define the self-corrected function g relative to a discretized Gaussian
distribution defined over L.

Definition 5.1. Given a lattice £, and any s > 0, the discrete Gaussian G(L, s) is the probability distribution
over £ such that the probability of drawing « € £ is o 75(x) = exp(—||z||*/s?). (If unspecified, s = 1.)

That we are able to efficiently sample from a discrete Gaussian is guaranteed by the following lemma.

Lemma 5.2 (Lemma 2.3 in [BLP " 13]). There is a probabilistic polynomial time algorithm that given a
positive integer B and parameter r > Q) (\/log n/B), outputs a sample distributed according to g(%Z", ).

At a high-level, the design of our tester will follow the same strategy as the design of our exact tester from
Section 3, with several modifications to handle the lattice £. From our unknown function f, we will define a
self-corrected function g such that we have query access to g, and such that if our tests pass with sufficiently
high probability then g is a degree-d polynomial on £, and equals f on L if f is itself a degree-d polynomial.

As before, we define g on points within a small ball B(0, r); for points p € £\ B(0, r) we will define
their value by extrapolating the value of g within B(0, r) by choosing d + 1 points within B(0, ) N £ along
the line Lo p, using them to interpolating a degree-d univariate polynomial p,,, and then using p,, to define
the value of g(p) (see Figure 4). In order to certify that g is indeed a degree-d polynomial, we will use the
following variant of the Local Characterization Theorem; a proof of which is given in Appendix A.

Discrete Local Characterization Theorem. Fixa > 0, M > d+ 1, and let S £ {i% : i € N}. If

f :]0,a] — R is a univariate function such that A(iﬂ)[f] (x) = 0, for every x € SN |[0,a] satisfying
M

x4 (d+ 1) € [0,a, then f agrees with a degree-d polynomial over the points in S N [0, al.
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However, for an arbitrary point p € £ \ B(0,r) there may not be d + 1 points on the line segment
Lo NL N B(0, ) — this can occur if p is sufficiently far away from 0 — and thus we cannot define pj. To
remedy this, we make two modifications. First, we assume that our distribution is (¢/4, R)-concentrated —
that 1 — £/4 fraction of the mass of the unknown distribution D is in B(0, R). We define g only on points
within B(0, R) and we will not test whether f differs from a degree-d polynomial outside of B(0, R); as
these point constitute only a small £/4 portion of D, which we can simply fold into the error of our tester.
Second, in order to ensure that for any point p € B(0, R), g is defined on at least d + 1 points on the line

Lo within B(0, 7), we define g on a finer lattice £’ £ (d+T1)RL = BR(ZIH)Zn within B(0, ).

The Self-Corrected Function. Let R > r > 0, and let our (unknown) (£/4, R)-concentrated distribution

D be supported over a given lattice £ = %Z”. Let £/ £ mﬁ be a refinement of £. We define the

self-corrected function g, whose domain is £ U (£’ N B(0, 7)), as follows. Let oi; £ (—1)"** (dJ{l), and for

any p € B(0,7) N L, and q € L, let g4(p) £ X4 a; - f(p + iq). For any p € B(0,7) N L', we define

7

g(p) £ maj [gq(p)].
q~G(L,1)

For points p € (B(0, R) \ B(0, 7)) N L we define the value of g(p) by interpolating a degree-d univariate
polynomial along the line Lg p, as follows: Let ¢y, ..., cq € R be d + 1 “distinguished” points (arbitrary, but
fixed) on the line Lg , within B(0, ) N mﬁ; in Algorithm 6 we choose ¢; = ir/((d + 1)||p||2) and note
that these points lie within £’. Let p;, be the unique univariate polynomial such that p,(c;) = g(¢;p) for
every i € [d + 1]. We define g(p) = pp(1).

Our tester is given in Algorithm 5, with corresponding subroutines in Algorithm 6.

Algorithm 5: Low-Degree Discrete Tester

1 Procedure DISCRETELOWDEGREETESTER(f,d, D, ¢, R, B)

Given : Query access to f, a degree d € N, sampling access to an (£/4, R)-concentrated
unknown distribution D supported over the lattice £ = %Z”, where ¢ is the farness
parameter, and B is the density parameter.

Reject if DISCRETECHARACTERIZATIONTEST rejects;

for N5 < O(e7!) times do

Sample p ~ D;
if p € B(0, R) then
L Reject if f(p) # DISCRETEQUERY-g(p) or if DISCRETEQUERY-¢(p) rejects.

a U B W N

7 Accept.

In the remainder of this section we will prove Theorem 1.3. However, before we are able to do so, we
require several structural results about Lattices and discrete Gaussians, which will occupy the next subsection.
5.1 Preliminaries on Lattices and Discrete Gaussians
First, we recall that many of the properties of Gaussian distributions translate over to their discrete variants.
Fact 5.3 (Fact 2 in [AGHS13]). Suppose L is a lattice, and s > 0 is a parameter. If x is distributed as
G(L, s), then for any integer t, tx is distributed as G(tL, ts).
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Algorithm 6: Discrete Subroutines

1 Procedure DISCRETECHARACTERIZATIONTEST

2 N()‘ — O(d2) )
3 for Ng times do
4 forje{l,....,d+1}do
5 fort € {0,...,d+ 1} do
6 Sample p ~ G(jL,jVt2 +1),q ~ G(L,1); > [52(t2 + 1) vs. 1 Test.]
7 Reject if 3201 ;- f(p + iq) # 0;
8 Sample p ~ G(jL,j),q ~ G(L,Vt? + 1); > [52 vs. (2 + 1) Test.]
9 Reject if X a; - f(p +iq) # 0;
10 Sample p,q ~ G(jL,7); > [52 vs. 52 Test.]
11 | Reject if Zfiol a; - f(p+iq) #0;
12 | Accept;
13 Procedure DISCRETEQUERY-g(p)
14 r <+ dy/n/(2B);
15 if p € B(0, ) then
16 L return DISCRETEQUERY-g-INBALL(p);
17 | fori€ [d+1]do
18 G @R
19 v(c¢;) + DISCRETEQUERY-g-INBALL(¢;p) ;
20 Let pp: R — R be the unique degree-d polynomial such that p,, (i) = v(¢;) fori € [d + 1];
21 | return pp(1);
22 Procedure DISCRETEQUERY-g-INBALL(p)
23 | N+ O(logl);
24 Sample q1,..., qn; ~ Q(R(;H)L, 1);
25 Reject if there exists j € {2,..., Ni} such that Zfill o - f(p+iq) # Zf;rll a; - f(p+1igj);
26 | return ST ;- f(p +iqr);

We implicitly use this fact to sample random vectors from scaled discrete gaussians in Algorithm 6. Next,
we record a bound on the total variation distance between two Gaussians which is analogous to Lemma 2.1.
To state the theorem, we need the following smoothing parameter defined in [MRO07] as a parameter of a
lattice with the following property: if one picks a noise vector from a Gaussian distribution with radius at least
as large as the smoothing parameter, and reduces the noise vector modulo the fundamental parallelopiped of
the lattice, then the resulting distribution is very close to uniform.

Definition 5.4. For a lattice £ C R™ and a parameter ¢ > 0, the smoothing parameter ny(L) is the smallest
s > 0 such that:

rs (N2 S mu@ = Y exp(—rlalPs?) <,

zeL\{0} zeL\{0}

where 7 is defined in Definition 5.1, and £* £ {x € span(L) : Vy € L, (x,y) € Z} is the dual lattice of L.
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Observation 5.5. For any lattice £, parameter 9 > 0, and i € Z>o, (iL)" = %E*, and

ny(il) = min{ Z exp (—WH:BHQSQ) } = min{ Z exp (—77||:c||282/i2> } < i%n9(L).

s>0 2e(i)\{0} s>0

zeL*\{0}

The next theorem follows from (a quantified version of) Theorem 3.3 of [MP13], which we prove in
Appendix C. Since 9 is taken as a negligible function of n, so for small k, 4k} < 1. Later, while invoking it,
we will set k < d + 2, which satisfies the restriction on k, and 9 contained therein.

Theorem 5.6. Let k € Z~o, ¥V € Rsg be such that k < 1/(49). Let L C R™ be a lattice, and let
s € R, and z € ZF be such that s; > \/2||z|sone(L) for every i € [k]. If y1,...,yx are sampled
independently from y; ~ G(L, s;) then the distribution of Zle z:y; is 4kV-close in total variation distance

10 G(ged(z)L, /K (zis:)?).

Next, we recall a simple bound on the total variation distance incurred by shifting the center of a discrete
Gaussian. Denote by erf(-), the Gaussian error function.

Lemma 5.7 (Remark from Lemma 6 of [AGHS13]). For any full-rank lattice L C R"™, ¢ € (0,1/2), ¢ > 1
and a parameter s such that s > (1 + 2¢)ny(L), the following holds: The total variation distance between
G(L,s)and G(v + L, s) for any v € L is at most

erf(g) 1+

erf(ge) 1—19’

where q = ||v||3v/7/s.

