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Abstract

The Huge Object model of property testing [Goldreich and Ron, TheoretiCS 23] concerns
properties of distributions supported on {0, 1}", where n is so large that even reading a single
sampled string is unrealistic. Instead, query access is provided to the samples, and the efficiency
of the algorithm is measured by the total number of queries that were made to them.

Index-invariant properties under this model were defined in [Chakraborty et al., COLT
23], as a compromise between enduring the full intricacies of string testing when considering
unconstrained properties, and giving up completely on the string structure when considering
label-invariant properties. Index-invariant properties are those that are invariant through a
consistent reordering of the bits of the involved strings.

Here we provide an adaptation of Szemerédi’s regularity method for this setting, and in
particular show that if an index-invariant property admits an e-test with a number of queries
depending only on the proximity parameter €, then it also admits a distance estimation algorithm
whose number of queries depends only on the approximation parameter.
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1 Introduction

Distribution testing is a sub-field of property testing [RS96, GGR98] which has received a significant
amount of attention in the past few decades (See e.g., [Fis04, Ron08, Ronl0, CS10, RS11, Goll7,
Can20, Can22, BY22]). In the classical setting of distribution testing, an algorithm can draw
independent samples from an unknown input distribution u, and needs to either accept or reject it
based on the drawn samples. An e-testing algorithm for some distribution property P is required
to accept every distribution satisfying P with high probability, and reject every distribution that
has distance of at least e¢ from any distribution satisfying P with high probability, while drawing
as few samples as possible.

One particular setting of interest, mainly due to its resemblance to real-world data, is the setting
where the distribution is supported on a high dimensional product space. In the classical setting of
distribution testing, it is implicitly assumed that the algorithm has complete access to the sampled
elements. However, for product spaces with extremely large dimension, such access is impractical:
Even obtaining the entire label of a single drawn element might be too expensive.

To handle this setting, Goldreich and Ron [GR23| defined and initiated the Huge Object model.
In this model the algorithm can draw samples from the distribution, but since the samples are
not fully accessible, the algorithm is provided with query access to the sampled strings. The
distance notion is changed accordingly from the total variation distance to the Farth Mowver’s

distance. Various properties and algorithmic behaviors have been studied under the huge object
model (See [GR23, CFGT23, AF24, AFL24, CSY25)).

When considering properties of distributions, it is commonly the case that the property at hand
has some “symmetry” in its structure. One such symmetry is label-invariance. A property is label-
invariant if applying any permutation to the labels does not effect membership in the property.
Label-invariant properties have been extensively studied in the literature [BDKR05, Pan08, GR11,
Valll, DKN14, CDVV14, ADK15, VV17, BC17, DKS18, CFG*22].

Recently, Chakraborty et al. [CFGT23] considered the general task of testing indez-invariant prop-
erties under the huge object model. A property of distributions supported on {0,1}" is called
index-invariant if any permutation 7 : [n] — [n] of the indices of the strings does not effect mem-
bership in the property. Note that the class of index-invariant properties extends the class of
label-invariant properties, since the invariance condition is weaker compared to label-invariance: It
only considers relabeling strings by rearranging their symbols through a common permutation of
the indices. In particular, index-invariance still allows for properties to have some string-related
structure. For example, monotonicity of the probability mass function with respect to the natural
partial order on {0,1}" is an index-invariant property but not a label-invariant one.

The main result of [CFG 23] showed that the number of queries is controlled through upper and
lower bounds depending on the VC-dimension of the support of the distributions in the property
(along with the proximity parameter). In addition, they showed that for properties that are not
index-invariant such bounds are not guaranteed, and that there exists an almost tight quadratic
gap between adaptive testers (i.e., the setting where queries might depend on answers to previous
queries) and non-adaptive testers (i.e., the setting where queries are determined in advanced) of
index-invariant properties. Note that such a distinction is non-existent in the classical model of
distribution testing, as there is no notion of adaptivity when the algorithm is only allowed to draw
independent samples from the distribution.



In this work, we complement the result of [CFGT23] and show that for any index-invariant prop-
erty that is e-testable using a constant (depending only on €) number of queries, there exists an
estimation algorithm that approximates the distance of the input distribution from the property,
by performing only a constant (depending only on €) number of queries.

Theorem 1 (Informal statement of Theorem 2). If P is an index-invariant property of distri-
butions over {0,1}"™ which is € -testable with a constant number of queries for any fized € > 0,
then there is an estimation algorithm with a constant number of queries for any fized € > 0, that
for a distribution u of distance d from P, outputs a distance approximation m such that with high
probability |m — d| < e.

This brings index-invariant properties under the umbrella of properties for which constant-query
testability implies constant-query estimability, similar to dense graph properties, and in contrast
to general string properties and also general Huge Object model properties. Along the way, we
provide a “regularity-like” framework to index-invariant properties, to treat them using a “meta-
testing” scheme. More on this will be discussed in Section 1.1. It is important to note that the
dependencies here are not a tower function of 1/¢, a distinction from most regularity-like frameworks
in the literature, which usually provide a dependency which is a tower in the other parameters, or
even worse. In particular, the query complexity in our result has double-exponential dependency
on 1/e. Section 1.2 contains more information on this and relations to prior works.

1.1 Technical overview

The proof of our main result is motivated by Szemerédi’s regularity lemma for graphs [Sze75].
Intuitively, Szemerédi’s regularity lemma states that a graph can be partitioned into a bounded
number of parts such that the subgraphs between the parts are “random-like”. In addition, we take
inspiration from [FNO7b] that proves an analogous estimation result for the dense graph testing
model, and in particular we define and use a notion inspired by the notion of robust partitions from
[FNO7Db].

1.1.1 Detailings

Our starting point is to define a notion that resembles that of a graph partition for the setting of
distributions. For technical reasons, we define a notion that is slightly more generalized. A detailing
¢ of a distribution p over {0,1}"™ with respect to some set A is a distribution on {0,1}" x A such
that the distribution on {0, 1}"™ that is projected from & is equal to u. Loosely speaking, a detailing
of pu with respect to A is in particular a representation of u as a weighted sum of distributions,
where the weights are given by the distribution over A projected from &, and for every a € A the
corresponding “component distribution” p, results from conditioning £ to the event {0,1}" x {a}.

One particular type of a detailing which we consider extensively in this work is a detailing by a
set of variables. For a set U C {1,...,n} the detailing of p with respect to U is a distribution
pY supported over {0,1} x A for A = {0,1}Y, where for a € A the component y, is exactly the
conditioning of p to the event {z € {0,1}" : 2y = a}. Note that this detailing is actually a
partition of the probability space to weighted subcubes indexed by assignments to variables in U.
A detailing by variables can be better handled by a testing algorithm as compared to a general
detailing, because a draw (x,a) ~ pU can be easily obtained by taking a sample 2 € {0,1}" from



1 and augmenting it with @ = xy. In comparison, a draw from a general detailing £ is not always
easily obtainable given only samples from the input distribution u.

The notion of a detailing allows us to extract some useful statistics of the underlying distribution.
The statistic of a detailing £ with respect to A is essentially the distribution n over A that is the
projection of ¢ to the second argument, along with a multiset of type vectors {t1,...,t,} over [0,1]4
where t;(a) = Prg~,,|[®; = 1]. Namely, t;(a) is the probability that the variable x; is set to one
conditioned on the event that a draw from ¢ lies in {0,1}" x {a}. Equivalently, the multiset of
type vectors can be identified with a distribution A supported on vectors in [0, 1]4. We refer to 7
as the weight distribution, and to A as the type distribution of the detailing £. Intuitively, one can
consider the statistic as a sort of a “lossy compression scheme” for the underlying distribution.

1.1.2 Goodness and predictability

One important property that a detailing can have is being (e, ¢)-good. For € € (0,1) and ¢ € N, we
say that a single distribution v is (€, ¢)-good if at least a 1 — € fraction of the g-tuples of variables
under this distribution are e-close to being independent (this is a weak form of being “somewhat
g-wise independent”). We say that a detailing £ of p is (€, g)-good if at least a 1 — € fraction of the
component distributions p, (counted by their weights in the detailing) are (e, ¢)-good.

This property is extremely beneficial for finding a distribution that approximates the distribution of
samples and queries made by a canonical algorithm using the statistic of £. A canonical algorithm
for a distribution property P is a randomized procedure that picks a set of s independent samples
drawn from the distribution p, and a set of ¢ variables (that is “coordinates” from the space {0,1}",
identified by their indices from {1,...,n}), chosen uniformly at random, and makes its decision
(either accept or reject) based on the samples restricted to the chosen variables (and possibly on
its internal random coins). In particular, the acceptance probability of the tester is determined by
a function « : {0,1}°*? — [0,1]. Considering canonical testers suffices for our needs, since for any
index-invariant property having a testing algorithm making s samples and ¢ queries, there exists a
corresponding canonical tester which makes at most sq queries, by [CFGT23].

The goodness property allows us to simulate the behaviour of a canonical algorithm by using only
the detailing statistic (this is essentially the “meta-testing” concept that was featured in [FNO7b,
AFNS06]). In particular, to simulate the behaviour of a canonical algorithm with s samples and ¢
queries we first draw a; ..., as independently from the weight distribution 7 of the detailing, and
then draw ¢ vectors t1, ..., t, from A independently. Then, we draw a random matrix M € {0, 1}**4
such that for every (7,7) € {1,...,s} x{1,...,q}, the value M, ; is drawn independently according
to the Bernoulli distribution with parameter ¢;(a;).

Essentially, for every i € {1,...,s} the draw a; simulates the choice of the respective component
distribution jiq, of &, and the values ti(a;), ..., t;(a;) simulate the queries to the sample i. Note
that since t;(a;) corresponds to the j-th marginal of a draw from the component distribution fiq,,
and the drawn component distribution with high probability satisfies the goodness condition, the
distribution of the string M, 1,..., M,  is close to the distribution of a sample drawn from p and
restricted to the set of ¢ uniformly random indices. The matrix M is then used along with « to
determine the acceptance probability of the algorithm. This implies a predictability property of the
detailing: One can approximate the acceptance probability of a canonical algorithm by using only
its statistic and without actually performing the queries to the input.



1.1.3 Robustness and inheritance

The predictability notion is tied to a more general notion of robustness. Roughly speaking, a
detailing is robust if whenever it is extended to a more refined detailing (but still with a limited
degree of refinement), the perceived probabilities of the outcomes in individual indices will not
change by much. In other words, for the most parts, the values appearing in the type distribution
of the extended detailing will be inherited from their counterparts in the type distribution of the
original detailing. Such an inheritance feature will be crucial for designing the distance estimation
algorithm. To facilitate such a feature, instead of tracking all the individual probabilities we go the
route of Szemerédi’s regularity lemma, and define a single “detailing-index” measure for a detailing,
with respect to which robustness is defined. The above robustness notion is then proved to follow
from satisfying the detailing-index-related measure.

However, due to the access we have to the input we are unable to find such a robust detailing.
We can only consider extensions which are obtained by fixing a subset of the bits in the string.
As a result, we define a weaker notion of robustness. A detailing £ is said to be weakly robust if
extending it to a more refined detailing obtained by fixing a randomly chosen and not too large
subset of the bits (as opposed to arbitrary refinements in the general definition of robustness) will
not change the perceived probabilities of the outcomes in individual indices by much. We later
prove that being a weakly robust detailing implies the general notion of robustness, and implies
the above mentioned goodness notion as well.

1.1.4 Distance estimation algorithm

A main engine of our work is an efficient query algorithm that provides an approximation of the
statistic of a robust detailing. We set the robustness requirement to go beyond what is needed
just for predictability, as the above-mentioned inheritance feature will be required for distance
estimation later on. Given the detailing statistic, we then consider hypothetical distributions with
hypothetical detailings featuring predictability.

For such a hypothetical detailing we first require that its statistic must predict acceptance (or at
least predict a high enough probability of not rejecting) by a testing algorithm. For a statistic
satisfying this requirement, we check its hypothetical distance from the distribution (which we
actually measure using a distance measure between the corresponding type statistics). The smallest
such hypothetical distance gives us our estimate.

On the one hand, if there exists a relatively close distribution that satisfies the property, it would
imply a corresponding hypothetical detailing statistic: We consider a predictive detailing of this
target distribution, and show how to “combine” it with the detailing we obtained from the input
to demonstrate a distance close to the hypothetical one. Here the inheritance property is crucial,
since the combined detailing is related to a refinement of the detailing of the input, and we need it
to maintain its type statistic.

On the other hand, if there exists a good hypothetical detailing statistic with a small hypothetical
distance, it would imply the existence of a “fake” distribution that has a similar distance bound
from the input distribution, and additionally is not rejected by the test (and hence there must
be a “real” distribution satisfying the property that is not much further away). Building such a
distribution is mostly a matter of considering a draw from a detailing, and then altering each co-
ordinate independently with some probability that is tailored to eventually match the hypothetical



acceptable statistic.

1.2 Relation to prior works

The study of tolerant property testing and distance approximation (also known as estimation) was
initiated by Parnas, Ron and Rubinfeld [PRRO6]. In the setting of tolerant testing, the algorithm
is required to accept with high probability if the input is close to the property, and reject with high
probability if the input is far from any other input satisfying the property. The relation between
“non-tolerant” property testing and distance approximation depends much on whether invariance
restrictions are imposed on a property. While testable graph properties (which must be invariant
with respect to graph isomorphism) were proved to admit full distance estimation in [FNO7b], in
the general string testing model (where the properties are not required to satisfy any invariance
condition) the existence of non-tolerantly testable properties which are not estimable, and in fact
not even tolerantly testable, was proved in [FF06]. Later, it was proved in [BFLR20] that there are
testable properties that require a near-linear number of queries for a tolerant test.

The results here exhibit the role that invariance requirements can play in the setting of the Huge
Object Model. In the most general Huge Object Model setting, features of traditional string
testing factor in, and in particular one can use the reductions from the original [GR23] to convert
the properties from [FF06] or [BFLR20] to create non-tolerantly testable properties which are not
tolerantly testable in the Huge Object model (as mandated by Theorem 1, these properties are
indeed not index-invariant).

In [GR23] two invariance notions were considered. These are label-invariance which discards most
of the “string-ness” of this model and focuses on distribution properties (such as uniformity and
bounded support size) that just happen to be represented by distributions on strings, and the
even more restrictive notion of mapping-invariance. In [CFG'23] a study of a milder notion of
invariance was initiated, namely the notion of indez-invariance. This work proves that index-
invariant properties already belong to the domain where testability implies estimability, as is the
case with the dense graph model.