By combining Lemma 5.7 and Observation 5.5 we obtain the following corollary, which bounds the
distance between two discrete Gaussians.

Corollary 5.8. Let i € [d + 1], t be a non-negative integer, 9 € (0,1/2), r < d\/ng(L), and let L = FZ".
Then, for any p € B(0,7) N (d + 1)!L,

drv (G(p +iL,it),GGL, it)) < 98d%ny(L).

Proof. To bound the total variation distance, we aim to apply Lemma 5.7. To do so, we need to choose ¢
such that it > (1 + 2¢)ny(iL). Observe that

(1+20)n9(iL) < (1 +2¢)i%ne(L) < (14 2¢)(d+ 1)*ng(L) < 12ed*ng(L),

where the first inequality follows by Observation 5.5. Thus, letting ¢ = #(12d%ny(L))~" we have (1 +
2¢)ny(iL) < t < it. Applying Lemma 5.7,

(1+ D)eri(Ipl3v/7/it)
(1= D)ert(clpl3 v/ /it)

Note that because erf(z) £ Pr, r0,1/2)[y € [, ]] and the PDF of N(0,1/2) is ﬁe“’ﬁ, we have

_ 2 62 2 . .
%e*ﬁ <erf(x) < % This means that for any ¢ > 0, ¢ cq < ;f((jc)) < ¢ cq ,and so if ¢ < e/c, it holds

that =14 < €. Because p € B(0,7), ¢ = ||p||3y/7/it < r?\/7/it < e/c by our choice of c and r. Thus,

erf(gc) —
(1 +Derf(llpll3v/7/it) _ 1+
(1 = Derf(cllpllFv/m/it) = 1 -

where the second inequality follows because ¥ € (0,1/2). O

drv(G(p+iL,it),G(iL,it)) <

(e/c) < 3efc = 98d°ny(L),
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5.1.1 Correctness of the Discrete Low Degree Tester

We are now ready to prove Theorem 1.3. In fact, we prove a more general result, which handles lattices
parameterized by their smoothness parameter. We state this generalization next.

Theorem 5.9. Let R > r > 0 and B',d > 0 satisfy 7B’ > (d + 1)!n3/?%%. Let 9 < (192d)~! be such that

m(%Z") < (6d)™*, and r < d\/ng(ﬁZ"). Let L = R(T‘gj )Z”, L = %Z", e>0and f : R* = R.
. . 5 d? 1 . .

There is a one-sided error, O(d®> + - log 2 )-query tester for testing whether f agrees with a degree-d

polynomial on L with respect to an (¢ /4, R)-concentrated distribution D supported over L.

Theorem 1.3 follows by letting B = mB’, setting ) = 27", r = %, and B’ > 16n%/2124.q2d,

To see that the inequalities in the statement of Theorem 5.9 are satisfied, we use the following bound which
can be found in [MRO7]:
B B B

The following lemma records the properties of g which are guaranteed by our tester.

Lemma 5.10. Assume that the conditions of Theorem 5.9 hold. If DISCRETECHARACTERIZATIONTEST
fails with probability at most 2/3, then g consistent with a degree-d polynomial within B(0, R) N L, and
furthermore for every p € B(0, R) N L, g(p) = DISCRETEQUERY-g(p) with probability at least 1 — .

We prove the main theorem assuming that this lemma holds.

Proof of Theorem 5.9. The proof follows the same argument as the proof of Theorem 1.1, with two small
changes. First, we use Lemma 5.10 in place of Lemma 3.1. Second, since we only test points within B(0, R),
we err on those points which are not. However, since D is (¢/4, R)-concentrated, the probability mass of
these points is at most /4, and this is folded into the error probability of our tester.

O

5.2 Polynomial Representation on Lines Within a Small Ball

We turn now to proving Lemma 5.10; this will be done over the following three subsections. First, we prove
that g is consistent with a degree-d polynomial on every line within B(0, 7).

Theorem 5.11. (Polynomial representation on lines) Let B,r > 0 be such that (rB/(d + 1)!n3/2td)" > 1,
Let 9 < (192d)~' and L = 7" be a lattice such that ng(L) < (6d)~*. If DISCRETECHARACTER-
IZATIONTEST fails with probability at most 2/3, then for any a,b € B(0,r) N (d + 1)L, there is a
degree-d univariate polynomial which is consistent with gq »(x) = g(a + xb) on every point x such that
a+xzbe B(0,r)N(d+ 1)L

The proof of Theorem 5.11 follows by exactly the same argument as the proof of Theorem 3.2, using the
Discrete Local Characterization Theorem, and Lemma 5.12 in place of Lemma 3.3.

Lemma 5.12. Let B,r > 0 be such that (rB/(d + 1)In®2%4)" > 1. Let 9 < (64(d +2))~! and L = LZ"
be a lattice such that ng(L) < (6d)~*. If DISCRETECHARACTERIZATIONTEST fails with probability at
most 2/3, then for every p,q € B(0,r) N (d + 1)L such that p + iq € B(0,r) N (d + 1)!L for every
i € [d+ 1], we have X3 a; - g(p +iq) = 0.
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In the remainder of this subsection, we will prove Lemma 5.12.
Let p denote the bound of the probability that each of the tests in the DISCRETECHARACTERIZATION-
TEST fails. That is, forevery j € {1,...,d+ 1} and ¢ € {0,...,d + 1}, the following are bounded:

rd+1 7

Pr o - f(p+iq) #0| <p. [72(t? + 1) vs. 1 Test.] (18)

P~GULVETT) | Z ’
q~G(L1)

rd+1 7
gf(’rﬁ ) Y ai-f(p+iq) #0| <p. (7% vs. (t* + 1) Test.] (19)
p~y(L,)
a~G(LPAT) T ;
rd+1 7

Pr Q; +1 o <p. ['2 vs. j° Test.] 20)
Pa~G(iL) | Z o fptie)# P S (

We first bound p, by an identical argument, used earlier in Claim 3.5 to bound p in the exact case:
Claim 5.13. 1If DISCRETECHARACTERIZATIONTEST fails with probability at most 2/3, then p < (4d)~?2
Then we bound the probability that g4, and g4, differ, in the intersection of B(0, ) with (d + 1)!L:

Lemma 5.14. Let L denote the lattice SZ". Let ng € (0,1/2), and r < d\/nyg(L). Then, for every
peBO,7)N(d+ 1) Landeveryt € S = {\i2+1:i€{0,...,d+1}},

Pr  [gg,(p) # 90, (P)] < 2(d+ 1) (p+ 196, (L))
q1 Ng(ﬁft)
q2Ng(£11)
Proof. We follow the proof of Lemma 3.6. Fix p, ¢ as in the statement of the lemma. For i € [d + 1], will
bound the following probability

P ) ) _ p
ot f(p +iar) # 9o, (p + iq)] IS, |f(m) # gg,(m)],
q2~G(L,1) 2m q2~G(L,1)
d+1
g L " [Z a; - f(m+jg2) #0| +2drv(G(p +iL,1it),G(iL,it)), (By definition of gg,(m))
mN 'L X2

q2~G(L, 1)
< p+ 196d*ny(L),

where the bound on the second term follows from Corollary 5.8, and the first term is bounded by the rejection
probability p, by (18). Note that we can indeed apply Corollary 5.8, since p € (d + 1)!L guarantees that
p € iL forevery i € [d+ 1].

By the same argument as above, with (18) replaced by (19), for any j € [d + 1], we can bound

P : o= p
S [F e a) A gup i) = Pro [ F0m) # g (m)].
q2~G(L,1) . a1~G(Lt)
d+1
< g ﬁ lz a; - f(m+iq1) #0| +2drv(G(p+5L,5),G(GL,j)), (By definition of gq, (m))
m~G(jL,j)
q1~G(Lt)

< p+196d*ny(L).
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Taking a union bound over all i, j € [d + 1] gives

d+1 d+1d+1 1
Z ai- F(p+ig) # Y D sy f((p+ig) +jg)| < (d+1) (p+196d*n5(L)) ,
ql"/g(ﬁ t) i=1j=1
@2~G (L)1) -
=9gq, (P)
d+1 d+1d+1 ]
Zaj P+ig) # 3> aa;- f((p+ i) +iq)| < (d+1) (p+ 196d2nﬁ(£)).
qlNg(L" t) — j 1i=1
@2~G(L,1) -
:ng(P)

Thus, by a final union bound, we can conclude that

p <2(d+1 1964 :
L2 (90 (P) # 00 ()] < 2(d + 1) (41960 m9(£)) 2
q2~g(£71)

An immediate corollary is the following.
Corollary 5.15. If DISCRETECHARACTERIZATIONTEST fails with probability at most 2/3, and ny(L) <

(6d)_4, then for every p € B(0,7) N (d+1) Z" and everyt € {0,...,d+ 1},

1
qNg(E\T/m) [9(p) # 94(P)] < Wd+2)

Proof. By Claim 5.13, p is at most (4d) 2. Observe, for any t € {0,...,d + 1},

Pr  [g(p) #9¢@)] < Pr  [g9(p) # 94, (P)] + Pr_ [gq(P) # 94, (P)]

a~G(LVE2HT) q1~G(L,1) q~G(LVEHT)
QINQ(Evl)
4(d+1) (p+196d*ny(L) ), (By Lemma 5.14)
which is at most (4(d + 2)) ™%, since p < (4d)~2, and by our assumptions on 7y (L). O

Finally, we are ready to prove Lemma 5.12, the discrete analog of Lemma 3.3.

Proof of Lemma 5.12. By Claim 5.13, p is at most (4d)~2. By the same argument as in the proof of
Lemma 3.3, it is sufficient to show that for q;, g2 ~ G(L, 1), the following two events hold simultaneously
with non-zero probability, for every p,q € B(0,r) N (d + 1)!L such that p + iq € B(0,r) N (d + 1)!L for
every i € [d+ 1]:

d+1 d+1
Z ai-g(p+iq) =Y i gg+ig(P + iq) @1
i=0
d+1
> i f(p+jar+i(g+jge)) =0, forevery j € [d+1]. (22)
We begin with (21):
d+1 d+1
o; +1iq) = o; - ; +1
. q2~g 1) Z i p Q) ;) i " 9qi+iqe (p Q)
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> Pr [9(p+iq) = 9q+ig(P+iq), Vi€ {0,...,d+1}]
q1,92~G(L,1)

=1—  Pr [Fi€{0,....d+1}: g(p+iq) # gg +ig.(P + iq)]
q1,92~G(L,1)

d+1

=t ! +e g (P + i
; q1,92~G(L,1) ly(p +iq) # 9q1+iq2 (p+1iq)]

d+1
==X (mwg B i) 9P 70 # gm(p )]+ 2y (a1 +ig>,G (£, +1)) ) (23)

Since p +iq € B(0,7) N (d + 1)!L, the probability that g(p + iq) # gm (p + iq) is at most (4(d + 2))~*
by Corollary 5.15. As well, we can bound the total variation distance by 8¢, by applying Theorem 5.6 with
parameters k = 2, z = (1,4), s = (1, 1), and noting that s; = 1 > /2ing(L). Thus, (23) is at least

d+1

1 1 1
1-— — +1 >1-— 1 2 —
;<4(d+2)+ 619) > (4+ 6(d + )0) 5
Next, we bound (22). Fix some j € [d + 1], then
d+1
Pr i flp+iq+i(g+jg2)) #O] (Letz1 £ p+jqi, 22 = g+ jgo)
q1,92~G(L,1) i=0
d+1
<P [ e sl i) 2 0]+ 2(drvlan 0GL.) + drvlia 9GL. 1))
zZ1~ ,
22~G(q+jL,5) =0 =0, by Fact 5.3 =0, by Fact 5.3
d+1
<. P [ Y auf(a+izm) £0) 4 2drv(GGL.1).Glp +3£.9) + drv(GUL.3).6la + 1£.0)
z1~ s —
2nG(Lg)
d+1
< g( i£.5) Z a; - f(z1 +iz2) # 0} +392d%ny (L) (By Corollary 5.8)
21~G (5L,
Z;NQ(JLJ) -
< p+392d%ny(L). (By (20))

Finally, by a union bound over all j € [d + 1], the probability of event (22) can be lower bounded,

d+1

b Vi € [d+1], Y i f(p+ja+ia+jaz) = 0| = 1—(d+1)(p+392dns (L)) = 1—o(1),
1.@2~ 5 i=0

where the last inequality follows by our assumptions on p and 7y (L).
A final union bound shows that (21) and (22) hold simultaneously with non-zero probability, and the
theorem follows. O

5.3 Polynomial Within a Hypercube

Next, we obtain the discrete analog of Theorem 3.2. We argue that if the conditions of Theorem 5.11 are met,
then g is consistent with a degree-d polynomial on a hypercube [—7’, '] C B(0, r); we take ' = r/y/n as
this is a large hypercube which can be inscribed within the cube such that no point in [—7/, 7/]™ is extremal

43



on the cube, however other values of 7/ work as well. This is done in two steps: in Theorem 5.11 we argue
that g is consistent with a polynomial of degree at most dn, and in Lemma 5.17 we reduce the degree to d.
As before, let e; denote the ¢th standard basis vector.

Lemma 5.16. Assume that the assumptions of Theorem 5.11 hold. Let v’ = r//n, let d, B > 0 satisfy
2rB/\/n > d!and let h: [—1r',7']" — R. Then, the following holds: If for every i € [n] and a € [—1',7']"
such that a; = 0, the restriction of h to the line segment Lg ¢, the univariate function hg e, is consistent with

(d+1)

a degree-d univariate polynomial on every input x for which a + ze; € [—r',r'|" N 7", then h agrees

. . . !
with an n-variate polynomial of degree at most dn on [—r',r'" N @Z”.

Proof. LetH = [~ 7'|" N (dH) Z"™. We will prove the lemma by induction on the dimension n; the case

n = 1 is immediate. Now, assume that the statement 1s true forn—1.Letey,...,cqr1 € [—7, 7] N %Z,
be d 4 1 distinct values; note that these exist since (i) d +1), >d+ 1. Foreachi € { 1,...,d+ 1} consider the
sub-cubes Hy, ..., Hgy, 1 of dimension n — 1, defined as H; = [/, 7/]"~ I'n @Z” 1'% ¢;. Note that all

the line segments in H; are also contained in H and therefore, by assumption, h is consistent with degree-d
univariate polynomials on them. Thus, we can apply the induction hypothesis to argue that h is consistent
with degree-d(n — 1) polynomials h; on each of the sub-cubes H;. We will combine these polynomials
to form an n-variate polynomial using the following degree-d polynomials: For every i € [d + 1], ;s are

defined as,
1 i=3
S:lc:) & ’
i(cj) {0 i j.
We argue that

d+1
Z(S xl,...,xn,l)
=Ty deg=d deg=d(n—1)

=1l @Z"‘l and let ¢ be a formal variable. We

on the lattice points inside the cube. Fix a € [—r/,7/]
claim that the following two univariate polynomials are equal,

d+1

h(al, ey p—1, t) = Z &;(t)hz(a)
=1

The left polynomial is of degree-d by assumption, while the right polynomial is of degree-d by definition of
d; and the fact that a is fixed. Moreover, these two polynomial agree on d + 1 points (a1, ..., an—1,1) i€ld41]°
and therefore they are equal.

As equality holds for every such (a,t) € [—r/,7']", h is a polynomial of degree at most dn within
[—r, r']™. O

Next, we argue that the degree of & is in fact at most d.

Lemma 5.17. Assume that the assumptions of Theorem 5.11 hold. Let v’ = r/\/n, let d, B, m > 0 satisfy

(Wﬁm)n > n"™, and let h : [—r',7']" — R be a polynomial of finite degree m. If for every radial line
in the cube [—1',1'|", the restriction of h to that line agrees with a univariate polynomial of degree at most d

L !
on points in %Z”, then m < d.
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Proof. Consider the coefficient representation of the polynomial 4 (xb) in the formal variables x € R and
b € R". This representation is a polynomial of degree m in both x and b, as h is degree m. Consider o,
the coefficient of the monomial with the highest degree (in x) in h as a polynomial in the formal variables b.

am® = Y i [ b?:
=1

t1t-tin=m

and note that «,;, # 0, as otherwise i would have degree less than m.

Now, fix b to some value b* € [~ 7, mr+1]n N (dgl)!Z” such that o, (b*) # 0; such a point exists

since there are at most n"* roots of the polynomial «,,, and, by assumption, there are at least

<(d+12;’(l;+1)>” >

,,,l

many lattice points in the cube [—mr—J/rl, m]n, and at least m + 1 lattice points on the line segment

LosN[—7',7]". The univariate polynomial h(xb*) in the formal variable z is of degree exactly m. By

assumption, it is consistent with a univariate polynomial of degree at most d on all points in Lg p+ Q@Z”.
Since there are more than m + 1 points on the line segment, these two polynomials are identical and therefore
m < d. O

5.4 Global Polynomial Representation

Finally, we argue that if the conditions of Theorem 5.11 are met, then g is a degree-d polynomial.

Theorem 5.18. Suppose that the assumptions of Theorem 5.11 hold, and let R > r > 0, and let d, B > (
satisfy (rB/(d 4+ 1)In®/?t4)" > 1 If DISCRETECHARACTERIZATIONTEST fails with probability at most

2/3, then g is a degree-d, n-variate polynomial on the lattice L' = %Z” within B(0, R).

Proof. The proof is identical to the proof of Lemma 3.10, using Lemma 5.16 and Theorem 5.11, noting
that our choice of r, B, d satisfies the hypothesis of Lemma 5.17. Choosing £’ to be a coarser lattice than £
guarantees that for every p € B(0, R), there are at least d + 1 points on the line Lo , NB(0, R) on which to
define the value of g(p), and therefore g is well defined on £’ within B(0, R). O

Finally, we are ready to prove the main lemma, which concludes the proof of correctness for our tester.