The influence of Szemerédi’s regularity-like constructions in property testing also has a long his-
tory, starting with [AFKS00] (in fact a mathematical result in this direction has already been
presented in [RD85]). Such constructions were usually required to go beyond the original regu-
larity lemma, at times in terms of strength (as in [AFKS00]) and at other times in terms of the
objects involved outside standard graphs, such as product posets [FN07a], graphs in the sparse
model [BS11, BCCZ19, BCCZ18, CFSZ21] or vertex-ordered graphs [ABEF17].

To avoid ad-hoc constructions, there are several mathematical approaches to systematically strength-
ening the notion of regularity and defining it for other objects, and two of them gained particular
prominence. The most influential one is the analytic approach, developed in [LS06, BCLT06a,
BCL"06b, LS07, BCLT08, LS10, BCL*12], which has many applications to other research do-
mains (see e.g., [HKM ™13, CR20, GHHS20, Sim23]). For an extensive introduction to the analytic
approach see [Lov12]. This approach works particularly well in settings where the exact dependency
functions do not matter. The other approach is that of robust partitions (or objects) which was
first used in [FNO7b]. Many times both approaches work, compare e.g. the robustness approach of
[ABEF17] with its analytic counterpart [BEFLY21, GHHS20]. It is the robustness approach that
we use here.



A disconcerting feature of regularity-related approaches is that they almost always provide param-
eter dependencies that are a tower function or even worse (e.g. tower of towers). The analytic
approach tends to do away with explicit dependencies altogether. However, there are exceptions,
and much research went into reducing the dependencies in cases that allow it, starting with [FK99].
Of particular interest is the work of [GKS23], which provided a version of the estimability result
from [FNO7b] whose parameter dependency is not a tower. Also in this work the resulting depen-
dency is not a tower, although its (constant) number of exponentiations leaves something to be
desired. Considering the lower bounds in [CFG 23] related to the VC dimension, it is unlikely that
this dependency can be reduced.

Another interesting insight from the comparison with the work of [GKS23] is gained by noting that
in our work the regularity framework in itself has a non-tower dependency, while for the dense
graph setting this is not possible by the lower bound of [Gow97] (see also [MS16]). In [GKS23]
they manage to move the specific estimability proof to use the weak regularity framework of [FK99]
instead.

1.3 Organization of the paper

We start with somewhat longer than usual preliminaries, Section 2, that provide the basic ground-
work for our handling of distributions. Then, in Section 3 we develop our definitions of a detailing
of a distribution, and the definition for its goodness and robustness. In Section 4 we show how from
only knowing the statistic of a good detailing we can predict the behavior of a canonical test over
a given input distribution, while in Section 5 we show how to find a robust (and good) detailing by
variables, and estimate its statistic. The final Section 6 is where all of this comes together in our
distance estimation algorithm.

2 Preliminaries

2.1 Basic handling and manipulation of distributions

For an integer n, we will denote the set {1,...,n} as [n]. We use boldface letters (such as x)
to denote random variables. Given two vectors z and y in {0,1}", we denote by dg(z,y) the

normalized Hamming distance between x and y, that is, dy(z,y) o Lofien] = #y}.

Given a discrete distribution p over €2, for x € Q we use Pr,[z] and p(x) interchangeably (while for
an event S C Q we only use Pr,[S] = > ¢ u(x) for its probability). For p € [0,1], we let Ber(p)
denote the Bernoulli distribution with parameter p.

To streamline the arguments and analysis in the following, we will define and use a somewhat
uncommon notation for some very common probabilistic notions.

Definition 2.1 (Restriction of a distribution). Let p be a distribution over 2 and S C Q be an
event such that Pr,[S] # 0. Then x| is the distribution y restricted to S, which is defined over S

as follows: For every z € S, Pr,s[z] = %

to by defining pu|%(x) =0 for x € Q\ S.

Definition 2.2 (Projection of a distribution). Let p be a distribution over @ = [[,_; 4;, and
i1,...,ik be a set of integers from [n] such that iy < --- < ix. The projection plg,, 1 of p

. We also sometimes pad the conditional distribution



to a set of coordinates {i1,...,1} is the distribution supported on [[,cp Ai, obtained by first
drawing @ ~ p and returning z|g, ;3. Moreover, for an event S C ), we denote by M|3§1 ik}
the conditioning of y over S followed by the projection on {iy, ..., i}

Definition 2.3 (Conditioning shorthand). When we have a distribution p on a set € which is a
product, we use a shorthand notation when we condition it by the coordinate values. For example,
for 0 = Ax B and a € A, we use p|"® to denote the conditioning ,u\{“}XB, and similarly for A’ C A
use ,u|1:A/ to denote M|A/XB . We extend this notation to multiple coordinates as well. For example,
for Q=Ax BxCanda€ Aandce C, we use "3 or u|l®3¢ to denote p|tet>*Bx{c},

For two distributions that “agree on a common variable” we define a way to unify them into a
single distribution, named after the database operation resembling it.

Definition 2.4 (Join of distributions). Given two distributions p over A x B and v over B x C
that satisfy plo = v|1, we define their join p > v, as the following distribution over A x B x C"

(> v)(a,b,¢) = pla,b) - vz () = plt*(a) - v(b,c).
Whenever p|2(b) = v|1(b) = 0 we (as expected) define (> v)(a,b,c) = 0. In cases where it is not
clear which coordinate we unify (for example when A = B) we state it explicitly.
We also define a way to “adjust” a distribution over a product set to have a desired projections to

one of its coordinates.

Definition 2.5 (Adjustment). Given a distribution n over A x B and a distribution v over A,
such that v(a) = 0 whenever n|i(a) = 0, the adjustment of n to v, denoted v > 1, is defined as the
following distribution over A x B:

(v > n)(a,b) = v(a) -9l (b).

Whenever 7|;(a) = 0 (and then also v(a) = 0) we as expected define (v > n)(a,b) = 0.

2.2 Distribution distances

The following is the most basic distance notion between distributions.

Definition 2.6 (Variation distance). Let p and 7 be two probability distributions over a discrete
set ). The variation distance between p and 7 is defined as:

() & 23 lnw) — ()|

we

Central to our work will be the notion of Earth Mover distance, with some variants. Before defining
it, let us consider the notion of transfer distribution.

Definition 2.7 (Transfer distribution). Let p and 7 be two distributions defined over two sets A
and B, respectively. A distribution T over A x B is said to be a transfer distribution between u
and 7 if for every a € A, Prg ) r[x = a] = p(a), and for every b € B, Pr(g )~rly = b] = 7(b)
(in other words, T'|y = p and T2 = 7). The set of all transfer distributions between p and 7 is
denoted by T (u, 7).



Definition 2.8 (EMD with respect to a distance function). Let p and 7 be two distributions
defined over a set £ and dg be a distance function defined over ). Then the Farth Mover distance
(EMD) between p and 7 with respect to dq is defined as follows:

def .
d = f E |d
o) int B [dae.p)]

where T (41, 7) denotes the set of all possible transfer distributions between p and 7.

Unless stated otherwise, whenever Q = {0, 1}", we use dg to refer to the EMD over the normalized
Hamming distance.

We will not really have to take care of limits in our arguments due to the following observation.

Observation 2.9. If u and T are distributions over a finite set, then T is compact and in particular
there exists a transfer distribution T € T achieving the respective EMD distance.

The following observation, that variation distance is essentially also a special case of the Earth
Mover distance, is well-known.

Observation 2.10. The Farth Mover distance over the Kronecker distance function is identical
to the total variation distance. That is,

def .
d = f E 1
Tv(K, T) TG%P(W) ()T [ {w#y}] )

where 144y is the indicalor function for the event that T # y.

Keeping with tradition, in the variation distance setting we will also refer to a transfer distribution
as a coupling. The following lemma (which will be useful to us in the sequel) is a good example of
an application of the above observation.

Lemma 2.11. Ifv is a distribution over A and n is a distribution over A x B, then the adjustment
of n to v (see Definition 2.5) satisfies dry(n,v >n) < drv(n|i,v).

Proof: Assume that 7' is an optimal coupling between 7|1 and v. That is, E(q a1 [1{,175@/}] =
drv(n,v). We use it to define a (not necessarily optimal) coupling 7" between 1 and v >n for which

dry(n,v>n) < E((ap),(a b))~ 1{(a7b)¢(a/,b/)}} < E(g,a)~r [l{aia/}], which completes the proof.

A draw ((a,b),(a’,b’)) ~ T" is taken as follows: We first draw (a,a’) ~ T. If a = a/, then we let
b = b’ be the result of a single draw from 7|®. If @ # a’, then we let b be the result of a draw
from 7|5, and let b’ be the result of an independent draw from 7|5 .

It is not hard to see that 7" is indeed a transfer distribution between between n and v > 7. For
example, T"|1(a,b) = T|1(a) - n|3*(b) = n|1(a) - n3*(b) = n(a,b), and the proof for T|s = v > n is
similar. It remains to bound the probability for the event (a,b) # (a’,b’), and this follows from
noting that the definition of T" explicitly states that @ = a’ implies b = b'. [ |

In the sequel, we will also use the Earth Mover distance over the weighted ¢; norm.



Definition 2.12 (EMD with respect to weighted ¢;-distance). Let 1 be a distribution over A.
Also, let = and y be two vectors in [0, 1]A. The n-weighted ¢;-distance between x and vy is defined
as

def

d;’l (z,y) = a@ﬂ[l!ﬁa ~ Yall-

Considering two distributions A and Y defined over |0, 1]A, the EMD between them with respect

to the n-weighted ¢;-distance is denoted by di (A, T).

In our setting, the distributions A and T will always be finitely-supported (even that € itself is
infinite), and in particular, Observation 2.9 will still apply.

2.3 The testing model

The Huge Object model uses the following oracle access to the unknown input distribution.

Definition 2.13 (Huge Object oracle). In the Huge Object model, the algorithm can access the
input distribution g in the following manner: At every stage, the algorithm may ask for a new
sample & ~ u, independently of all previous samples, or it may ask to query a coordinate j €
{1,...,n} of a previously obtained sample x’. When such a query is made, the output of the oracle
is 2, € {0,1}.

Definition 2.14 (Distribution Property). A distribution property P is a sequence Py, Pa,. .. such
that for every n > 1, P, is a compact subset of the set of all distributions over {0,1}".

Definition 2.15 (Distance of a distribution from a property). Let P = (P1, Pa,...) be a property
and p be a distribution over {0, 1}" for some n. The distance of j1 from P is defined as dpm(p, P) =

min:ep, {dEM (M> T)}
Testing and tolerant testing are defined as follows.

Definition 2.16 (e-tester). Fix 0 < ¢ < 1 and let P be a property of distributions supported on
{0,1}". An e-tester for P is a randomized procedure that has Huge Object oracle access to an
input distribution p and satisfies the following with probability at least 2/3:

1. (Completeness) If p € P, then the algorithm outputs Accept.

2. (Soundness) If dgni(p, P) > €, then the algorithm outputs Reject.

Definition 2.17 ((e1, €2)-tolerant tester). Fix 0 < €; < e < 1 and let P be a property of distri-
butions supported on {0,1}". An (€1, €2)-tolerant tester for P is a randomized procedure that has
Huge Object oracle access to an input distribution p and satisfies the following with probability at
least 2/3:

1. (Completeness) If dgn(p, P) < €1, then the algorithm outputs Accept.

2. (Soundness) If dgnm(p, P) > €2, then the algorithm outputs Reject.

Note that an (non-tolerant) e-tester for a property P is the same as a “(0, €)-tolerant” tester for P.



In this work we will be interested in the following class of properties.

Definition 2.18 (Index-invariant property). Let u be a distribution over {0,1}". For any permu-
tation 7 : [n] — [n], let pr be the distribution such that p(z1,...,20) = pr(Tra), -5 Tr(n)) for
every = € {0,1}". A distribution property P is called indez-invariant if {u, : p € P} = P for
every permutation 7.

2.4 Canonical testers

The following is the definition of the information obtained by a specific sampling and querying
pattern from an input distribution wu.

Definition 2.19 (Canonical distribution). Fix s,q € N and let p be a distribution over {0, 1}".
The (s, q)-canonical distribution for p is a distribution Dzl over {0, 1}5*7 obtained by the following

tes

process. Draw s independent samples (x',...,2*) from p, then pick a uniformly random g-tuple
(41---»dq) € [n]9, and finally return the following matrix:
1 1
T, T,
M= | :
S S
i T,

When s and q are clear from the context, we omit the superscript and use Diest to denote the above.

Canonical testers are defined as those testers that sample and query according to the above pattern.

Definition 2.20 ((s, g)-canonical tester). Fix e € (0,1). An (s, ¢g)-canonical tester with proximity
parameter e for some distribution property P, is a randomized procedure that acts by obtaining a
matrix M from the (s, ¢)-canonical distribution Diest and then accepting or rejecting based on M
and possibly some internal coin tosses. We let ae : {0,1}°*7 — [0, 1] so that a.(M) denotes the
probability that the (s, ¢)-canonical tester (with proximity parameter €) accepts M. The acceptance

probability of the tester is denoted by acce(u) aof EM~D. [ (M)].
In particular, an (s, ¢)-canonical e-test must satisfy the following. If ;1 € P then the tester accepts

with probability at least 2/3 (i.e., acc.(p) > 2/3) and if d(p, P) > €, then the tester rejects with
probability at least 2/3 (i.e., accc(u) < 1/3). The total number of queries of such a test is sq.

The following lemma states that for index-invariant properties, general (even adaptive) testers can
be converted to canonical testers at a cost that is at most quadratic in their number of queries.

Lemma 2.21 (Theorem 1.7 in [CFGT23]). Fiz e € (0,1). Let P be an indez-invariant property
such that there exists a (possibly adaptive) e-test for P with s samples and q queries. Then there
exists an (s, q)-canonical e-test for P performing at most sq < q° queries.

2.5 Quantized distributions and distance bounds
We now define the notion of quantized distributions, which will feature heavily in our estimation

algorithm. Quantizing will allow us to apply “finite” algorithms over objects which are defined over
infinite sets.
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Definition 2.22 (p-quantized distribution). For r € N and p = 1/r € (0,1), we say that a
distribution p over Q is p-quantized if for any w € Q it holds that u(w) is an integer multiple of p.
That is, the measure takes the form p: Q — {0,p,2p,...,1}.

The following lemma is folklore. For completeness we provide it with a proof sketch.

Lemma 2.23. Any distribution p over a finite set ) can be transformed to a p-quantized distri-

bution u' so that p'(z) € {p[p(x)/pl, plp(x)/pl} for every x € Q. In particular p'(z) = u(z)
whenever p(x) € {0,1}, [u(x) — p/(x)| < p for all x € Q, and dyv(p, p') < §-19].

Proof: We construct p/ by finding for every x € Q a choice of p/(x) € {p[u(x)/pl, plu(x)/p]} so
that 4" will be a distribution, i.e. > .o #'(z) = 1. To produce this choice, we set an order ) =
{z1,..., 2} where r = |Q, and then inductively choose p/'(z;) = p[p(@i)/p] if D ey 1 (25) <
> jeli—1 #(zj) and p'(z;) = plp(xi)/p) otherwise. It is not hard to see that this way we maintain
the invariant » ;o w(@;) —p < 3 ep W(zj) < > jei #(xj) + p, and in particular 3o r,g w(z) =1
since it is an integer multiple of p that lies strictly between 1 — p and 1 + p. |

We continue with more definitions and results regarding approximate distributions, mainly centered
around the quantization notion.

Definition 2.24 (p-legitimate approximation). Fix t € [0,1]4 and p € (0,1). A vector £ € [0,1]4
is a p-legitimate approrimation of t if ||t — t||s < p.

Observation 2.25. Let ) be a distribution over a set A. For any vector t € [0,1]4 we have a
p-legitimate approximation t satisfies d?l (t,t) < p.
Proof: By definition of the 7-weighted ¢, distance dj (f,t) = 3,4 n(a) - |t(a) — t(a)| < p. |

We will need to quantize not only the probabilities, but also the probability space itself (if it were
not finite to begin with).

Definition 2.26. For p € (0,1) and a distribution A over [0, 1], we define A, to be a distribution
over {0,p,2p,..., 1}A obtained in the following way. Sample ¢ according to A and round each entry
in ¢ to the nearest multiple of p to obtain a p-legitimate approximation £ of ¢.

Now we have the following lemma which connects these two definitions.

Lemma 2.27. Let p € (0,1) and fiz a distribution A over [0, 1]A. Then for any distribution n over
A, dipg(A,Ap) < p/2.

Proof: We consider the following transfer function 7' : [0, 1]4 — [0,1]4 from A to A,

T(w ) def A({L‘) ify=2
Y 0 otherwise,

where Z denotes the vector obtained from z by rounding the entries to the nearest multiple of
p, which is at most p/2 away from the unrounded value. From Observation 2.25 we have that
whenever T'(z,y) # 0 we have dj (z,y) < p/2. Therefore,

p
z,y€[0,1]4 z,y€[0,1]4
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As a sort of a summary of the above, we now formulate a “quantize everything” lemma.

Lemma 2.28. Fiz p=1/r for somer € N, and let A be a distribution over [0,1]4 for some finite
set A of size {. There exists a p/(r + 1) -quantized distribution A’ over {0, p,2p, ..., 1} such that
din (N, A) < p.

Proof: We use Lemma 2.27 to obtain a distribution A, over Q@ = {0,p,2p,..., 1}A such that
di (A, A,) < p/2, and apply Lemma 2.23 using p’ = p/(r + 1)* = p/|Q| to obtain a p'-quantized
distribution A’ over {0, p,2p,...,1}4, such that drv(Ap, A) < p/2. Overall, using the triangle
inequality, we have:

ding (A A) < dly (A Ap) + diby (A, A) < p.

We conclude with a lemma that allows us to move to guarantee a small change in the weighted
Earth Mover distance when we need to use an approximation of the weight distribution 7.

Lemma 2.29. Let n and ' be two distributions over A satisfying dry(n,n') < p, and let A and Y
be two discrete distributions over [0,1]4. Then, diy (A, Y) < d (A, ) + 2p.

Proof: Let T denote an optimal transfer function between A and Y with respect to d (A, T)

(which might be sub-optimal with respect for dgM(A, T)). Using also the fact that [t(a) —t'(a)| <1
for any ¢,¢' € [0,1]4 and a € A we obtain:

dl(AY)—dl,(AY)< E | E |t@)—t(a)| - E |E [ta)—*
LD a0 < BB ) -t - BB ita) - tla)]

= E > (0(a) =n(a) - [t(a) —'(a)]

tt/)~T
@t)~T | 7=

< E 1> () —n(a) - [ta) - t’(a)\]

tt/)~T
@t)~T | 7=

<> (a) = n(a)| < 2drv (1) < 2p.
a€A

2.6 Some useful probabilistic inequalities

We will use some well-known large deviation inequalities.

Lemma 2.30 (Multiplicative Chernoff bound, see [DP09]). Let Xy,...,X,, be independent random
n
variables such that X; € [0,1] for every i € [n]. For X = Y X;, the following holds for any

0<6<1. =
Pr[|X — E[X]| > E[X]] < 2exp (~E[X]5°/3).

12



Lemma 2.31 (Additive Chernoff bound, see [DP09]). Let Xy,...,X,, be independent random

variables such that X; € [0,1] for every i € [n]. For X = Y X; and a < E[X] < b, the following
i=1

hold for any § > 0.

(i) Pr[X > b+ 6] < exp (—26%/n).
(it) Pr[X < a— 4] < exp (—20%/n).

Lemma 2.32 (Hoeffding’s Inequality, see [DP09]). Let X1, ..., X, be independent random variables
n

such that a; < X; < b; and X = > X;. Then, for all § > 0,
i=1

Pr[|X — E[X]| > ¢] < 2exp (—252/2n:(b¢ - ai)2> :
i=1

Lemma 2.33 (Hoeffding’s Inequality for sampling without replacement [Hoe94]). Let n and m
be two integers such that 1 < n < m, and x1,...,Tym be real numbers, with a < x; < b for every
i € [m]. Suppose that I is a set that is drawn uniformly from all subsets of [m] of size n, and let
X =>"x;. Then, for all § >0,

i€l

Pr[|X — E[X]| > 6] < 2exp (—26%/n- (b —a)?).

We will also use some second moment lower bounds.

Lemma 2.34 (Cauchy-Schwartz inequality). Given any distribution with two random variables X
and 7,
B [EX| 2] > B [BX | 2]

This is a direct implication of E[X?] — (E[X])? = E[(X — E[X])?] > 0 when considered over any
possible conditioning of the probability space to a value of Z.

Observation 2.35 (Defect form Cauchy-Schwartz inequality). If X is a random variable satisfying
Pr[X — E[X]| > a] > 8, then

E[X?] - (E[X])? = E[(X - B[X])*] > o?4.

In addition, we will use the following well-known bound.

Lemma 2.36 (Reverse Markov’s inequality). For any v € (0,1), let X be a random variable in
[—1,1] with E[X] > ~. Then Pr[X > ~/2] > ~v/2.

3 Detailing, variable types and robustness

In this section we define the main objects that we use throughout this work.

13



3.1 Detailing and refinements

Our most basic definition is that of a detailing of a distribution p. Essentially it is a possible
“deconstruction” providing additional information to aid with the analysis of u, in analogy to the
notion of a vertex partition of a graph.

Definition 3.1 (Detailing). Let p be a distribution over Q and A be a set. A detailing & of p with
respect to A is a distribution over € x A that satisfies £|; = p. |A| is referred to as the length of
the detailing. When |A| = 1, we call £ the trivial detailing and identify it with p itself.

The following immediate observation is in fact the motivation for Definition 2.5.

Observation 3.2. If v is a distribution over A and n is a distribution over A x B, then the
adjustment v > n of n to v is in particular a detailing of v with respect to B.

We will also define p-quantized detailings, even when the original distribution is not quantized.
Such detailings are not quantized by themselves, only their “detailing portion” is quantized.

Definition 3.3 (Quantized detailing). Let p be a distribution over Q, A be a set and £ be a
detailing of p with respect to A. For p € (0,1) for which 1/p € N, we say that & is p-quantized if
for every € € for which &|;(x) > 0, the conditional distribution &|'*® is p-quantized.

The following is an immediate consequence of Lemma 2.23.

Observation 3.4. For a distribution u on a finite set ), any detailing & of u with respect to a finite
A can be transformed to a p-quantized detailing €', so that &% (a) € {p[€|¥(a)/p], p|€|*(a)/p]|}
for every x € Q and a € A. In particular & (x,a) = &(z,a) whenever £'|Y(a) € {0,1} and
drv(§,€) < §-|Al

Proof: We will use Lemma 2.23 over &[5 for every x € Q with &|;(z) > 0. |

Any given detailing of a distribution can be “detailed further”, resulting in a refinement.

Definition 3.5 (Refinement of a detailing). Let p be a distribution defined over © and & be a
detailing of p with respect to A. A refinement of £ by a set B is a detailing £ of & with respect
to B. As there is a natural bijection between Q x (A x B) and (2 x A) x B, ¢ can and will be
considered also as a detailing of p with respect to A x B.

Specific to our investigation, we also need a definition for a “do-nothing” detailing (or refinement),
to which we refer as flat.

Definition 3.6 (Flat detailing). Let pu be a distribution over Q2 and A be a set. A detailing £ of
1 with respect to A is said to be a flat detailing if it is a product distribution over 2 x A, i.e.
&(x,a) = p(x) - &|a(a) for every z € Q,a € A.

Definition 3.7 (Flat refinement of a detailing). Let p be a distribution over 2 = {0,1}" and £ be
a detailing of u with respect to A. Consider a refinement & of £ with respect to B, i.e., a detailing
of p with respect to A x B for which &'|12 = £. Such a ¢’ is said to be a flat refinement if it is a
flat detailing of &.

14



A detailing will usually have a continuum of possible refinements, even with respect to a set of
size 2. Moreover, there is no good way to sample from a detailing or a refinement in its general
form when we only have access to samples from pu, and even then we only have query access to the
samples from p. A specific way to define a detailing which is tangible for a testing algorithm is to
“partition” u by the restriction of the samples to a specific set of variables.

Definition 3.8 (A refinement by a set of variables U). Let u be a distribution over Q = {0,1}"
and ¢ be a detailing of ;1 with respect to a set A. For a subset U C [n], the refinement £V of & by
the set U is the distribution over Q x (A x {0,1}Vl) that satisfies the following:

1. ¢Y(z,a,v) =0 if zy # v, and
2. &Y(z,a,v) = &(z,a) if zp = v.

Note that the length of the detailing £V is |A] - 21Ul When € is the trivial detailing (i.e. & = u) we
denote the refinement by U as u¥, and also call it the detailing of . defined by the variable set U.

3.2 Type distributions

When trying to analyze a distribution by its detailing with respect to a set A, a major role is given
to its “weights” as given by its projection over A.

Definition 3.9 (Weight distribution of a detailing). Let px be a distribution defined over 2, and
let ¢ be a detailing of u with respect to a set A. The weight distribution of £ is defined as &|s.

We sometimes go the other way and define a flat refinement of a detailing € by its weight distribution
(which should “conform” to the weight distribution of &).

Definition 3.10 (Flat refinement by weights). Given a detailing & of p over A, and a detailing
n of &l over B (that is, a distribution over A x B for which n|; = £|2, thus “extending” the
weight distribution of £), we denote by ¢,y the specific flat refinement of £ defined by &, (z,a,b) =
&(x,a) - 77|5:“(b) = §|%“(ac) -n(a,b). In other words, Emy = E .

We now define the other important aspect of a detailing of a distribution over {0,1}", the “type”
of a variable i € [n] as defined by its distribution in the component |2 for every a € A.

Definition 3.11 (Variable types of a detailing). Let u be a distribution of {0,1}". Let us consider
a detailing £ of p with respect to A. The type t; of a variable ¢ € [n] with respect to &, is a vector

in [0, 1] defined by
t; < Pr [z, = 1]> .
($7a)N£‘MX{a} acA

For any a € A for which £|a(a) = 0, the value ¢;(a) is set arbitrarily (and will not affect any
computation in the following).

Definition 3.12 (Type distribution). Let £ be a detailing of p with respect to A. The type
distribution of £ is denoted by A and defined over [0,1]4, where a sample from A is obtained as
follows: Choose i € [n] uniformly at random and report its type ;.

We also look at the types that we would expect from a flat refinement of a detailing.
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Definition 3.13 (Flat extension). Given a vector t € [0,1]* and a set B, its flat extension with
respect to B is the vector ¢ € [0,1]4*F defined by t'(a,b) = t(a) for all a € A and b € B. Given
a finitely supported distribution A over [0, 1]A, its flat extension with respect to B, denoted by
Apy, is correspondingly defined as the distribution for which A g, (') = A(t) for any ¢ € [0, 1]4 and
t' € [0,1)**B which is the flat extension of ¢.

Observation 3.14. If £ is a detailing of A, and £ is any flat refinement of & with respect to B,
then for any i, the type t; of any variable i with respect to &' is exactly the flat extension of the type
ti of i by & with respect to B (not counting pairs (a,b) for which &'|23(a,b) =0, for which t(a,b)
is anyway arbitrarily defined).

Respectively, the type distribution of such an & is the flat extension with respect to B of the type
distribution of &.

While usually converting the multi-set of variables’ types to a distribution as per Definition 3.12,
we sometimes consider the other direction of starting with a distribution and “implementing” it as
an ordered sequence of elements. We formulate the following with respect to a general space (2,
and then provide some lemmas for a corresponding general Earth Mover distance, but here we will
almost always use the space [0,1]4 for some A and an n-weighted ¢; metric for some 7, as befits
distributions over variable types.

Definition 3.15 (Implementation). Let A be a discrete distribution over 2. An implementation
of A is a function h : [n] — €, so that [{i € [n] : h(i) =t} =n - A(t) for all t € Q.

Given a detailing £ of some p over {0,1}" admitting type distribution A, the implementation of A
demonstrated by the detailing £ is the map h defined by h(i) = t;, where t; is the type of i under
the detailing €.

Note that an implementation of A is equivalent to a uniform distribution = over n tuples (i, w) €
[n] x Q, where every i € [n] appears in exactly one of the pairs and A(w) = Prz[[n| x {w}] = 7|2(w).

The proof of the following lemma is obtained using linear programming.