Proof of Lemma 5.10. Suppose that DISCRETECHARACTERIZATIONTEST fails with probability at most
2/3. Then, by Theorem 5.18, g is a degree-d, n-variate polynomial. It remains to bound the probability
that g(p) # DISCRETEQUERY-¢(p) for p € R N L\ B(0,r). If f is itself a degree-d polynomial,
then DISCRETEQUERY-g(p) returns g(p) with probability 1, so assume otherwise. To query g on a point
p € R" N L, DISCRETEQUERY-g(p) obtains d 4+ 1 points on the line segment LOB,p and then interpolate g
along this line. For each of these d 4 1 points s, DISCRETEQUERY-g-INBALL(s) samples an additional
Ng = O(log(1/e)) points g1, ..., gn: ~ G(L, 1), and checks whether

Yo fls+iq) = Y, ai- f(s+igy),

i€[d+1] i€[d+1]

for all j € [IV¢]; it rejects if any of these checks fail. This is equivalent to checking whether g4, () # gq,(5);
by Corollary 5.15, this occurs with probability at most 1/(4(d + 2)), since s € B(0,7) N L. The probability
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that this test returns an incorrect value is the probability that g(s) # gq,(s) = gq;(8) for every g;, which
is at most (4(d + 2))_N</5 =4=Ne /(d + Z)Nfli < £/2(d + 1), where the final inequality follows by choosing
N = O(log(1/€)). As DISCRETEQUERY-g(p) samples d + 1 points, the probability that these points are all
recovered successfully is at least 1 — ¢/2.

A similar argument holds for points p € B(0,7) N £Z", and bounds the probability by 1 — /2 as

well.

O
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Appendix A A Characterization of Degree-d Polynomials

In this appendix, we show how the Local Characterization Theorem of degree-d polynomials over R follows
from known results. We begin with several definitions.

To connect finite forward differences of f with derivatives of f, we consider the discrete differential
operator. Lett = (t1,...,t4.1) € RITL, where t; # 0 for every i € [d + 1], be a vector of length d + 1,
and for any S C [d + 1], denote tg = 3" jes tj- The discrete differential operator is defined as

Dilf)(x) = Dy oty @) 2 Y ()P f (@ +ts).

SCld+1]
Note that the derivative of f is the limit of the corresponding differential; formally,

a o D)

dCCd+1 f( ) -0 Hie[d_’_l] tz . (24)

Thus, we can obtain local information about the derivative by inspecting the discrete differential. We will
indirectly evaluate the discrete differential by inspecting the forward finite difference Ay [f](z) (defined in
(4)). Indeed, for1 = (1,...1) € R4+ observe that for any h € R,

S fan (d+1 ~ A1 A (d+1)
Dpalflx)= Y (—=D)Ff(@+hS)=> :(—1)Z< ; )f(!UJrhl) = (DA f](2). (25)
SCld+1] i=0

We will first state a useful result from [Cie59], and sketch a variant of another result from [ALMO3].

Theorem A.1. (Theorem 1 of [Cie59]) Let f : (a,b) — R be J-convex of the d-th order over (a,b), i.e.

A;ldﬂ)[f] (x) >0, for every x, and h > 0 such that a < x < x + (d + 1)h < b. If f is bounded on a set
E C (a,b) of positive measure, then f is continuous on the interval (a,b).

Theorem A.2. (A variant of Theorem 2 of [ALM03]'°) Let f : (a,b) — R such that A;ldﬂ) [f](z) =0, for
every x € (a,b) and h > 0, such that a < x < x + (d + 1)h < b. If f is continuous on a set S C (a,b) of
d + 1 points, then f is a degree-d polynomial over (a,b).

Proof Sketch: The proof goes through by showing that for an arbitrary o € (q, b), and a large enough
M € N, f agrees with a unique degree-d polynomial p, on a sequence of sets {{ 5257 }icz N (a,b) }nen, and
then by the continuity of f on S, f and p can be proven to be arbitrarily close on S, i.e. f(z) = p(z), for
every x € S. With | S| = d + 1, this proves f is a degree-d polynomial. O

We are now ready to prove the Local Characterization Theorem, restated next for convenience.

Local Characterization Theorem. Lef a,b € R such that a < b, and let g: (a,b) — R be a univariate,
bounded function. If for every x € (a,b) and sufficiently small h > 0, such thata < x < z + (d + 1)h < b,

AgldJrl) [9](x) = O, then g is a degree-d polynomial.

Proof. Since AY™[g](z) = 0 for every = € (a,b) and sufficiently small A > 0, such that a < z <
x4 (d+ 1)h < b, it follows that g is J-convex of the d-th order over (a, b). Since g is bounded as well over
(a,b), by Theorem A.1 g must be continuous over (a, b). Now, invoking Theorem A.2, we thus claim g is a
degree-d polynomial over (a, b). O

10See also [McK67, Ger71, ALMO7].
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Next, we prove the Discrete Local Characterization Theorem which was used in Section 5.

Discrete Local Characterization Theorem. Fix a > 0, M > d + 1, and let S = {% ci € NLIf

f :[0,a] — R is a univariate function such that A(frl)[f] (x) = 0, for every x € SN |[0,a] satisfying
M

r+ (d+1)1; € [0,a), then f agrees with a degree-d polynomial over the points in S N [0, al.

Proof. Foreachi € N,let S; = {4 .. (iﬂ)a} C [0, a] and let p;() : [0, a] — R be the unique degree-d

polynomial satisfying p;(s) = f ( ) for all s € S;. We will argue that the polynomials p; are identical, and
thus equal to f on S N [0, a]. First, we will argue that py = p;. Observe that

d+1

0= Ad+1) Za] ( ) Zaj ( >+ad+1 f(WMl)a).

As po was defined by interpolating the values of f on Sy, we have

d+1

O—Zag po( )+0éd+1 f<(d+1 ) Z&J po( >+O<d+1 (f—p0)<(d+Ml>a>,

=0

which implies that f((d + 1)a/M) = po((d + 1)a/M), and hence po(t) = pi(t) for every t € [0, al.
Repeating this argument for every ¢ € N, we can conclude that po(t) = pi(t)... = f(¢) for every
t € SN0, a], where the equality with f follows because the p;’s are defined by 1nterpolat1ng the values of f
on the S;’s. Thus, f agrees with a degree-d polynomial on S N [0, a].

O]

Appendix B Proofs from Section 4.3

In this appendix, we provide proofs of Lemma 4.8, and Lemma 4.10. But first we state the result from [Gaj91],
that forms the basis of our Theorem 4.6:

Theorem B.1. ( [Gaj91, Theorem 8]) Let X be a linear space over the rationals, xy € R,d € N, ¢, a €
(0, 00), and suppose that for all x € (zg — a,x0+a) and h € (—a,a), withx+ (d+1)h € (xo —a,z0 +a),
fi(xo—a,zo + a) — X satisfies
d+1
A V@) < o

Then, there exists a degree-d polynomial g: R — X, such that for every x € (xg—a,zo+a),|f(z)—g(x)| <
11¢, where I/} 2 ng + 29102441 — 1) ny & min{k € N: (1+k/d)F > d}, 1} 2 T (K +1),05 £

2

]—)
and ki = 3 22Z + (i —1)2°F — 1. In particular, I/, = ©(3%- 28%+d) . e Q(log d) ﬁo(d) and I = o(2847).
Interestingly, [Gaj91] defines a function g : (a,b) — X to be a degree-d polynomial, if A;Ldﬂ) l9](x) =0,
forall z € (a,b) and h > 0, such that a < < z + (d 4+ 1)h < b. Note that if f : (a,b) — R is bounded
on (a,b), then by Theorem B.1 g : R — R is also bounded, and hence a degree-d polynomial on the same
interval, by the Local Characterization Theorem, thus proving Theorem 4.6. We now resume the proofs:

Lemma 4.8. For every p € B(0,7), and everyt € {0,...,d + 1},

0 N > 20425| < ddp + 48d°r.
q1~N(0,(rt2+1)1) [’g‘h(p) 9q:(P)| } < d4dp r
q2~N(0,I)
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Proof. Fixsomet € {0,...,d+ 1} and p € B(0,r). We will bound the probability that g4, (p) and ¢4, (p)
are far from 34t} Z‘”} aia; - f(p+1iq1 + jq2); the lemma will then follow by a union bound.