Lemma 3.16 (Follows from the proof of Claim 6.5 in [CFGT23]). Fiz a space Q with a distance
measure d. If two finitely supported distributions A and A’ over Q are %-quantized, then there exists
a %—quantz’zed transfer function T' from A to A" which is optimal with respect to dgnv(A, '), that is,

dem(A,N) = E - [d(t,t
EM( 3 ) (t,t/)NT[ (7 )]

The following “satisfiable pigeon-hole principal” is trivial.

Observation 3.17. If L is a multiset of members from X XY and N is a multiset of members from
Y x Z, and the multisets (b: (a,b) € L) and (b: (b,c) € N) are identical, then there is a multiset
J of members from X xY x Z for which {(a,b) : (a,b,c) € J) =L and {(b,c) : (a,b,c) € J) = N.

Using Lemma 3.16 and Observation 3.17 the following lemma is immediate, by identifying the
%—quantized distributions with the corresponding n element multisets, and using the fact that an

implementation is a %—quantized distribution over [n] x €, whose restriction to the first coordinate
is uniform over [n].
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Lemma 3.18. Fiz a space Q with a distance mesure d. If A and A are %—quantized, than any
implementation h of A can be extended to an implementation H of a transfer distribution k between
A and A such that

dpm(A,N) = B [d(t,t)] = E [d(((H(i)1, (H(i))2)]

(tt)~k i~n]

We end by noting that the above lemma has an easy “converse”.

Observation 3.19. Let A and A’ be distributions over some Q with distance measure d, let h :
[n] = Q be an implementation of A and I’ : [n] — Q be an implementation of A'. Then,

den(A, A) < B [d(h(3), W (3))] .

i~[n]

Proof: By the definition of dgy(A, A’), it is enough to construct a transfer distribution T' between
A and A’ for which By [d(t, )] < Ejop [d(h(i),h'(7))]. To construct such a T', we define a
draw (t,t') ~ T as the result of uniformly drawing ¢ ~ [n] and setting (¢,t') = (h(2),h/()). |

3.3 Notions of robustness

Definition 3.20 (Index of a detailing). Let £ be a detailing of p with respect to A. The index of
¢ is defined as

md¢) ¥ B [ E [Prmwgﬁ:a[%‘:l]zu

in~[n] [a~g]2

Note that for any detailing £, 0 < Ind(&) < 1.

We first define the robustness of a detailing in its general form.

Definition 3.21 (Robust detailing). Let § € (0,1) and £ € N be constants. A detailing £ of u with
respect to A is called (6, ¢)-robust if there exists no refinement & of ¢ with respect to a set B such
that |B| < ¢ and Ind(¢') > Ind(&) + 0.

The second type of robustness concerns only refinements obtained by a set of variables, and even
then puts its requirement over most (rather than all) candidate variable sets.

Definition 3.22 (Weakly robust detailing). Let 6 € (0,1) and k € N be constants. A detailing &
is said to be (9, k)-weakly robust if for at least a 1 — ¢ fraction of the sets U C [n] of size at most
k, it holds that Ind(¢Y) < Ind(€) + 6.

A useful feature of the way robustness is defined, is that the existence of a robust refinement of a
given detailing follows almost immediately from the definition. We state here the variant of such a
lemma that will be useful to us later on.

Lemma 3.23. For any k and 9§, if £ is any detailing of p with respect to a set A, then there exists
a set U of size at most k/& such that £V is (6, k)-robust.
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Proof: We consider the following sequence of sets Uy, Uy, . . ., U, defined by the following inductive
process: We start with the basis Uy = ), and given U; we check whether there exists a set V; C [n]
of size at most k so that Ind(¢ViVVi) > Ind(¢Y7) + 6. If there exists such a set, we set Ui = U; UV;
and continue this process for U;;1. Otherwise, we set r = ¢, U = U; and terminate the process.

By definition, once this process is terminated, we obtain a (J, k)-weakly robust detailing £V (in fact
the termination condition is slightly stronger than the condition of Definition 3.22). Additionally,
noting that for every i < r we have Ind(¢Y#) > Ind(¢) 44 - § and |U;| < ik by induction, and that
Ind(¢") € [0,1] by definition, for any set W C [n], we conclude that r < 1/6 and so |U| < 7k < k/6,
as required. |

We now define what it means for a detailing to be (e, k)-good, a notion that will provide us a degree
of predictability with respect to testing algorithms.

Definition 3.24 (e-independent tuple). Fix € € (0,1) and let p be a distribution over {0,1}", and
i1,...,i € [n] be a set of integers. We say that the k-tuple (i1, ..., i) an e-independent tuple with

respect to u if dpy (u|{i1’_“,ik}, HIZ:I u|ié) < e

Definition 3.25 ((e, k)-good detailing). Let p be a distribution supported on {0,1}" and let £ be
a detailing of p over some A. Let J C A be the set of elements where a € J if at least (1 — €)n*
of the k-tuples in [n] are e-independent with respect to £|3°%. We call the detailing (e, k)-good if
Pr, ¢, [a € J] > 1 — ¢, and refer to J as the good set.

3.4 From variable weak robustness to goodness

We prove here that variable weak robustness implies goodness, as stated in the following lemma.

Lemma 3.26. If a detailing £ is ( k — 1)-weakly robust, then it is also (e, k)-good.

66
64K3>
Before we prove the lemma, we set the stage with some technical tools and definitions. In the
following, for a distribution u supported on {0,1}", given a tuple o = (iy,...,ix) € [n]¥ and an
assignment v = (vi,,...,v;,) € {0,1}* we let p|"**i"* ix denote the conditioned distribution
w|*==". Note that this is not a new definition but just a new use for Definition 2.3.

Lemma 3.27. If the tuple {i1,... i} is not e-independent, then there exists an index 1 < ¢ < k
and a set V. C {0,171, such that Pr, . V] > €¢/2k, and for every member v =

Tooeorig 100410 nik

(Vigs o Vig_ 13 Vigy s - 03y,) €V we have |puf;, (1) — M|2:Ul7'””_1:v[_lJHI:WH"”’W%(1) > €/2k.

The proof of Lemma 3.27 follows from the following one.

Lemma 3.28. Let p1 be a distribution over {0,1}". Then

k L ) .
L1LGq yeeeslf—1: L5,
drv | Al [Tl | <22 B [[uli™ =) =l (1)
j=1

J=1

Proof: We use Observation 2.10, and prove the statement by constructing an appropriate coupling
(transfer distribution) 7" which demonstrates this distance bound (with respect to the Kronecker

norm) between v % 4l .4 and 7 k i.. To draw (x ~ T (where (x e ({0,11F)2
) Hi{iq,.ig} j=1 Hli; Y Y ) )

-----
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for ¢ € [k] we draw x, and y, inductively considering the values of @i,...,xy—1 and yy,...,Yy_;.
The base case (before we draw any bits) is trivial.

To draw x, and y, we first calculate

1l 101 (1)

oy = Pr [zj, =1] = u|u

ZN‘u"Ll:zl ,,,,, if*ltzlfl

and B¢ = pli,(1). Then if oy > By we set (xy,y,) = (1,1) with probability 8y, (z¢,y,) = (1,0) with
probability ay — B¢, and (g, y,) = (0,0) with probability 1 —ay. If ap < 5, then we analogously set
(xe,y,) = (1,1) with probability ay, (x¢,y,) = (0,1) with probability 5, — ay, and (@, y,) = (0,0)
with probability 1 — 3.

It is not hard to see that this is indeed a coupling between v and 7. Also, for every £ clearly

_ o _ ’l:llzlbil,...ﬂg_l::l}je_l _ '
Pyl = B lloc— gl = B [lul; (1) = s (1)

and hence by a union bound

14

Pr |z < E
WET®# Y] _;mw

i1:mi ,...,Z’g,lim' _
[ty e @) =l )]

completing the proof. [ |

Proof of Lemma 3.27: Assume that the conclusion of the lemma does not hold. We define for all
= [k‘] the set V, C {0’ 1}]671 of all v for which ‘M’le(l) - #|§1:111,...714—11114—17u+1:w+1,-..71k:vk(1)‘ > 6/2k‘

ip
We then note that dp = Eg~, Huﬁltwil7“'7”71:%71 (1) — ,u!z'g(l)u satisfies

e

11y ey lo— 115, 4,0 1z ooyl 2
5y = mE |: E [MZZ 1o =151 UA1Zip g k k(l) *M‘ig(l)} H
| RS
11T s bf— 185, 1,0 T, IR
SwE HMLZ 1o l=1Tgp 150041 Bip g 50l k(l) _M’ig(l)H
~p
< Pr Vil -1+ Pr {0, 1\ V- o = —

.u|{i1,m,i£_1,i£+1 AAAAA ip} .U|{i1,m,i£_1,i£+1 ,,,,, ip}

Then Lemma 3.28 would have implied that dTV(M‘{z‘l,.A.,ik}’H?ﬂ wli,) < de[k] d¢ < €, in contra-
diction to our premise. |

Definition 3.29 (Pivot tuple). Fix k € [n], let u be a distribution over {0,1}" and € € (0,1). We
say that a (k — 1)-tuple (i1,...,50_1,%¢41,.--,9%) € [n]¥~1 is a pivot tuple for i, with respect to p
if the following holds. There exists a set V' C {0,1}*~! such that Pry . V] > €/2k,

SRR NP 7%
L1050y 00— 1100 — 15804110041 -+, 0k Vk
i (V)] = e/2k.

and for every v € V' we have |p|;, (1) —

We now prove, in two stages, that if a detailing is not (e, k)-good, then there exist many tuples
that are pivot over much of the weight for many variables.

Observation 3.30. Fix k € [n], let u be a distribution over {0,1}" and € € (0,1). If there ezists
a set S € [n]* of at least en® tuples that are not e-independent, then there is a set S’ C [n]*~! of at
least 5 -nF=1 tuples such that each of them is a pivot tuple for at least 5% -1 variables outside of it.
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Proof: Note that Lemma 3.27 immediately implies that for every U € S there exists iy € U so
that U\ {ir} is a pivot tuple with respect to ir7. By the premise of the observation, if we uniformly
pick a tuple U’ € [n]*~! and i € [n], then with probability at least ¢ we will obtain that U'U{i} € S
(and also in particular |[U' U {i}| = k), and so with probability at least ¢/k we obtain that U’ is a
pivot tuple for i (since the probability for i = iy, gy conditioned on U' U {i} = U € S is 1/k).

A reverse Markov inequality then implies that there exists a set S’ of at least 2% n*=1 tuples so
that for every U’ € &' there exist at least 5 - n many variables for which it is a pivot tuple. |

Lemma 3.31. If a detailing & of i over A is not (e, k)-good, then there exists a set S C [n]*~1 of at
least 47 -nF=1 tuples, so that for every U € S there exists a set Ky C A for which Pr§|2[KU] 42k,
satisfying that for every a € Ky the tuple U is a pivot tuple for at least 5 - n many variables with
respect to &|37.

Proof: We let K be the set of all a € A for which £|%¢ admits a set S, C [n]* of at least en* tuples
which are not e-independent. By the premise of £ not being (e, k)-good we have Pre|,[K] > €. By
invoking Observation 3.30 for every a € K, we obtain &), C [n]*~! of size at least o5 - n* ! so that
every U € S, is a pivot tuple for at least 5 - n many variables with respect to £ | %@,

In particular, if we draw uniformly a tuple U € [n]¥~! and according to &35 a value a € K, with
probability at least 57 the tuple U is pivot tuple for at least 5z - n many variables with respect to

£]%e. To finalize, we use a reverse Markov inequality, and ﬁnd a set S C [n]"! of at least ;7 -n*!
many tuples, so that every U € § satisfies the above assertion with respect to a set Ky C K
satisfying Pr . x[Ky] > 4z and hence Pr¢,[Ky] > Qk [

We are now ready to prove that a sufficient (weak) robustness of a detailing implies its goodness.

Proof of Lemma 3.26: As ¢ is not (¢, k)-good, we use Lemma 3.31 to find the set S C [n]*~!
satisfying its conclusion, and also note the set Ky C A promised by the lemma for every U € S.
Additionally, for every U € S and a € Ky we note the set Iy, C n of (at least 57 -n many) variables
for which U is a pivot tuple with respect to &|32.

To conclude, we bound from below Ind(¢Y) —Ind(€) for every U € S. We set A e Ind(¢Y) —Ind(¢)

and analyze it:
Pr [z; =1]?
o~y

ze[n] ( (a,v) N§U|23
ze[n]

Pr [z;=1)

:I:NEU|2 ,3:(a,v)

- E

ar~§2

Pr [z; = 1> — Pr [z; =1]

ngUPa wNéUﬁ,S:(a,v) mNg‘%za
2
1 2
= - Z Pr [xi=1]"| — E Pr [z;=1]
a~§|2 n bt vN€U|2a mNEUﬁ,sz(a,v) vaU‘gza mwﬁﬁ’gz(a’”)

1 2
> Pr [K E it E Pr z;,=1% - E Pr [z;=1
_“’Vf'?[ / arg]; ™V nezIU: Lt ~5U|§’3““*”>[ z ]] gl [ me\%wam[ ' ]]

2 2 6
> g [Mueleyrels o
T4k v | on 2k/) 2k| ~ 64k5
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where in the last line we used Observation 2.35 for the variable X, ; = PrxN§|2,3:(a,v) [; = 1] and

€

the probability space v ~ §U|§:“, for every a € Kyy and @ € Iy 4, with a = 8 = 5. |

3.5 From variable weak robustness to general robustness

In this section we prove that weak variable robustness implies even the seemingly much stronger
notion of general robustness, as stated in the following lemma.

Lemma 3.32. Fiz v € (0,1), £ € N and let & be a detailing of p with respect to A. If & is
(v/2,C - %)—weakly robust for some absolute constant C > 1, then it is (v, {)-robust.

The above lemma is a direct consequence of the following lemma (which will be proved here), which
is a slightly strengthened restatement of Lemma 3.32 in a “contrary form?”.

Lemma 3.33. Fiz vy € (0,1), let & be a detailing of p with respect to A, and let ¢ be a refinement
of & with respect to A x B such that Ind(¢) —Ind(§) > ~. Then, there exists k = O (‘%:) such that
the following holds. A uniformly random k-tuple o € [n]* satisfies Ind(¢) — Ind(£®) < ~/2, with

probability at least 1/2.
To prove Lemma 3.33, we need the following progress lemma to be proved in Section 3.5.1.

Lemma 3.34. If £ is a detailing of p with respect to A, and ( is a refinement of £ with respect to
A x B satisfying Ind(¢) — Ind(§) > v, then for at least (%) many i € [n] we have Ind(£11) —

Ind(§) > Q (%)

We now define some notations. Let a = (1,...,2;) € [n]¥ be a uniformly random k-tuple and
define X, ..., X} to be the following random variables for every ¢ € [k] (which depend on «),

)

x, _ 0 if Ind(¢1® @ity — Ind(gl@r®i-1ly < p
L 1, otherwise

where p = Q (%), with the implicit coefficient in this expression to be later determined in the

proof of Lemma 3.34. Next, for every ¢ € [k] we define the random variable R; € [n] U {0} as

mzﬁbﬁ&=1

. )
0, otherwise

Now we have the following lemma which lower bounds the probability of the event R; # 0 condi-
tioned on the values of Ry, ..., Ry for every t € [k].

Lemma 3.35. Lett € [k] and r1,...,7_1 € [n]U{0}. If Ind (¢) — Ind(&rme=13MO}) > 4 /2 then

Pr [Rt#o|R1:T17"'>Rt—1:7ﬂt—1] ZP,

a~[n]*
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Proof: We apply Lemma 3.34 with the detailing £U-=13\{0} " and ~/2 instead of 4. By our

assumptions we have Ind (¢) — Ind(£{rm=13\MO0}) > /9 50 there exists a set S C [n] of size at
least (]’;f), such that for any z; € S, we have

19
15y Tt— 0 U{zx: T1yeeeyTt— 0 g
Fnd(£0rtri- O}y _ g (glrar-\ O}y > <|B’4> ()
Note that if x; € S, then since Equation (1) holds, we must have that X; = 1 and Ry = «; # 0.
As the probability that x; € S is at least 2 (%) the lemma follows. |

Now we will use the following lemma from [AFL24].

Lemma 3.36 ([AFL24]). Let G C R* be a set of goal sequences, satisfying that if u is a prefiz of
vandu € G then v € G. Additionally, let R1,...,Ruy be a set of random variables and p1,...,pym
be values in [0,1], such that for every 1 <t < M and v = (r1,...,1—1) € RFL\ G (that can
happen with positive probability), we have Pr[R; #0 | Ry =r1,...,Ry_1 =r4_1] > pi. For every
1<t< M, let Xy € {0,1} be an indicator for Ry # 0 and X = Zt]\il X;. Under these premises,
for every 0 < d < 1, the following holds:

-0 Zi]\i1 pt
Pr )

M
t=1

Proof of Lemma 3.33: We define the set of goals as follows
def T1yeensT
G {(r1,....m) € (] U{ODF : Ind() — Ind (gm0 < 0}
Set M = k for some k to be defined later. Let p1 = ... = pp = p, where p = % for some large

enough absolute constant C' > 1. By following Lemma 3.36 and Lemma 3.35, we have that for
every d € (0,1),

6—6 25:1/)
Pr ((Rl,...,Rk)gég)/\<X<(1—5)Zp>]<<(15)15> :

t=1

52
As (@ﬁ) <e 2 for § € (0,1), we have:

52 pk

Pr((Ri,....Ry) € G) A (X < (1=0)p- k)] < e 5",
which implies that

52pk

Pr((Ri,....Rp) €G)V (X = (1= d)p- k)] = 1 —e %",

; def 21 _ o (1B —
Next, we show that the event X > (1—-9)p-k is empty. Weset k = [8/p”| = O (W) and § = 1/2.
Then, (1 —6)p-k>1/p+ 1, and by the definition of the random variables X; we have that
Ind(¢{@v@ MOy > (1 —6)p k- p>1,
which is a contradiction to the fact that the index of a detailing is bounded by 1.

This implies that for the setting of k = [8/p?] and § = 1/2, Pro ppr[(R1,...,Ry) € G| > 1/2.
Therefore, by the definition of G, we have that with probability at least 1/2 for a uniformly random
k-tuple a = (1, ..., x) it holds that Ind(¢) — Ind(£{®12I\M0}) < ~/2 as required. |
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3.5.1 Proof of the progress lemma

To prove Lemma 3.34 we begin with the following.

Lemma 3.37. Fiz v € (0,1) and suppose that there is a detailing £ of u with respect to A and a
refinement ¢ of & over A x B such that Ind(¢) — Ind(§) > . Then the following hold:

1. There exists a set A" C A such that &|2(A") > v/2, and for every a € A’ there exists b, € B
(depending on a) such that C‘Q 3(a b“ = (|3%(bs) > 4|B| for which

E

i~[n]

Pr [z;=17?— Pr [z;= 1}2] > /4.

- §|23(a ,ba) m,\/ﬂ%:a
2. For every fized a € A" and b € B, ([$%(b) <1 — /8.

Proof: We start by proving the first item. By the premise that Ind(¢) — Ind(§) > v we have:

v < E r  |z;=17| - E Pr [x; =1]°
i~ | (@b)~Clas | g2 (@) arels |wngfpe

— E | E | E Pr [z, =17 - Pr [z =1
inn] |a~gla b3 | g2 (@) e

= E E E Pr  [z;=1°— Pr [z; =1 .
arela [brCfFe [inln] | a2t wrgffe

Therefore, by using the reverse Markov’s inequality (Lemma 2.36) we have that there exists a set
A" C A with Prg,[A’] > v/2 such that for every a € A’ it holds that

v/2< E

E
b3 i

Nn}

Pr [x;=1°"—- Pr [mi:u?”. (2)

m’VCE,B:((L,b) wNé‘%:a

By using the reverse Markov’s inequality again, for every a € A’ there exists a set B, with
Prc|§:a[3a] > ~y/4 so that for every b € By,

v/4 <

i~v[n]

Pr z;=1>—- Pr [z = 1]2] . (3)

qu?,B:(a,b) mNg‘%u

Finally, by an averaging argument (noting that |B,| < |B|), for every a € A’ there exists b, € B,
with ¢|3°%(bs) > v/4|B| which satisfies Equation (3), completing the proof of the first item.
For the second item, note that from Equation (2) for any fixed a € A’ we have that

v/2< E

T inn]

E

112
b Pr [x;=1]

mNCﬁ,S:(a,b) :1:N§|%:”‘

- Pr mzlfl — Id(¢[*) - Ind(§*).  (4)
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Suppose that there is b* € B such that ¢|3*¢(b*) > 1 — /8. Then,

md(¢*Y= E | E Pr [z;=172|| = E |Ind(¢>%@®
=B B P ]” B, [d(cpe)
= C3(0) - Ind(CPFE) 4 3T ([Fb) - Tnd (D)
b£b*eB
< Ind(¢[2H4) 4 1. (5)

8
On the other hand,

Ind(¢*%) = E E

2 2
P =1 > E Zagpsy. P =1
i~fn] | brgl2ia m~<\f*§<a,b>[wz ]] ~infn] (Cb (&) mNle’?’I:‘(avb*)[wl ]>

> (1 —/8)Ind(¢[>3(@7)).

Plugging in Equation (5) we get that

2:a Ind(ﬂ?:a) 2:a 2:a 1
Ind(¢|7) < ———= +7/8 < Ind(§[7*)(1 +7v/8) + /8 < Ind (&) + —,
(1—=~/8) 4
which is a contradiction to Equation (4). |

Definition 3.38 (Complement outside b). Given a detailing ¢ of pu over A x B, for every a € A
and b € B we define k,, the complement outside b, as the distribution

2:0,3:B\{b
(N = |2a PRI
b’;ébEB
Lemma 3.39. Fiz (a,b) € Ax B and vy € (0,1). If

E Pr [z;=1°— Pr [z; =1 >,

7/\/[”] Py C|2 ,3:(a,b) $N£|%a
then there exists a set S, C [n] of size at least yn/2 such that for every i € Sy it holds that

Pr [x;=1]—- Pr [x;=1]>~v/4

e d2 3:(a,b) T~Ka,b

Proof: By the reverse Markov inequality there exists a set S, C [n] of size at least yn/2 such that

for each i € S, it holds that Pr_ 2 [x; = 1]? —Pry gpafzi = 1]2 > /2. Since ¢ —d? < 2|c—d|

for ¢,d € [0,1], for all i € S, we have

P i =1—- P ;= 1] > ~v/4. 6

-y C|2 g(a b) [ml ] mwglré:a[mz ] - PY/ ( )
Note that since Pr, 20 [w; = 1] = ¢|34(b)-Pr w25 wle; = 1]+(1—C|3(b)) Pra~x, ,[z; = 1] and
Pr w250 [x; = 1] > Prxwﬂ%a[cci = 1], we must have that Prag s, ,[z; = 1] < Prm,\{‘%:a[wi =1].
Combining that with Equation (6) implies the lemma. |
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Lemma 3.40. For any a € A, if there ezists b, € B and S, C [n] such that for all i € S, it holds
that
Pr [z;=1—- Pr [z;=1]>7,

wNC‘fq?’:(avba) L~Ka bg

then it holds that Varg, ¢p2a [Yics, ®i] = 7?0102]Sa|?, where 61 = (|5%(ba) and 02 =1 — 6.

Proof: Let X & > ics, Ti and let Z € {1,2} be a random variable such that Z = 1 with

probability d; and Z = 2 with probability d2. We can think of the distribution of & ~ £ as

first drawing Z and then drawing x from (]%’Sz(a’ba) or Kqp, based on whether Z =1 or Z = 2,

respectively. By using Cauchy-Schwartz inequality (Lemma 2.34),

E [X}=E [E[XZ | Z]} >E [E[X | zﬂ .
xz~E|Fe Z lxz Z lx
By the premise of the lemma we have that

E[X|Z=1-E[X|Z=2]>~|Sl

Combining the above (and using §; + 62 = 1),

2
Var X] = BIX*] - EIX” > B [BX | 2] - (B [BIX | 2]

=0 EX|Z=12+6EX|Z=22-FEX|Z=1?-0EX|Z=2>
— 201, E[X |Z=1]E[X |Z = 2]
=611 —0NEX|Z=1P 401 -0)EX|Z=2>-256EX|Z=1]-EX|Z=2
=610, (E[X |Z=1]-E[X|Z=2])*
> 726102/ S4)?

This completes the proof of the lemma. |

Now we prove that given that the conclusion of Lemma 3.40 holds, that is, Var, ¢za [ ;cq, il
is large, there exists a subset of indices S/, C S, such that for every index i € S/, there is a large
number of indices j € S, with large covariance between x; and x;.

Lemma 3.41. Let Sq C [n] be such that Var, g« [>ics, ®i] > BlSa|? for some 3 > 0. Then
there is a subset S, C Sq with |S,| > B|Sa|/4, such that for every i € S, there exists a set A;q C S,
with at least 3]S,|/2 many indices, where for all j € A;, we have Covy ez (xi, ;) > (/4.

Proof: For every i € S, we define

Aig def {j € Sa : Cov(x;, x;) > 5/4},

and let et
S Z i€ Syt |Aia

> B|Sal/2}.
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Then, for all 4, j € S,, using the fact that Cov(x;, x;) <1 for all 4, j € [n] we have:

BlS.? < Var [Z a:Z] = Z Cov(zx;, x;)

x|
1€S, 1,jESq

= Z Z Cov(z;, x;) + Z Cov(z;, x;) | + Z Z Cov(x;, x;) + Z Cov(x;, x;)
Z‘GS{Z jeAiya j¢Ai,a ’L%S{I jGA'L,a j%Ai,a
< 190]18al + [Sa \ Sol(B1Sal/2 + B|Sal/4)
3
< I8Sal + ISP+ 2,

This implies that §|Sa| <'|S%|, which finishes the proof. [

Lemma 3.42. Fiz v € (0,1) and suppose that there is a detailing £ of u with respect to A and
a refinement ¢ of & over A x B such that Ind(¢) — Ind(f) > ~. Then there exists a set A" with

Pre,[A] > v/2, and a set S, C [n] of size at least 210‘B‘n for every a € A’, so that for all i* € S},

we have
2:a\{i*} 2:a 713
Ind (%)) ~ Ind(€[*) > od

Proof: Before constructing A’ and S/, let us prove an index lower bound for every a € A and
i* € [n]. Let Z¢ be a random variable defined by the following process. We draw j € {0,1} such
that j = 1 with probability Pry ¢z (@i = 1] and let Z{ = Pr,_¢pa[w; = 1| @+ = j]. Note that

E;[Zf] = Pry ¢pa[@; = 1] and therefore,

Var;[Z{]| =E; {(Zg yAd } Z Pr [z; = j] ( Pr [z, =1|xz+=j]— Pr [x;= ])

je(oy =E mel mel

> Pr [ar:i*zl]( Pr [z;=1|x;+=1]— Pr [mi:1]>

a3 angfie

anglte aefte aefte

> Pr [a:z*_l]2< Pr [zij=1|z»=1]—- Pr [:132-:1])

:< Pr [xj=1Az~=1]— Pr [x;=1] Pr [fI»’z‘*ZU)

anlte a3 el
2
a~eff el el

2
— (Covwwg‘%:a (CCZ*,CUZ)) .

Thus, by the definition of the index of a distribution,

Ind((*) ) ~nd(g*) = B | Y Pr [me=j] Pr [@=1|ap =)~ Pr [z =1

| oy e zg[pe i
B [E.[(zm—E.[Z?P] — E [Var;[z]]
i~[n] | J J i~[n]
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Now we go back to constructing out sets. We use Lemma 3.37 to obtain A, noting also b, for every
a € A'. Then we use Lemma 3.39 for every a € A’ along with b, with parameter ~/4, noting the
resulting set S,, whose size is at least yn/8. Next we use Lemma 3.40 over this with parameter
~v/16, also recalling that in the notation of that lemma ¢; > «/4|B| and 2 > /8 (as guaranteed

. 4
by Lemma 3.37) to obtain the bound Varwwﬂ%a [Ziesa mz] > 7268105|5,)% > %]SGP.