By definition, we have gg, (p) = Y9! a; - f(p + iqo). Fixing ani € [d + 1], we get

d+1
P +iq1) — +iq1)| >0 P +
b iy g >0 = e U ~Soustesas]
Q2NN(0,I) 2. Q2NN(0 I)
d+1
< N(O oy Za] (z+7q2)| > 0| + 2dry(NV(0,i2(t2 + 1)I), N(p, i2(t> + 1)I))
z~, 7 +
QQNN(O 1)
< p+i2(t2 + 1)r < p+ 20d*r. (By (15) and Lemma 2.2)

By a similar calculation, we have for every j € [d + 1] that

d+1
Pr + 7 — +7 >0 Pr o + 1
BN (02 41)]) @+ i%) — 90 (P + )| A U Z f(z +iqr)| > 6
a2~N(0,1) £z q1~N(0,(t2+1)1)
d+1
< Ll || e flE i) > 6]+ 2drv (V0,57 N(p. 1)
z~N(0,j —
a~N(O, (1)) T
< p+j%r < p+4d*r. (By (16) and Lemma 2.2)

Taking a union bound over ¢ € [d 4 1] and j € [d + 1] respectively, it follows that

d+1 d+1d+1
N(O (t2+1 )1) l Z ai- flp+iq) — D aiay - f((p+iqr) + jg2)| > 29716 | < 2dp + 40d°r,
" q2~N(0,1) i=1 j=1
=9q; (P)
d+1 d+1d+1
N, (t2+1 )D) l Z aj- f(p+ig)—Y Y aia;- f((p+ig) +iq)| >27"6| < 2dp+8d*r.
" 2"“./\/-(0 I) j:1 i=1
=95 (P)
Thus, by a union bound over the two previous inequalities we can conclude that
Pr — > 9425) < 4dp + 48d5r .
BN (0, (£241) ,)chn (P) — 9¢.(P)| | < ddp
q2~N(0,1)

Lemma 4.10. If APPROXCHARACTERIZATIONTEST fails with probability at most 2/3, then for every
P, q € B(0,7) and sufficiently small h € R, such that p + ihq € B(0,r) for every i € [d + 1], we have
I i g(p + ihg)| < 22456,

Proof. Fix p,q € B(0,r) and let h € R be sufficiently small so that p + ihq € B(0,r) forevery i € [d+1];
such h’s exist, as B(0, ) is an open ball containing p. We will argue that the following hold simultaneously
with non-zero probability over q1, g2 ~ N(0, I):

d+1 d+1
D" i g(p +ihg) = Y i ggr iy (p+ ihg)| < 221445, (26)
=0 =0
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d+1
] d ai- f(p+iq +i(hg +jq2))‘ < ¢, forevery j € [d+1]. (27)
=0

Assuming that these hold, we complete the proof. Fix any g1, g2 satisfying both (26), and (27). Then,

d+1 d+1
1Y i gp+iha)| < |0 i gaysias (p+ iha)| + 221415 (By (26))
j— =0
d+1 d+1

=Y ai( Xy S+ ihg + jlar +ige) )| + 2275

(By definition of g4(p))
d+1 d+1
= > e (Y i fp+jar +ilha + jan))| + 2244
d+1
< |2 ay -8+ 22 (By (27))
j=1

< 2d+15 + 22d+45 _ 2d+1(2d+3 + 1)(5 < 22d+55'

Next, we prove (26) and (27), by arguing that each holds with positive probability and then taking a union
bound. For (26), we observe

d+1 d+1
’ Z a;-g(p+ihq) — Z Qi * Gqi+iqs (P + ihq)‘ < 2%s
i=0

QMIQNN 0,I)

>  Pr [lg(p +ihq) — gg +iq (P + ihq)| < 27726, Vi€ {0,....d+ 1}]
q1,92~N(0,1)

=1- Pr [Eli €{0,...,d+ 1} : |g(p + thq) — gq,+iq. (P + ihq)| > 2d+35]
‘11,Q2~N(0J)
d+1

>1-— Pr +ihq) — g1 +ige (P + ihq)| > 291365 By union bound
g i l9(p +ihq) = gay +igs (P + ihq)| ] (By )
d+1

=1- P ihq) — ihq)| > 29135 Letti = '
;mw(o,émm l9(p + ihq) = gm(p + ihq)| } (Letting ™ = gy + iqo)
d+1

1 d—+2 1

>1-— —=1- i > —. (Applying Corollary 4.9, as p + ithq € B(0, 7))

—7d Td T2

For (9), consider some j € [d + 1], then

d+1 d+1
0 4 jq1 +i(hq + ‘>6} ’ o z+iz’>6]
waton || 20 F@ 2 day +ilha £ jay) e DIUEHCRLD
L2 L2 2a~N (hq,j21)
d+1
< ‘ ;- f(z1 +iz >5}
1NN0]21 Z ) 1 2)‘
QNN( 7.7 I)

+2 (drv (M (0,521, N (p, 5°T) ) + drv (N(0,5°1), N (h, 1°1)) )
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d+1

< ’ Z ;- flz1+ iZQ)’ > 5] + 3%r + §2hr (By Lemma 2.2)

zl,z2~N 0,521)

< p+j%r+j%hr < p+ 8d>r. (By (17))

By a union bound over all j € [d + 1],

d+1

p Vje[d+1] ; ; (h , <5 > 1 (2dp+ 16d%).
qquﬁ(w)[] + ’Za pﬂ‘i““(qﬂ‘b))\—}— (2dp + 16d°r)

which is at least 2/3, as p < (30d)~2 by Claim 4.7, and we set 7 = (4d)~C in Corollary 4.9. A final union
bound concludes that both (26) and (27) hold simultaneously with non-zero probability. ]

Appendix C Proof of Theorem 5.6

In this appendix we prove Theorem 5.6, which is an immediate consequence of the following lemma. This
lemma follows in a straightforward manner from [MP13, Theorem 3.3] . Denote by &, the standard direct
sum of lattices and by ®, the standard tensor product, and let I,, denote the n x n identity matrix.

Lemma C.1. Let L C R" be a full rank lattice, and fix k € Z~o, ¥, s1,...,5; € Rsq, and z £
(21,...,2k) € ZF such that s; > ||z||coV/219(L) for every i € [k]. Let yu, ..., ys be sampled independently

from G(L,s;). Then, for s = \/Z§:1(2i8i)2y the total variation distance between y = Zle 2;Y; and
G (ged (2)L, s) is given by

1 7s(y) 7s(y)7(L + )
drv (9,6 (ged (2)L,8) = = Y ° - 7 ,
2 yEng(Z)E TS(gC (Z) ) T(ﬁ)
where the nk-dimensional lattice L' £ 5:1 sflﬁ = (S ® I,)" L% for 8 £ diag(si,...,sx), and

L is the sublattice of L' containing the elements which fall in the kernel of Z = (27 8) ® I,,; that is,
L = L' Nker(Z). As well, x is the orthogonal projection of x' onto ker(Z), where ' € L' : Zx' = y.

Furthermore,
2k

—1-2k9
The proof of the first part follows by recording the parameters obtained in [MP13], while the proof for
the second part is provided below:

drv (y,9 (ged (2)L, 5)) <

Proof. Let R: C — R denote the real part of a complex number. From the proof of Lemma 4.1 in [MRO07],
we have that for every @ € R", lattice A, and ¥ > 0, such that ng(A) < 1,

T(A+ @) =det(A) (14 > e r(w) )
2'0 Z'O weA*\{0} 2'0

=det(A) (14 Y REE) r(w)) €det(A) (14 Y r(w))

weA\{0} T T weL*\{0}
= det(A") (1 £ 7(A*\ {0}) ) = det(A")(1 £ ).
<, (L)<1
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From the proof of Theorem 3.3 in [MP13], we have ng (L) < v/2n9(L£)/ mins; < 1, where 9 = (1 +
¥)k=1 — 1. And for all 9, k such that k9 € [0, 1] we have ¢’ = (1 +9)*~1 — 1 < 2k9. Also, note that for
every 0 < 91 < 9, ny, (A) > 1y, (A) holds, for every lattice A. So, we can claim 7ox9(L) < ng (L) < 1,
and hence we have that for every € R", 7(L + @) € det(L*)(1 £ 2kv) = det(L*)[1 — 2k0, 1 + 2k9].

Now observe that

s s L
> ool mie . PERES S et i),
yEgcd(Z)E&,_/ yCged(2) a2 yEged(2)L o)
=p(y) 2q(y)

where ¢ £ 75(ged(2)L) det(L*)/7(L') = 75(ged(2)L) /(L") det(L), and 9(y) € [—2kd, 2k for every
y € ged(2z)L. Thus, we have,

1
= > pya+d)= > p)+ X p)iy)
yeged(z)L yeged(z)L yeged(z)L
=1 p(y) is a PMF

=1+ Eywp(y)gcd(z)[:[ﬂ<y)] S [1 — 2k, 1+ Qkﬁ]

€[miny 9(y),maxy ¥(y)]
Thus, ¢ € [1/(1 4 2k9),1/(1 —2k¥)] and 1 — ¢ € [—2k0/(1 — 2k1), 2k9 /(1 + 2k1)]. Tt follows that

a0

p(y)

s(y) (YL +w)‘ <l
7s(ged(2)L) (L) ~ 2 yeged(2)L

drv (y,9 (ged(2)L, s)) =

>

yeged(z)L

max max|l —c¢(14+9
o w2 | ( (y))]

|
N~ NI~ N~

IN

1— : 9
<mgx| c| +maxc yergrclg();)ﬁl (y)|>

1/ 2k 1 2k
:2(1—2k19+1—2k192k19):1—2k19' =

Finally, setting k& and ¥ such that k&9 < 1/4 proves Theorem 5.6.

Appendix D Distribution-Free Approximate Tester for Additivity

Recall that a function f: R™ — R is additive if for every x,y € R", f(x + y) = f(x) + f(y); a function
is linear if it is both additive and for every e € R and ¢ € R", f(ax) = af(x). In this appendix we modify
the additivity tester of [FY20] to be robust against noise. This gives us a tester for additivity with better
error parameters than the approximate degree-1 tester obtained from Theorem 1.2. Formally, given query
access to the input function f : R” — R, sampling access to unknown (g/4, R)-concentrated distribution D,
and constants 0 < o € Rand 0 < € € R, a distribution-free approximate tester for additivity distinguishes
between the following two cases with probability at least 2/3:

* YES CASE: There exists an additive function / : R™ — R such that for all p € R":

|f(p) — h(p)| <
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* NO CASE: For any additive function h : R" — R:

Pr [|f(p) — h(p)| > 21015 - Rn'Sa] > e.
p/\/
We say that the tester has one-sided error if, for every f satisfying the YES CASE , the tester always accepts,
with probability 1.
The main theorem of this section is the following.

Theorem D.1. Let a,e > 0 and D be an unknown (R, c/4)-concentrated distribution. There exists a
one-sided error, O(% log %)-query for distinguishing between the case when f is pointwise a-close to some
additive function and the case when, for every additive function h, Prpp[|f(p) — h(p)| > O(Rn'®a)] > ¢.

The remainder of this section is organized as follows: In Section D.1, first we describe several properties
of additive functions which we will require for our tester, and give an overview of the proof of Theorem D.1.
Then, we present our tester under some constraints on the unknown D, and give informal description of
the proof technique. In Section D.2 we prove the main Theorem D.1, relying on our main Lemma D.6.
Section D.3 is devoted to prove the main Lemma D.6. Finally, in Section D.4, we show that our tester is
actually a multiplicative error distribution-free tester, without any assumption on the unknown distribution D.

D.1 Proof Overview and /-Additive Functions

We say that a function f : R™ — R is d-additive, if for every ,y € R" it holds that

[fx+y)— flx)— fly)| <d.

Satisfying d-additivity implies that the following inequalities hold, which will be the basis for our tester. For
every ¢, y, z € R", assuming f is a-close to some additive function h, we have:

[f(@—y) = f(@)+ f(y)| <[h(®z—y) —h@) - h(-y)|+3a <5, (28)

=0
[f(®) + f(—2)| < [h(2) + ()| + 2a = |h(x) - h(Z)| +2a <6 (29)
f(®—y)—fl®—2) - f(z-y)| <Mz -y) - (Mxz-2)+h(z-y)|+3a<5  (30)

=h(z—y)

Our tester (given in Algorithm 7 and Algorithm 8) follows the general outline given in the introduction for
testing linearity. First, it tests whether f satisfies d-additivity over a set of samples drawn from the distribution
N (0, I). If this test passes with sufficiently high probability then we able to show that g — a self-corrected
function of f on B(0,r) — is O(n!-3)-close to an additive function h : R — R, and furthermore, if f
is d-additive, then f and g (and therefore f and h) are close. To do so, we crucially rely on the following
stability theorem for additive functions which follows from [Kom&89, Theorem 2].

Theorem D.2. Let r > 0 and g : B(0,7) — R. If g is 0-additive, then there exists an additive function
h : R™ — R, such that for every x € B(0, )

lg(x) — h(x)| < 5n'56.
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Second, we show that by the way we have constructed g, we are able to approximate its value on points
within B(0, r) with high probability. Thus, for any point B(0, r), we can estimate the distance between f
and g, and therefore between f and h, the additive function which is close to g, given by Theorem D.2.

For points p ¢ B(0, r), we map them to a point within B(0, r) by dividing by a contraction factor £,

defined as
U E e
PR el >

Then, we approximate h on the corresponding point p/ky, inside the ball and map h(p/kp) back to h(p).
We are now ready to formally define g.

The Self-Corrected Function. Let r be a sufficiently small rational; » 2 1/50 suffices. Define the
value of the self-corrected function g at a point p € B(0,r) as the (weighted) median value of g, (p) =
f(p—x) + f(x), each weighted according to its probability mass under  ~ A (0, I'). For points p outside
of the ball, we project them into the ball by diving by a sufficiently large contraction factor that depends on

the magnitude of p.
24, med P =k med P .
9(p) = kp e lgm <Kp>] wp-, med f (Kp x|+ f(z)

Concretely, g : R"b — R is defined as follows

The intuition for using median is that it, in the case when f is approximately additive, the median value
should allow us to approximately correct the errors in f, and thus g should be close to additive. We use the
median here, rather than the majority, because the majority is more affected by outliers.

D.2 Approximate Additivity Tester

Our tester is given in Algorithm 7, which uses subroutines given in Algorithm 8.

Algorithm 7: Approximate Additivity Tester

1 Procedure APPROXADDITIVITYTESTER(f, D, o, €, R)
Given : Query access to f: R™ — R, sampling access to an unknown (¢/4, R)-concentrated
distribution D, a noise parameter o > 0, and a farness parameter € > 0;
0 < 3a, < 1/50;
Reject if TESTADDITIVITY(f, ) returns Reject;
for N; < O(1/e) times do
Sample p ~ D;
if p € B(0, R) then
L Reject if | f(p)— APPROXIMATE-g(p, f, )| > 56n'®kp, or if APPROXIMATE-g(p, f, §)
returns Reject.

Qs W N

8 | Accept.

The following lemma records the properties of g that will be guaranteed by our tester.
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Algorithm 8: Additivity Subroutines

1 Procedure TESTADDITIVITY(f, J)

Given : Query access to f: R™ — R, threshold parameter § > 0;
2 for Ng < O(1) times do

3 Sample x,y, z ~ N (0,1);
4 f(x)

5

Reject if | f(—x) + | > 6
Reject if | f(x —y) — (f(z) - f(y))| > 0

| | waenirr () - (1 () + 1 (32))| >
7 | Accept.

8 Procedure APPROXIMATE-g(p, f,d)
Given:p € R"”, query access to f: R™ — R, threshold parameter § > 0;

9 | Ni+ O (log %),
10 Samplewl,...,azNéNN(O,I);
1 Reject if there exists j € [IV{] such that

[(f(p/rp —21) + f(®1)) — (f(P/rip — ®5) + [(5))] > 26;
12 | return s, (f(p/kp —x1) + f(x1)).

Lemma D.3. With r = 1/50, if TESTADDITIVITY( f, §) accepts with probability at least 1/3, then g is a
14§-additive function inside the small ball B(0, ), and furthermore, for every p € B(0,r) it holds that

o bn o) = (f(p =) + f(@)] = 45] < 1/2

We prove Theorem D.1 assuming that Lemma D.3 holds.

Proof of Theorem D. 1. First, observe that if f is a noisy version of an additive function with noise bounded
by «, then f is a d-additive function for § = 3a, and we claim Algorithm 7 always accepts. It is immediate
that TESTADDITIVITY(f) always accepts. To see that f also passes the remaining tests, observe that, since f
is a-close to an additive function h, point-wise, we can claim:

kpga(P/kp) — f(P)| < Kp |ga(p/kp) — f(P/Kp)| + [Kpf(P/Kp) — f(P)]
= kp | f(P/kp — ) + f(x) — f(D/Kp)| + |Kpf(P/Kp) — h(P) + h(p) — f(P)]
<4, by (28)
< kpd + |kpf(p/Kp) — kph(p/Kp) + h(pP) — f(P)|  (as h(p) = rph(p/kp))
< 6kp + kp | f(P/Kp) — h(p/kp)| + |h(P) — f(P)]

<a <a
< dkp + akp + a < 20kp.

Note that APPROXIMATE-¢(p, f) never rejects, because we have |g,(p/kp) — f(p/kp)| < 6.Then, by
the triangle inequality,

|92 (P/Kp) = 9a; (/)| < 2192 (p/Fip) — f(P/Fip)| < 26.

We now show that if f is e-far from all additive functions, then Algorithm 7 rejects with probability at least
2/3. If TESTADDITIVITY(f) accepts with probability at most 1/3, we can reject f with probability at least
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2/3. Hence, we assume that TESTADDITIVITY(f) accepts with probability at least 1/3. Then by Lemma D.3,
the function g is 144-additive, inside B(0, r). Using Theorem D.2, there is an additive function i : R” — R,
which is 706n!--close to g, on the small ball, i.e. for every € B(0,7), |g(z) — h(z)| < 70dn'5. Since f
is e-far from any additive function, we have f is e-far from h.