Now we use Lemma 3.41, with 8 = 32|B| to obtain the Set S/ and the sets AZ o for all i € S, Note

that the obtained bounds here are |S/| > W!Sﬂ > n and |A; 4| > n, where for i € S,

210‘B| 210‘3‘
. 4
and j € A;q we have Covy ¢2a (@, ;) = 23\3\' Thus, for every a € A" and i* € S!, we have

Tnd((€]29) ")) — Ind(¢[27) = ~ Z Var;[Z¢] > - 3 (covmmgl%(aci*7mi))2

n n -
i€[n] i€[n]
4 \2 13
>2 Y (oim) =2
" ¥|B]) = 2B[BP
ZEAi*,a

completing our proof. [ |

Proof of Lemma 3.34: We start by invoking Lemma 3.42 to obtain the sets A’ and S/, for every
a € A that are guaranteed by it. Now note that

E [Ind(g{i})—lnd(g)] - E [E [Ind(g{i})—lnd(g)H

i) i~fn] [a~els

_E [E [ma(g{i})—lnd(f)ﬂ

ang|z [i~[n]

>Pr[A'] E [ ‘
2 TangA L M WS’

[ma(¢®) - mae))|

2

5 13 19
SRS N R N [ -
2 qugia | 20]B] insy, [ 28(B7]]| T 29[B]

To conclude, we use the reverse Markov inequahty to obtain that there exists a set of at least

240|1;|4n indices % for which Ind(g{ }) —Ind(§) > 240‘3‘4 holds. -

4 Predicting the acceptance probability of a canonical tester

In this section we show that knowing the statistics of a good detailing is sufficient to approximate
the acceptance probability of a property testing algorithm without actually running it.

4.1 Simulation of a canonical tester

We describe here a randomized process, Simulate (see Figure 1), that given the statistic of a
detailing ¢ of a distribution p provides a simulated result of a canonical query pattern, without
making any further queries to p (eventually we will only use queries to find £ and its statistic).

From now on we denote by Dsjm(n, A) the distribution over the output of Simulate(s,q,n, A) (note
that this output is a randomized s x ¢ matrix). We now show that given a robust enough detailing
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Procedure Simulate(s, q,n, A)

Input: Integers s,q € N corresponding to samples and queries, weight distribution 1 and
type distribution A of a detailing &.
Output: A matrix M € {0, 1}5%9.

1. For each j € [g], draw t; ~ A independently.
2. For each i € [s], draw a; ~ 7 independently.
3. For every (i,7) € [s] x [q], draw M ; ~ Ber(t;(a;)) independently.

4. Return M

Figure 1: Description of the Simulate procedure.

of p, this simulated distribution is indeed close to the distribution Diest generated by an actual
canonical s X g query pattern.

Lemma 4.1. Fiz s,q € N and ¢ € (0,1). If £ is (ﬁ,q)-good and n > w, then
drv(Dsim (1, A), Drest) < €.

Proof: Let ¢ = 3.(‘;1) and consider the following coupling T* (see Observation 2.10) between

Dsim (777 A) and Diest:

We first draw j, ..., j, uniformly and independently from [n] (with repetitions), and let ¢1,...,%,
be their respective types in {. Note that #1,...,%, are distributed the same as independent draws
from A. Then, we draw ai,...,as independently from &|o. Also, we let j7,... ,j; be equal to
J1s---,dq if they contain no repetition, and otherwise let (31,..., ;) be uniformly drawn without
repetitions from [n]? (independently of j,...,5,).

For every i € [s], let T; denote an optimal transfer distribution between J[;c(, Ber(tj(a;)) and

5‘?;?]@} That is, Pr(g z)~x, [ # &] = drv([] ey Ber(tj(f,j)),5]?:].6,?;“.%}). To obtain M and M,

for every ¢ € [s] independently, we draw ((M;1,...,M;4), (Mj;1,... ,lf\v/Ii’q)) from T;.

In addition, we define the following random events:

& is the event that (jq,...,5,) = (41,---,Jq)-

&1 is the event that aq,...,as € J where J is the good set as per Definition 3.25.

&, is the event that the g-tuple (57,...,7;) is €-independent with respect to all &g, .. ., &a,-

€3 is the event that (M;1,...,M; ) = (M;1,... ,lf\v/Ii,q) for all 7 € [s].

We now note that

drv(Dsim: Drest) < Pry+[M # M| = Pr[-£;]
< Pr[ﬁgo] + Pr[—wf,'l] + PI‘[—|82 A 81] + PI‘[—|53 ANEYNELN 82]
< Pr[—@o] + Pr[—\gl] + PI'[—|82 ‘ 81] + PI‘[—|£3 | EoNELN 82]
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By the fact that the detailing is (€, ¢)-good, using a union bound we get Pr[—&€;] < s-¢’. Similarly,
the probability of a g-tuple (51, ... ,j;) to be €’-independent with respect to £|*% is at least 1 — €/,
and thus the probability that the g-tuple is ¢-independent with respect to all &|%91 ... ¢|%9s is
greater than 1 — s - € (equivalently Pr[—€3|€1] < s-¢€'). To bound the probability of =&g, note
that if n > 2¢2/¢, then by the birthday paradox Pr[-&y] < 4T < ¢ Tt is left to bound
Pr[—\53]50 NEL N 52]

Prigsl€onExnE]<) Pr [Ml # M. | €0 AELN 82}
ie[s] (M11*7M'L,*)NT1

< Z drv H BGI‘ |?J¢Zi7.7;} <s- 5/7

i€s] J€ld]

where the last inequality follows from the g-tuple being €-independent with respect to all &,, with
i € [s]. Overall, we get

drv(Dsim(, A), Diest) < s-€ +2s-¢ + = (B3s+1)€ <e.

However, our eventual estimation algorithm will not be able to accurately find n and A, but only
approximations thereof. For this reason we will need “continuity lemmas” for these quantities,
showing that the output distribution Dg;,, of Simulate will not degrade by much.

The next lemma handles the setting where we only have an approximation A of the type distribution
A, that is close enough to it in the n-weighted ¢; Earth Mover distance.

Lemma 4.2. For ¢,s € N and ¢ € (0,1), if dijy (A, A) < 7 then drv(Dsim(n, A), Dsim(n, A)) < €.

Proof: By the premise of the lemma we have that dj (A, A) < 37> S0 let T be a the transfer

distribution over ([0, 1]{)2 exhibiting the distance. We consider the following coupling T* between
Dgim(n, A) and Dgm(n, A). Sample (t1,t1),.. ., (tq,zq) ~ T and aq,...,as ~ n, all independently.
To set M and M, perform the following for every i € [s] and j € [¢] independently:

(i) If t;(a;) < t;(a;), then we do the following:

(a) with probability t;(a;) set (M”,M i) =(1,1),
(b) with probability £;(a;) — t;(a;) set (M”,M i) =1(0,1),
(c) with probability 1 —#;(a;) set (M”,M ) =1(0,0).

(ii) If £j(a;) < tj(a;), then we do the following:
(a) with probability t;(a;) set (M”,M i) =(1,1),
(b) with probability t;(a;) — &;(a;) set (M, M, ;) = (1,0),
(c) with probability 1 —¢;(a;) set (M, ;, M”) = (0,0).
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Using the above coupling, we have

dTV(DSim(na A)v DSim(na A)) < EI‘ [M 7é I\N/I] < Z EI‘ [Mi,j 7£ Mi,j]
(M,M)~T* (i.4)€ls] x [q MMI~T?

< Y B E|[ta)-tia)

(4,9)€[s]%[q] (tjvij)NT a;~n
(4,9)€[s] % [q]

Next, we handle the setting where we only have a distribution 7 that is close to 7 in the variation
distance.

Lemma 4.3. For any q,s € N, e € (0,1), if dpv(n,n) < <, then drv(Dsim(n, A), Dsim(7, A)) < €.

Proof: Let T be an optimal coupling (transfer distribution) between 1 and 7. Namely, drv(n,7) =
Pr(qa~rla # al. We construct a coupling T* between Dsim(n, A) and Dsim (7, A). First, draw
(a1,a1),...,(as,as) ~ T and ¢1,...,t; ~ A, all independently. We define M and M as follows:
For every (i,7) € [s] x [¢], if a; = a;, then draw a bit b ~ Ber (t;(a;)) and set M, j = lf\v/[m =b. If
a; # a;, then independently set M, ; ~ Ber(t;(a;)) and M” ~ Ber(t;(a;)). Then,

dTV(DSim(n7 A)a Dsim (ﬁa A)) < EI‘ [M 75 M] < Z Pr(ai,di)NT[ai 7& a’l] <e.
(M, M)~ i€[s]

The following lemma bundles together the approximation results in this section.

Lemma 4.4. Fiz s,q € N and e € (0,1) and suppose that dit\ (A, A) < ¢/3sq and drv(n,7) < ¢/3s.

Ifn > 18¢*(s +1)/e and ¢ is (m, q) -good then drv(Dsim (7, A), Drest) < €.

Proof: First note that by the triangle inequality
drv (Dsim(ﬁ,]\),Dtest> < drv (Dsim(ﬁyj\),psim(na A)) +dtv (Dsim(na A), Dgim(n, A))
+ dTV (Dsim(nv A)7 Dtest) .

Applying Lemma 4.3, Lemma 4.2 and Lemma 4.1, all with €/3 instead of €, gives that every term
in the above sum is bounded by €/3. |

4.2 Acceptance probability computation

With Lemma 4.4 in mind, we construct an “acceptance predictor” procedure, Accept-Probability
(see Figure 2), which is intended to calculate the estimated acceptance probability of a test. It
works by calculating (instead of actually running) the output distribution of Simulate. Recall
that we denote the probability that the canonical tester with proximity parameter € accepts p with

acce(p).
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Procedure Accept-Probability(s, ¢, n, A, €’)

Input: Integers s,q € N corresponding to samples and queries, weight distribution 7, type
distribution A of a detailing ¢ of p with respect to A and test proximity parameter ¢ € (0,1).
Output: An estimated acceptance probability acc. (n, A) € [0, 1].

1. Let o : {0,1}°*7 — [0, 1] be the acceptance probability function of the canonical tester
with proximity parameter ¢, as per Definition 2.20.

2. For each M € {0,1}**%, a € A® and t € ([0,1]4)? in the support of A compute

D(M,a,t) = [[ nta)- [T A - [T (any=r - t5(as) + Lar =0 - (1 = t5(a))

icls] j€ldql i,5€[s]x[q]
3. Set

acce(n, A) = > D(M,a,t)-ag(M)= E_[os(M)]
(M,a,t)€{0,1}5%0 x As x [0,1] A% M~Dh

4. Return accy(n, A).

Figure 2: Description of the Accept-Probability procedure.

Lemma 4.5. Fiz € € (0, 1) and let P be an index-invariant property that admits a canonical tester
with prozimity parameter € using sample complexity s = s(€') and query complexity ¢ = q(¢'). Fix

€ (0,1), and let (n,A) be the parameters of an ( (s+1)
U C [n]. If n > 18¢%(s + 1) /e, then given (ij,A) such that dpv(n,7j) < = and db (A, A) <
subroutine Accept-Probability(s, q, ﬁ,K, €') reports acce (1) such that

q) -good detailing of p with respect to

ﬁ’ the

lacce (n, A) — acce (p)] < e.

Proof: By using Lemma 4.4, we have dTV(Dsim(f],fX),Dtest) < e. We next analyze the calcu-
lated quantity acce (n, A). Let D denote the distribution over {0,1}5*7 x A% x ({0, 1]A)q such that

ﬁ(M,a,t) is the probability that Simulate draws (t1,...,t,) =t, (a1,...,as) = a, and M = M.
Therefore, D|; = Dsim (7, A) and hence accy (n, A) = Entop,. (7.4) [ae (M)].

This all means that

lacca(n, A) —acce(p)l = |~ E _lae(M)] = B [ac(M)]| < drv(Dsim(7, A), Drest) < ¢
MN'Dsim(ﬁ,A) M~ Drest

concluding the proof. |
5 Finding a weakly robust detailing and estimating its parameters

This section is devoted to finding a variable set defining a (weakly) robust partition, and then
to estimating its weight and type distributions. The final estimation algorithm will make all its

31



queries deploying the algorithms developed here.

5.1 Estimating the index of a detailing

In this section, we describe and analyze an algorithm for estimating the index of a detailing (Fig-
ure 3).

Procedure Estimate-Index(U, k, )

Input: Sample and query access to a distribution p over {0,1}", a set of indices U C [n], and
parameters x,v € (0, 1).

Output: An estimate fITc/l(uU) for Ind(uY) such that ‘fﬁ&(;ﬂ) - Ind(uU)‘ < k with
probability at least 1 — ~.

1. Take a multi-set of samples S from p with |S| = [1000 22‘[” log (%)1

2. Construct the multi-set of vectors S|y by restricting the samples over the indices U.
3. For every v € {0,1}IV] let

|{s €S:sy =v}]
S|

7i(v) =

4. Sample a set of indices uniformly at random without replacement I C [n] where
1| = [100 Lo ( ‘j‘ﬂ

5. For every v € {0,1}VI and i € I, set

[{s€S : sy=v A s;=1} . o
"EZ‘U = s |{S€SSUZ SUU:z}‘ ’ lf {S € S . SU - 'U} # @
’ 0 otherwise.
6. For every v € {0, 1}‘U| compute = % Z
i€l
7. Return frﬁ(uU) = Y W) -t,.
v€{0,1}U]

Figure 3: Description of the Estimate-Index procedure.

We will prove that with high probability, the estimate of the index of ¥ returned by the algorithm
Estimate-Index is indeed close to Ind(uY).

Lemma 5.1. Consider Estimate-Index(U, k,~y) as described in Figure 3. Given a subset of indices

U C [n] and parameters rk,v € (0,1) as input, the procedure makes at most O (QRIUI og? (%))

queries, and outputs fIE(MU) such that |Ind(u ) — Ind(uY)| < K holds with probability at least 1—-y.
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Fix v € {0,1}/Y! and let n(v) &f 1Y]2(v) = Prg.,lzy = v]. In addition, for i € [n] let

o PrwNuU‘%:v [’LUZ = 1], if ,U,U|2(U) 75 0
v ) .
0, otherwise

n
For v € {0,111 let t, = s tzv. Observe that the index of the detailing 4V can be expressed as
i=1

md(p’) = > )t

ve{0,1}1U1
Let 7 = 2Vl and define
J Y e {0,131V y(o) > K/5r).
Definition 5.2 (Definition of the event £*). The event £* is defined as the intersection of the

following two events.

&1 (Approximating n(v)’s): For every v € {0,1}V if v € J then |f(v) — n(v)| < 107> and if v & J
then 7(v) < 2&

107 *
&> (Approximating t,’s): For every v € J, [t, — t,| < 8
Lemma 5.3. Event £ holds with probability at least 1 — ~.
For the proof of the above lemma we need the following two lemmas (in fact the next lemma is also

used inside the proof of the following one).