Now, we want to bound the probability that Step 2 of Algorithm 7 passes. First, we bound the
probability that APPROXIMATE-g(p, f) fails to recover the value of g(p) within an error of 4. That
is, we bound the probability that |gz, (p/kp) — go; (P/kp)| < 26, for all j € [Ng] (so that it doesn’t
reject), but |g(p/kp) — ga, (P/Kp)| > 40, by the probability that for all sampled vectors x;,i € [Ng],
lg(p/kp) — 9a;(P/Kp)| > 40. By Lemma D.3, the probability that we draw N points which satisfy this, is
less than 2~ V&, which can be made < ¢ /4 by choosing the hidden constant in V¢ to be large enough.

Now that we have established that — in the case we obtained query access to approximate g inside
the small ball — we get the correct approximation within 4§ with high probability, it remains to show that
we can test whether f and h are close. After arguing that g is 140-additive in B(0, ), it will follow using
Theorem D.2, that g is close to an additive function i : R™ — R on all points inside B(0, ). We argue that
in the YES case, if f is close to some additive function then, for every p € B(0, R) (which contains the
majority of the mass of the unknown distribution D), we have | f(p) — h(p)| < O(n'>6).

While in the NO case, since f is far from any additive function, it is also far from A, and therefore

Pr[|f(p) — h(p)| > 4515n"a] > e,
pN
And also 5
Pr[|f(p) — h(p)| > 4515n°a : p € B(0, R)] > “e.
p/\/

If TESTADDITIVITY(f) passes with probability at least 1/3, then by Lemma D.3, g will be 144-additive
inside B(0,r), and for every p € B(0,7), Pr,, ar0,n[l9(P) — 9z(P)| > 45] < 1/2. Consequently, by
Theorem D.2, there would exist an additive function h : R™ — R, such that for every « € B(0,r), |g(x) —
h(z)| < 70n'568. This gives us, for every p € B(0, R),

Kpg P Kph P
P\ LA
Note that since f is e-far from h we have

Pr[1/(p) — g(p)| > 50n'?sp : p € B(0, R)]
o

> Prlf(p) ~ h(p)| > 21015n% : p € B(0, R)

l9(p) — h(p)| = < 70n 0k, < 35000126 R < 7000n26.

3¢
> -
— 4
Indeed, the probability that Step 2 of Algorithm 7 fails to reject is at most

N7
( P% [[f(p) — g(p)| < 50n'°k, V APPROXIMATE-g(p, f) fails to correctly recover g(p) : p € B(O, R)D
pr\/

< (1= Prllf(p) - 9(p)| > 56n'*ry : p € B(0, )]
RS

N
+ PrD [APPROXIMATE-g(p, f) fails to correctly recover g(p) : p € B(0, R)] ) '
p/\d

<(1 35+6)N7<1
4 4 3’
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by choosing the hidden constant in N7 to be large enough. Therefore, Algorithm 7 rejects with probability at
least 2/3. O

It now remains to prove Lemma D.3, showing that if Algorithm 7 succeeds, then g is 14§-additive inside
B(0,r), and can be well approximated in B(0, r) with high probability by querying f on correlated points.

D.3  O())-Additivity of g Inside B(0, r)

First, we record the basic, but useful observation that if the TESTADDITIVITY subroutine passes, then each
of its tests hold with high probability over N'(0, I).

Lemma D.4. If TESTADDITIVITY( f) accepts with probability at least 1/3, then

999
P I (w) + f@)] < 0] > o G
999
LB (@ —y) = f(@) + fw)] <> 5. (32)
r—z z—y 999
o I (520 1 (55) -7 (50| =] 2 1w =

Proof. Suppose for contradiction that at least one of (31), (32), and (33) does not hold. We here assume
that (31) does not hold as other cases are similar.

We accept only when all the sampled points x satisfy |f(—x) + f(x)| < §. By setting the hidden
constant in Ng to be large enough, this happens with probability at most

(wNNOI

Ng 999 \ Ms 1

<94 — —

17-2)+ £@) 28)" < (15) <3
which is a contradiction. O]

In order to argue that g is O(¢)-additive on points within B(0, ), we will rely on the fact that p + « is
approximately distributed as & ~ N (0, I), if ||p||2 is small. By Lemma 2.2, we have a bound on the total
variation distance between « and p + x. Next, we will show that g is O(¢)-additive within B(0, 7).

Lemma D.5. Suppose that (31) — (33) of Lemma D.4 hold. Then for every p,q € R™ with ||p||2, |ql2, |p +
q||2 < r, it holds that

l9(p +q) — g(p) — g(q)| < 140.

The proof of this lemma will crucially rely on the following two lemmas, which say that the conclusions
of Lemma D.4 hold with high probability, even when one of the points are fixed to some p € B(0,7). A
consequence of this is that we will be able to query g within a small error, with high probability.

Lemma D.6. Suppose that (31) — (33) of Lemma D.4 hold. Then, for every p € R" with ||pll2 < T,

m~N(01 lg(p) — (f(p—x)+ f(x))| < 4d] > o5 (34)

The proof of this lemma will rely on an earlier stated theorem which provides a relationship between the
majority and the median:
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Lemma 4.1. Let Q) be a sample space, g : Q0 — R and D be a distribution over Q. For any n € [0,1/4],
6 € R, if Prg, go~pllg(q1) — 9(q2)| < 3] > 1 —mn, then Prg,p[|gmed — 9(q1)| < 0] > 1 — 4n, where
9med = mequD{g(q)}'

We provide a proof of this theorem in Appendix E. With this result in hand, we are ready to prove
Lemma D.6.

Proof of Lemma D.6. Fix a point p € R™ with ||p||2 < r. We will bound the following probability, which
can be thought as the approximate-collision probability.

A= Br o UG @-2)+ /(@) - (fp-y) + /)] < 43).
Observe that
1-A= yNN(OI)[If( z) — f(y) = fp—y) + f(p—z)| = 49]
= ,y~/\/(0 I)[If(w —y)— flp—y)+ flp—=)| > 34]
+ 7y~/\/(0 I)Hf z) - f(y) — f(x —y)| > ] (By Triangle Inequality)
1
< ek 0I)[If(%' —y) = fp—y) + flp— )| > 30] + 1555 (By Lemma D.4 (32))
To bound the first term, we observe, by the fact that x — p,y — p ~ N (—p, ) and p ~ 0, the random

variables * — p and y — p should be distributed similarly to x and y. Indeed,
[f(@—y) - (flp—y) - flp—=))| > 34]

y~N(OI
= P @ op—(y—p) - (e -y~ )| >3]
=5J,g~5gpyn[|f<;— ) - (1-5) ~ 1-a)] > 30
<, oo M@= 9) = (F(=9) = F(=2)| > 36] + 2drv (MO, 1), N (=p. D))
< e M@ =) = 1@+ f@)] > 8+ Pr [17(-) = f(2) > ]
+y~NOI)[| f(=9) — f(@)] > 5]+% (By Triangle Inequality, and Lemma 2.2)
3 1 23

AT . —
< 7000 + =0 = To0o (By Lemma D.4 (31) — (33))

Plugging this into our previous bound on A, we have

1 23 3
(p) — <A1 — (et ) =1—-—,
[l92(P) — gy(P)| < 46] = (1000 * 1000) 125

Applying Lemma 4.1, we conclude that for every p € B(0, )

,yNN(O I)

3 113

oD lo(p) = (F(P— @) + f(@) <40] 2 1 -4+ = =
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The following lemma is essentially condition (32) of Lemma D.4 with two fixed points.

Lemma D.7. Suppose that (31) — (33) of Lemma D.4 hold then, for every p,q € R™ with ||p||2, ||q||2, |p +
q|| < r, it holds that

xr —

Pr Hg(p +4q) - (f (p

ma'yzzNN(Ovl)

vz T )r(a-” 7 )i (% NG “))]> 5] < o5
Proof. Fix a pair of points p, g € R" with ||z, q]l2 < r. We can bound the probability
o P [0+ 0= (1 (2= 557 1 (= 257) +1 (557 )= 5]
<o Ran o= (1 (pea==730) 41 (337))| > 4]
t ey Phan [T (o4 a=25") - (1 (0= 557) 1 (=5 37))[ >4

To bound the first term, observe that if ¢,y ~ N(0,I), then the random variable m = (x — y)/v/2 ~
N(0,I). Furthermore, because ||p + g||2 < r, we can apply Lemma D.6 (34) and conclude that

eoion [0 (1 (pra==32) w0 (5557)) > 90

= or o+ a) = (F((p+ ) —m) + f(m))] > 49] < 7.

To bound the second term, observe that
Py Hf(p+q—"’) (f(p 55
z,y,z2~N(0,I) \/§ f \@

i (B () )
,y,2~N(0,I) 2
e Pl (55) - (7)1 (¢ ‘”))! >3
92y+v2q~N(V2q,1)
2~ N(0,1) o N
<afton |1 (52) - U (57) + (57|74
+2 (dpy (N(0.1), N (—V2p. 1)) + dry (N(0.1),M(v24.1)))

1 2 81
<Ly 8L
1000 ~ 25 1000

>0

(By Lemma D.4 (33) and Lemma 2.2)

] 177
))‘ > 55] <ot

Combining both of these bounds, we have

anFlion 0@+ 0= (1 (o= =777) +4 (4= 557) 1 (%
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O(9)-additivity of g within B(0, r) is an immediate consequence of these two lemmas.

Proof of Lemma D.5. Let p,q € R" be any pair of points satisfying ||p||2, ||q]|2, ||p + gl|/2 < 7. Our aim
is to show that |g(p + q) — g(p) — g(q)| < 146. By a union bound we show that the probability that
x,y,z ~ N (0, I) simultaneously satisfy:

’g(p+Q)—(f<p—H>+f<q—z_y

< 59, 35)

)
) < 46, (36)
)

< 46, (37)

T—y T —z z—y
— — < 38
() -((55) - (55Y)) e
is at least 1 — (177/1000 + 2 - 12/125 4+ 1/1000) = 63/100 > 0. Probabilities for (35), and (38)
follow by Lemma D.7, and Lemma D.4 (32), respectively. For (36) and (37) we are using the fact that

(x — 2)/v/2, and (2 — y)/+/2 are distributed as N(0, I) and apply Lemma D.6 (34). Fixing such a triple
(z,y, z), we conclude that

l9(p+q) — 9(p) — 9(q)| S‘Q(PHJ)— (f (p—wﬂz) +f<q—zﬁy> +f<wﬁy>>‘
+ f(p— x\;;) +f<q—z\;§y> +f(w\;§y> —g(p)—g(q)‘
s |r(p- "7 ) 47 (T57) - otw)

V2 V2
+ f(q—z\_@y>+f \;iy)—g(q)’
A (55) -1 () o (5 =
Therefore, g is 14d-additive within B(0, 7). O

With this we are ready to prove Lemma D.3.

Proof of Lemma D.3. g is 140-additive by Lemma D.5. And, g, (p) = f(p — ) + f() is a good estimation
(up to 49) for g(p) with high probability (% > %) for z ~ N (0, I) by Lemma D.6(34). O

D.4 Multiplicatively-Approximate Distribution-Free Additivity Tester

In this section, we show that a small adaption of our tester give us a distribution-free tester for multiplicatively
approximate additivity, without any precondition on the unknown distribution D (such as assuming that it is
concentrated). After removing the condition of sampled points being inside B(0, R), the adapted tester is
represented in Algorithm 9.

We note that the subroutines in Algorithm 8 remain the same and still sample points from A/(0, I), in
order to check that f satisfies the characterization properties, and to approximate g inside B(0, ).
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Algorithm 9: Distribution-Free Approximate Additivity Tester With Multiplicative Error

1 Procedure MULTAPPROXADDITIVITYTESTER(f, D, a, €, R)
Given : Query access to f: R” — R, sampling access to an unknown (¢/4, R)-concentrated
distribution D, noise parameter o > 0, farness parameter § > 0;
0 3a,r < 1/50;
Reject if TESTADDITIVITY(f, ) returns Reject;
for N9 < O(1/¢) times do
Sample p ~ D;
Reject if | f(p)— APPROXIMATE-¢(p, f,8)| > 5dn!- K, or if APPROXIMATE-g(p, f, §)
returns Reject.

A i A W N

7 Accept.

Distribution-Free Multiplicatively-Approximate Tester for Additivity. Given query access to the input
function f : R™ — R, sampling access to unknown distribution D, as well to A/(0, I), a parameter 0 < o € R
and a constant 0 < € € R, a distribution-free, multiplicative-approximate tester for additivity distinguishes
between the following two cases with probability at least 2/3:

* YES CASE: There exists an additive function h : R™ — R such that for all p € R™:
[f(p) = h(p)| < &
* NO CASE: For any additive function h : R" — R:

Pr [|f(p) — h(p)| > 600n'*aky] > ¢.
p~D

Correctness of our tester, given in Algorithm 9, follows from this theorem.

Proof. The proof follows the same path as for Theorem D.1. We only adapt the Algorithm 9 to now test all
points sampled by D. In the YES CASE, the tests always accept. Indeed the TESTADDITIVITY(f) subroutine
passes with probability 1, and we claim APPROXIMATE-g(p, f) never rejects and returns an approximate
value Kpgq, (R%), when queried g(p) = kpg <%), where 1 ~ N(0, ). Recall that in the YES CASE,

‘ Jay (ﬂ) —f (ﬂ)’ < ¢ = 3a. Therefore we have, by triangle inequality, for every p, 1 € R,

I (P) ~ Fipge, (”) 1)~ rpf (”) f <f) - ga, (f)
p p P P

Last inequality by f being point-wise close to an additive function. Thus Step 4 in Algorithm 9 always
passes.

In the NO CASE, we reject with probability at least 2/3. Indeed, if TESTADDITIVITY(f) rejects with
probability > 2/3 we are done. So, assume that it accepts with probability at least 1/3, then we see that the
premise of Lemma D.3 holds.

We first bound the probability of Step 4 of Algorithm 9 to pass. For this we use the fact that the probability
that §(p) = APPROXIMATE-g(p, f) fails to approximate g withing 64 error is at most 5 as we proved for
Theorem D.1.

[Step 6 passes] < P% [|f(p> —glp)| < 55”1.5%}
pN

< + kp <o+ akp + 0Ky < 20Ky,

Pr
p~D
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< Pr [1£(p) — 9(p)| < 200", v |3(p) — 9(p)| > 60]
<1- Pr [1£(p) — 9(p)| = 200"k, | + P [l3(p) — 9(p)| > 69

1.5 €
<1 Pr[If(0) ~ o(p) > 200", ] +

€
<1l--_.
- 2

For the last inequality we have to bound the probability that f and g are far, say
Pr [1£(p) - g(p)| > 200n' x| >,
p~D

for that we use Theorem D.2 to show that there exist an additive function h : R™ — R, such that for every
x € B(0,7),|g(x) — h(zx)| < 150n'-55. This gives us, for every p € R®,

p h p
%QQ%>_% Qw>

Note that since f is e-far from any additive function, it is also e-far from A and with probability € we
draw p ~ D that satisfies | f(p) — h(p)| > 200dn'5%,. For these p, it holds that

l9(p) — h(p)| = < 1500 %8k

20000k < |f(p) = h(p)| < |f(p) — 9(P)| + |9(P) — h(p)| < |f(P) — 9(P)| + 15060 Ky,

implying that | f(p) — g(p)| > 506n' k. O

Appendix E  Proof of Lemma 4.1

In this appendix we prove the following lemma which gives a sufficient condition for the median of any
distribution to be close to a random element sampled from that distribution.

Lemma 4.1. Let Q) be a sample space, g : Q@ — R and D be a distribution over ). For any n € [0,1/4],
d € R, if Prg, go~pllg(q1) — 9(q2)| < 0] > 1 —n, then Prg,~p|[|gmed — 9(q1)| < 0] > 1 — 4n, where
Imed = medqu{g(q)}'

Proof. Define S< = {q € Q:g(q) < gmed}>and S> = {q € Q: g(q) > gmed}. Since, gmed is the median
of the set {g(q) : g € Q} over g ~ D,

1
oL [q € S<] = 25 lg €52 =3 (39)

Suppose for contradiction that the following hold:

Pr [lg(q1) —g(q2)| <d] >1—n, (40)
q1,92~D
qlpwrp[‘gmed —g(q1)| <d] <1—4n, (41)

By (41), for g1 ~ D, g(qi1) will be at least d-far from gp,eq With probability more than 4. We will argue that
for g2 ~ D, g(g2) will be at least d-far from ¢(q; ), with probability more than 7, contradicting (40).
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Suppose that g1 € S<. Then, for any g2 € S>, we have
9(a2) — 9(q1)| = |9(q2) = gmed| + |gmed — 9(q1)] = 0+ =0

Similarly, if g; € S>, then for any g2 € S<,
l9(q2) — 9(q1)] > |9(q2) — gmed| + [gmed — 9(q1)| > 0+ = 4.

Therefore,
Pr [lg(q1) — g(q2)| > 9]
q1,q2~D
> Pr (g1 € S<] - Pr [|gmed —9(q1)| >0 | q1 € S<]- Pr _[g2 € S>]
q1~D q1~D q2~D
[|gmed — g(@1)] =6 | q1 € S>] - qurD[qg € S<]

P - P
+ ¢11~1“D[q1 < SZ] qlNIHD
1
(o llomed ~ 9(a1)| = & | @1 € S<]+ P, llgmea — gla)] = 3| a1 € S5
1 1~

N———

4
S — >
£ (P llmes = sta)] 2 31)
i
.

(By (39))

(By (41))

O
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