Lemma 5.4 (Approximating n(v)’s). Consider v € {0,1}Yl. The following hold with probability

_ k7.
at least 0

(1) If n(v) = £ then |n(v) —n(v)| < 15

(it) If n(v) < £ then p(v) < 5.

Proof: For s € S, we let x, be the indicator random variable for sy = v and note that E[x,] =
n(v). Note that n(v) = > g Xs- Applying an additive Chernoff bound, we have that

K —2K? —2k% 100072 r Ky
Pr [[fi(v) — >7}<2 AR s|) = 2 T U P Sy
r|[m) =)l = 75| < Zexp <100r2 | |> <P (1007«2 PR (Hy)) < 30r

Note that this covers both cases v € J and v ¢ J. |

Lemma 5.5. Consider v € J. Then [t, —t,] < 8 holds with probability at least 1 — %—Z

Let us define ¢, as = > Ziv, where v € {0,1}V. We prove Lemma 5.5 with the help of the two
i€[n]
following lemmas.

Lemma 5.6. For any v € {0,1}Y, [t, —t,| < 1o holds with probability at least 1 —~/3r.
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~ ~2
Proof: Note that by taking expectation over the set of indices I, we have Ej tv} = % Yicitiy=
t!. Applying Hoeffding’s inequality for sampling without replacement (Lemmzi 2.33), we have

|I| - Z

i€l

Pr[| t’|>m} ~ Pr

2
< 2 -2 I
< vew (21 |)

k2 100 r
< 2 2. — . 1 -
< 2w (-2 5 s ()
< ~y/3r.

Lemma 5.7. For anyv € J, |t,, — t,] < o holds with probability at least 1 —~/3r.

To prove the above lemma, we need the following definition of the notion of a variable being bad
or good with respect to v € {0,1}V, and a claim about the probability of a variable being bad.

Definition 5.8. A variable i € [n] is said to be bad for v € {0,1}V if EZQU - t?7v| > £-. Otherwise,
1 is said to be good for v.

Lemma 5.9. For any fized i € [n] and v € J, i is bad for v with probability at most ky/15r.

Proof: We first argue that

K

~ K
P [t- < 7] > .
rltie —tiol < 5] 21— 15
This will imply that

~2 Ky
Pr |:’ti,v zv’ 5:| >1_E?

due to the fact that |a? — b?| < 2 |a — b| when a,b € (0, 1).

Let S = {s7} (s be the multi-set of samples drawn in Step (1) of the procedure. For every
€ [|S]], consider an indicator random variable x; , ; such that x;,, = 1 if and only if s’y = v
and sg =1. Let x,,; = Zje[lsﬂ Xjv,i- From the definition of Ftvm from Figure 3 and the definition
of x,.;, we have
Ev:‘{SES:SU:U/\Si:lH: Xov,i '
’ {s €S :sy=uv} {s €S :sly=uv}

From the definition of 7(v) in Figure 3, this means that

T Xv,i
tiﬂ) = 01— (7)
n(v) -S|
In addition, note that for any z € IN:
- " le z PrwNHU|wU:U [wl = 1]
E [t -S:]:Ei S|—z = 1
i) 181 = 2] =B [ = Xt ) 181 = 5 :
= Pr [wz = 1] =i
’UJU =v
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For s € S, let Y4, ; be the random variable defined as Y, ; = ﬁﬁifl’é\' Let Y, ; = Zses Y0,

Since X ,; € {0,1}, Ysu,i € {O, m} We would like to apply the Hoeffding bound (Lemma 2.32)
to bound Y, ;. But n(v) - |S| is a random variable, so instead we apply the Hoeffding bound con-
ditioned on n(v) - [S| = z, where z € N. Note that, when n(v) - |S| = z, the number of s such that
Y, # 0 is at most z. Hence,

F(v) - |S| = z] < 2exp <—W> — 2exp <_2”2Z>.

z-(1/2)? 100

~ K
Pr |:|t2'71, — t7;7v| > E

As v € J, it holds that n(v) > £.. From Lemma 5.4, with probability at least 1 — k7/30r, it holds
that |n(v) — n(v)| < k/10r, and in particular n(v) - \S| > 16- - |S|.

Hence,

~ K
Pr [|ti,v - ti,v > 7]

10
< Pr[i()ls| < o |sr}+P [7(0)IS] > 15 - ISI] - Pr | i —tiu] > 75 | 7(0)IS] > 5= 18|
= ' el 2 —10
*-(k/10r) - [S]
< M9 2.
= 30 s eXp( 100
3 2
Ky K 10007 T Ky
< T4y 2. : log (L)) < 2.
= 50 " ep( 1000r &3 ®\ky)) = 15r
|

Proof of Lemma 5.7: For i € [n], let X; denote the random variable defined as

'_{1 7 1s bad for v

0 otherwise

Let X = 1 3 X, which denotes the fraction of variables that are bad for v. By Lemma 5.9,

1€[n]
E[X;] < {z£. Hence, E[X] < {2 Using Markov Inequality, Pr[X > /5] < L. So, with probabil-
ity 1 — ~v/3r, there are at most /in/ 5 bad variables for v.
Note that,
, Iz 14, 1< )
‘tv = ﬁzti,v_ﬁzti,v SEZ 1,0 t
i=1 i=1 i=1

For every variable i € [n] that is not bad for v, Z?,U - t?yv < £. For every bad variable i € [n],

~2
2
ti,v - ti,v

for v with probability 1 — ~/3r, we have |t], — t,| < 2k/5 < 6k/10 with the same probability.  H

can be trivially upper bounded by 1. As there are there are at most xn/5 bad variables

Proof of Lemma 5.5: Considering Lemma 5.6 and Lemma 5.7, a use of the triangle inequality
and a union bound complete the proof. |

Proof of Lemma 5.3: Event & happens with probability at least 1 — % by a union bound of
Lemma 5.4 over all v € {0, 1}|U‘. Event & happens with probability at least 1-Z 5 by a union bound
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of Lemma 5.5 over all v € J. A final union bound implies that event £* occurs with probability at
least 1 — ~, as required. |

Now we are ready to prove Lemma 5.1.

Proof of Lemma 5.1: Conditioned on £* (which by Lemma 5.3 holds with probability at least

1 —~) we have that, for every v € J, [f(v) —n(v)| < 15, and t, —t,| < % hold. Hence,

Z (0)t, —n(v)t,| < Zﬁ(v) t, —ty| + Ztv [n(v) —n(v)|
ved ved veJ
- 6K K
< - — R
< 2 n) 10 T2t 1or
veJ veJ

Note that > m(v) <1 and ¢, <1 for each v € J. So,
veJ

7K

S 1), — ()t < 1 (8)
veJ

For v ¢ J, we have that

[71(0)E, = nuto] < max{@(v)ts, n(v)ty} < max{T(v),n(v)} < 137
Therefore, 3
S )k - )l < 5 ©)

ve{0,1}IUN\J

From Equation (8) and Equation (9) we have:

Z ﬁ(vﬁv - Ind(fU) < Z'ﬁ(“) by, — n(v)ty| + Z n(v) by, — n(v)ty
ve{0,1}1Y1 veJ ve{0,1}VI\J
(T

< —+ "=k
- 10 + 10
For the query complexity, note that the total number of queries that the procedure makes to the

samples is at most [S|- (|I| + |U|) = O (% log? (%)) This completes the proof. [ |

5.2 Verifying and searching for a weakly robust detailing
In this section we will show how to obtain a weakly robust detailing with respect to a set of variables.
We first describe a procedure that will be used as a single step towards this goal.

Lemma 5.10. Fiz v, € (0,1), U C [n], k € [n]. Consider Test-Weakly-Robust-Detailing(d, k,~,U)
as described in Figure 4. With probability at least 1 — vy, the algorithm either accepts U or reports
some U' C [n] \ U such that |U'| < k, satisfying the following:

1. If uY is not (6, k)-weakly robust, then Test-Weakly-Robust-Detailing does not accept and out-
puts some U’;
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Procedure Test-Weakly-Robust-Detailing(d, k, v, U)

Input: Sample and query access to a distribution p over {0,1}", U C [n], parameters k € [n]
and v € (0,1).
Output: Either Accept or a set U’ C [n] \ U with |U’| < k.

1. Set I/IT&(,uU) = Estimate-Index(U, §/10,+/3).
2. Let £L={U'C[n]\U: |U'| <k}

3. Sample r = [%-‘ sets UY,..., U] € £ uniformly at random.

4. For i =1 to r do:

(a) Set Ind(uUYYi) = Estimate-Index(U U U}, §/10,~/3r).
(b) If Ind(pVYY%) — Ind(uV) > 76/10, Return U,

5. Return Accept.

Figure 4: A description of the Test-Weakly-Robust-Detailing procedure.
2. If Test-Weakly-Robust-Detailing outputs some U’, then Ind(uV°Y") > Ind(u?) 4 46/10.

The total number of queries that the algorithm makes is at most O (W -log® (%))
Proof: We start by proving (1). By Lemma 5.1, we have that with probability at least 1 — /3,
|fﬁa(uU) — Ind(pY)| < 6/10. In addition, since ¥ is not (4, k)-weakly robust, we have that for at
least 6|L| of the sets U’ € £, it holds that Ind(uV“Y") — Ind(uY) > §. Therefore, with probability
at least 1 — /3, one such set U* is sampled in Step 3 of the algorithm. By applying Lemma 5.1
and a union bound, we have that with probability at least 1 — /3, for all ¢ € [r] it holds that
Ind (VYY) — Ind(pVYY%)| < 6/10. Therefore, in particular,

S ) 26 _ 85
Ind(p”?7") = Ind (") = Tnd(u”?%") —Tnd(u") = 35> 75

and U* (or some other set) will be returned by the algorithm. A union bound over the above three
events completes the proof of this item.

To prove (2), note that when some U’ is returned, we have that fﬁa(uUUU/) = fﬁa(,uU) > 76/10.
By Lemma 5.1, similarly to item (1), with probability at least 1 — 2v/3 we have |IT1&(/AUUU/) —
Ind(uVYY")| < §/10 and |IfrTa(uU) — Ind(uY)] < 6/10. Conditioned on this, if Ind(u”YY") —
Ind(pY) < 46/10, then we have

— " o— 46 20 16
MWWW—MW%SE+E<E,

which is a contradiction to U’ being reported by the algorithm.
To finish the proof we bound the total number of queries that the algorithm makes. Note that

the algorithm uses one call to Estimate-Index with U and the rest of the r calls to Estimate-Index
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with a set U U U’ which can be of size at most |U| + k. Therefore, the total number of queries the

algorithm makes is at most O <22(‘5Ug+k> ) log3 (#» .

Now we leverage Test-Weakly-Robust-Detailing to design a procedure, Find-Weakly-Robust-Detailing
(see Figure 5), which finds a weakly robust detailing p¥ with respect to some U C [n]. This
procedure along with the parameter estimation procedure in the next section serve as the main
information-gathering mechanism in our estimation algorithm.

Procedure Find-Weakly-Robust-Detailing(d, k, )

Input: Sample and query access to a distribution p over {0,1}", k € [n] and parameters
5,7 € (0,1).
Output: U C [n] such that with probability at least 1 —, u¥ is (6, k)-weakly robust.

1. Set U =0 and ¢ = 1.
2. While £ < [{3] do:

(a) Set Z = Test-Weakly-Robust-Detailing(4, k, 2v6/10,U)
(b) If Z = Accept, then Return U.
(¢) Otherwise,

o U 7.
e Set U=UUU" and ¢ =/¢+1.

3. Return Fail

Figure 5: A description of the Find-Weakly-Robust-Detailing procedure.

Lemma 5.11. Consider Find-Weakly-Robust-Detailing(d, k, ) as described in Figure 5. With proba-
bility at least 1 —~, the procedure outputs U C [n] such that |U| = O(k/§) and pY is (8, k)-weakly ro-

bust. The total number of queries that the procedure makes is at most O (% log? (%))

Proof: Note that since ¢ < [10/46], by a union bound we have that with probability at least 1 —r
all the calls for Test-Weakly-Robust-Detailing(0, k, 27y3/10, U) satisfy the conclusions of Lemma 5.10.
Conditioned on this event, whenever in Step (2) the detailing uU was not (6, k)-weakly robust we
obtained a set U’ so that Ind(uY") — Ind(uY) > 46/10 (and in particular did not return U).

In addition, conditioned on the above event, since the index of a detailing is always between 0 and
1 it is not possible to pass through all (%1 iterations of Step (2) and reach the failure mode of Step
(3). Hence, eventually the algorithm will return a set U in Step (2b), such that Y is a (8, k)-weakly
robust detailing.

To bound the number of queries note that since the algorithm starts with U = (), and by the
guarantees of Test-Weakly-Robust-Detailing, at any of the £ iterations of the algorithm the size of
the input U to Test-Weakly-Robust-Detailing is at most k(33 + 1) = O(k/d). Therefore the total

.. 5k(1/5+1) k(1/6+1)
number of queries is at most O (2677 log® (QT» u
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5.3 Estimation of detailing parameters

In this section we will design a procedure, Estimate-Parameters (see Figure 6), for estimating the
parameters of a detailing uY with respect to some U C [n] admitting type distribution A and weight
distribution 7 = uY|5. Our main goal for this section is to prove the following.

Lemma 5.12. Let pi be a distribution over {0,1}", U C [n] and k,v € (0,1) be parameters. Then
the procedure Estimate-Parameters(u, U, k,v) (see Figure 6) outputs a pair of distributions (1, A)
such that with probability at least 1 — vy, drv(n,n) < k and diy (A, A) < K, where n = pY is
the weight distribution of u¥ and A is the type distribution of u¥. The algorithm makes at most

O (’{2%251% - log? (;’j{'}l >) queries to the input.

We start by setting the stage with some definitions and preliminary results. Consider some p € (0, 1)
that satisfies p = 1/z for z € N. We use R to denote the set {0, p/10,.. .,1}2‘[}‘ and note that
R = (10/p+1)2"".

Definition 5.13. Fix U C [n]. We say that a vector w € [0, 1]2|U| is a p-approzimation of the type
t €0, I]Q‘U‘ of pV if |w(v) — t(v)| < p for any v € {0, 1}2|U| for which pU|o(v) > p/21Y1.

Observation 5.14. Let n = pY|s and fiz i € [n]. Let t; € [0, 1]2U be the type of a variable i with
respect to puY, and let w € [0, 1]2U be a p-approximation of t;. Then, dgl (t;,w) < 2p.

Proof: By definition of the n-weighted ¢; distance,

dj, (ti,w) = E [[ti(v) —w(v)]]

v

= > n(v) - [ti(v) — w(v)| + > n(v) - [ti(v) = w(v)]
ve{0,1}V: n(v)>p/2!UI ve{0,1}V: n(v)<p/2!UI

<p+2Ul. ﬁ = 2.

Definition 5.15. Let U C [n], S be a multi-set over {0,1}", and p € (0, 1) be a parameter so that
1/p € N. For each v € {0,1}YI and i € [n], let a'” to be the fraction of z’s in S such that zy = v
and x; = 1, and let &1()1) be the element in {0, p,2p, ..., 1} closest to &,(f). Let a® = <621(f)>v€{071}|U|

and o) = <(~qu()i)>v€{071}|y|. We call @@ the type of i according to S and & its p-rounding.

We also define the distribution A as the distribution over R = {0,p,2p, ..., 1}2|U‘ such that the
probability of a € R is the fraction of i € [n] such that &) = a.

Definition 5.16 (p-Good Sample Set). A multi-set S over {0,1}" is said to be a p-good sample
set with respect to U, if for at least (1 — p)n of the variables i € [n], @® is a p-approximation of
the type t; of the detailing ;Y.

Lemma 5.17. Fiz U C [n], p € (0,1) and let uU be the detailing of ju with respect to U admitting
type distribution A. If S C {0,1}" is a p-good sample set with respect to pU, then letting n = pY|s
we have df (A, A) < 3p.
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Procedure Estimate-Parameters(u, U, k,7)

Input: Sample and query access to a distribution u over {0,1}", U C [n] and parameters
K,y € (0,1).

Output: A pair of distributions (7, 1~X)7 where 7 is a distribution on A = {0,1}/Y! and Aisa
distribution on [0, 1]4.

1. Set p = m and r = 2lUl. Also, let R = {0, p/10, ..., 1}2|U|.

2. Take a multi-set of samples S from p with |S| = {50 . ;—z log %W =0 (22;]' log %JYI)

3. Construct the multi-set of vectors S|y by restricting the samples over the indices U.
4. For every v € {0,1}V] let
_ [{s€S:sly=v}|

5. Sample a set of indices uniformly at random without replacement I C [n| where

olUl
01— 205 b 2], o 1 (31"

6. For every v € {0,1}/! and i € I, set

(i) awi= |{S€|?SGS‘\SU?;]A:%‘:1H if {s€S:sly=v}+#0, and a; = 0 otherwise.
(ii) Round off ay,; to the nearest value in {0, p/10,...,1}, and denote this value by
Qy,i.

7. For each i € I, assign it the type vector &V = (Qvi)peqo1yvl € R.

8. Construct a distribution A over R such that for each a € R, we have:

~ 1 ca =g
R - e T80 =),

9. Return (7, A).

Figure 6: A description of the Estimate-Parameters procedure.

Proof: As S is a p-good sample set, we know that for at least (1 — p)n of the variables i € [n], &
is a p-approximation of the type ¢;. Let W C [n] be the set of all such variables with |[W| > (1—p)n.
By Observation 5.14,

W C {z € [n] : dI (@9, 1;) < Qp} :

2
Consider the function f : ([O, 1]2“]‘) — [0, 1] defined as follows.

[{ieW :ti=a}|  5(i) —

otherwise
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From the definition of f and Observation 5.14, note that f(a,b) # 0 implies that dgl (a,b) < 2p.
2 ~

Consider a transfer function 7 : ([O, 1]2“]‘) — [0,1] from A to A satisfying T'(a,b) > f(a,b) for

all a,b € [0, 1]2'U" Note that such a T exists, since clearly Za b0, f(a,b) < 1. Also note that

Za,be[0,1]2‘U' f(a,b) =1 —|W|/n > 1— p, and hence Za7be[0,1]2|U|:f(a,b):0 T(a,b) < p. Thus, we
have

(A, A) < B [d] (a,b)]

(a,b)~T
= > T(a,b) - d} (a,b) + > T(a,b) - d (a,b)
a,b€[0,112'Y1: f(a,b)7£0 a,b€0,1)2'Y1: f(a,p)=0
<2p- Z T(a,b) + Z T(a,b)-1<3p,
a,b€[0,1]2'Y1: f(a,b)5£0 a,bef0,1)2'Y): f(a,p)=0
and the lemma follows. |

Definition 5.18. Let U C [n], S be a multi-set over {0,1}", and p € (0,1) where 1/p € N be
a parameter. Let a&(® be the type of i according to S and &9 be its p-rounding over S, as per
Definition 5.15. For each a € R, let f, be the fraction of i € [n] such that a¥) =a. Let I C [n] be
a multi-set of variables. For each a € R, let f, be the fraction of i € I such that &a® = a.

The approximate type distribution A with respect to I and S is a distribution over R such that
the probability of a € R is the fraction of ¢ € I such that &a® = a.

Definition 5.19 (p-Good Variable Set). Let S be a multi-set over {0,1}". Using the notation
of Definition 5.18, a multi-set I over [n] is said to be p-Good-Variable-Set with respect to S if
|fa — fal < p/|R| for each a € R.

Lemma 5.20. Let S be a multi-set over {0,1}" and I C [n] be a p-good variable set with respect
to S. Then, dry(A,A) < p.

Proof: By definition of the distributions A and /NX,

drv(A,8) <Y A(@) ~A@) = Y 1fa— ful <RI 2 < p.

ac€R ac€R |R|
[ |
Lemma 5.21. Let ) = pY|y for some U C [n]. Let S C {0,1}" be a p-good-sample set and I C [n]
be a p-good variable set with respect to S. Then, diy (A, A) < 4p.

Proof: From Lemma 5.17, we know that dy (A, /A\) < 3p. Also, from Lemma 5.20, we have that
drv (A, A) < p, and hence db (A, A) < p. Using the triangle inequality we obtain dt,, (A, A) < 4p,
completing the proof of the lemma. |

5.3.1 Proof of Lemma of 5.12

Definition 5.22 (Definition of the event £*). The event £* is defined as the intersection of the
following three events:
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&+ The output 1 produced by Algorithm 6 satisfies drv(n,7n) < k.
Es: The multi-set of samples S taken in Step 2 of Algorithm 6 is a x/4-good sample set.

&1t The set of indices I taken in Step 5 of Algorithm 6 is a x/4-good variable set.

We will prove Lemma 5.12 by a series of lemmas stated below. The lemmas themselves will be
proved in Section 5.3.2.

Lemma 5.23. Event & holds with probability at least 1 — /3.
Lemma 5.24. Event Eg holds with probability at least 1 — /3.

Lemma 5.25. Event & holds with probability at least 1 — /3.

Proof of Lemma 5.12: Assuming that Lemma 5.23, Lemma 5.24 and Lemma 5.25 hold, the
event £* holds with probability at least 1 — ~ by a union bound.

When &£* holds, we know that drv(m,n) < k, the multi-set of samples S taken in Step 2 is a good
sample set as well as that the set of indices I is a good variable set. Following Lemma 5.21, we
have that d},, (A, A) < 4p < k.

Note that since |[R| = (10/p+ 1)2“” and p = O(k), the total number of queries the algorithm makes
is at most |S]-(|I|+|U|):O<22|U|~log2< 2id >> ]

2V 45 ,YHQ‘U‘

5.3.2 Proofs of Lemmas 5.23, 5.24 and 5.25

We state the following lemmas whose proofs are identical to the proofs of Lemma 5.4 and Lemma 5.5
respectively and are thus omitted.

Lemma 5.26. Fiz U C [n] and p,y € (0,1) and let r = 2lUl. Consider the detailing u¥ and let
n=uYly and J = {v € {0,1}IV] : n(v) > p/r}. Forv € {0,1}IV], we define the following event
(). The value M(v) defined in Step 4 of Estimate-Parameters satisfies the following.

(1) IfveJ, nw)—n)| < 4.

.. ~ 3
(i) o J ., iv) < 2.
Then the probability that &, holds is at least 1 — AL

Lemma 5.27. Fiz U C [n] and p,y € (0,1) and let r = 2lUl. Consider the detailing u¥ and let
n=u"ly and J = {v € {0, 1}V : n(v) > p/r}. For eachv € J and i € [n], we let &a,, be the event
that the value v, ; satisfies |0, ; — ti(v)| < §. Then the probability of Ea,, is at least 1 — g—z.

From Lemma 5.27 we obtain the following lemma.

Lemma 5.28. Fizi € [n|. Then a® is a p-approximation of t; with probability at least 1 — py/3.
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Proof: Let £ be the following event:

£: &) —t;(v)] < p for each v € J.

v

If the event &£ holds, then ais a p-approximation of t;. Hence, it remains to show that Pr[€] >
1—p/3.

Consider any particular v € J, i.e, n(v) > £. By Lemma 5.27, |64 v)| < & with probability
at least 1 — p7/3r From the construction of oz( ), note that \a R A(z ] < p/20. By the triangle
inequality, |&?) — #;(v)| < 3p/10 < p. By the union bound over all v € J, event & holds with
probability at least 1 — py/3. |

Now we are ready to prove Lemma 5.23, Lemma 5.24 and Lemma 5.25.

Proof of Lemma 5.23: By Lemma 5.26 and a union bound we have that the following holds
for all v € {0, 1}!Y! with probability at least 1 — py/4 > 1 —~/3. If v € J, |n(v) — n(v)| < 4, and
otherwise n(v) < g—f. Conditioned on that,

drv (7.1) (Zm OIES O —n(v)\> <3 (Z;+Z‘;’f) <
veJ vgJ veJ vgJ

As p= 4{1% the lemma follows. |
Proof of Lemma 5.24: Let X; be a random variable such that

X, — 1 a is not a p-approximation of t;
" 10 otherwise ‘

Let X = 2 Y~ X;. From Lemma 5.28, E[X;] < &, and hence E[X] < Z'. By Markov inequality,

1€[n]
we have BIX
Prix > < 2 7
P 3
Thus, with probability at least 1—~/3, for at least (1—p)n variablesi € [n], & & is a p-approximation
of t;. Hence, S is a p-good sample set with probability at at least 1 — ~/3. |

Proof of Lemma 5.25: Recall that A be the type distribution over R with respect to S such
that, for a € R, '
Ay = Hicl:a =)

n

Also, consider the distribution A reported by the algorithm. Note that A is the type distribution
over R with respect to I and S, i.e., for a € R,

K(CL) HZGI |i‘| _a’}|

Consider a fixed a € R, and note that Ef[A(a)] = A(a). By using the Hoeffding bound (Lemma 2.33),

Pr|[A(e) ~A(@)] 2 17| < 5o
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IR
- - v
can say that for all a € R, |A(a) — Aa)| < % with probability at least 1 — /3. Since p = ﬁ,
this implies that the event & holds with probability at least 1 — «/3. This concludes the proof of
the lemma. |

In the above, we have used |I| = {20- “;—f log —‘ . Applying the union bound over all a € R, we

6 The estimation algorithm

In this section we prove our main result, that index-invariant properties that admit tests whose
number of queries is independent of n also admit such distance-estimation procedures.

Theorem 2. Let P be an index-invariant property of distributions supported on {0,1}™. If P
is € -testable with s = s(¢') € N samples and q = q(¢') € N queries for every ¢ € (0,1), and
n > 2Ply(24s.1/€) ypen for every e € (0,1) there exists an algorithm that given access to an un-
known distribution p over {0,1}", performs at most exp (exp (2‘1(9(6)) - poly (s(Q(e)), q(Q(e)), 1/¢)))
queries, and outputs a value d such that with probability at least 2/3 it holds that |d—dpn(p, P)| < €.

Theorem 2 follows directly from the following lemma about the existence of an (1, €2)-tolerant test
for any index-invariant property P which admits an e-test for e = (€2 — €1)/12 with s samples and
¢ queries (see Claim 2 in [PRRO06]).

Lemma 6.1. Suppose that an index-invariant property of distributions P has an e-test with s(e)
samples and q(€) queries for every € € (0,1). Then, for every 0 < €1 < €3 < 1, Tolerant-Tester (see
Figure 7) is an (€1, €2)-tolerant tester for P that makes at most

exp (exp (27 - poly (s((e2 — €1)/12),q((€2 — €1)/12),1/(e2 — €1))))

queries to the samples obtained from the unknown input distribution.

The proof of Lemma 6.1 follows from the following two lemmas, proved in Section 6.1 and Sec-
tion 6.2, respectively.

Lemma 6.2. Fiz 0 < €1 < €2 < 1, and set s = s((e2 — €1)/12) and q = q((e2 — €1)/12). For any
n > 18¢%(s + 1)/(e2 — €1), if a distribution p over {0,1}" is ej-close to P, then Tolerant-Tester
accepts it with probability at least 2/3.

Lemma 6.3. Fiz 0 < €1 < €2 < 1, and set s = s((e2 — €1)/12) and q = q((e2 — €1)/12). For any
n > 2poy(2%s.1/(e2—€1)) if o distribution p over {0,1}™ is ea-far from P, then Tolerant-Tester rejects
it with probability at least 2/3.

Proof of Lemma 6.1: Assuming Lemma 6.2 and Lemma 6.3 hold, the correctness of Tolerant-Tester
is immediate. To bound the query complexity, note that the algorithm performs all of its queries
in steps (2) and (3). Thus, by the choice of parameters, Lemma 5.11 and Lemma 5.12, the size
of U is at most 27 - poly(s,q,1/(e2 — €1)), and the query complexity of the algorithm is at most

exp (exp (27 - poly (s,¢,1/(e2 — €1)))). u
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Procedure Tolerant-Tester(u, P, €1, €2, S, q)

Input: Sample and query access to u, index-invariant property P, and parameters
€1,€2 € (0,1) such that €; < €3, number of samples s and queries q.
Output: Accept if i is €;-close to P, and Reject if p is ex-far from P.

-1
1. Let § = % k=q—1, K =0O(28%/9/538) and p = (L?;G_Sglb :

2. Call Find-Weakly-Robust-Detailing(5,k’,1/6) on p and obtain the detailing uV with
respect to a set of variables U C [n].

3. Call Estimate-Parameters(u, U, p,1/6) to obtain (7, A) where 7 is the weight distribution
over 2Y and A is the type distribution over [0, I]QU.

4. For each B of size |B| < 2¥/9 any 2%fB'—quantized detailing 1’ of 7 with respect to B,
and any —£2——-quantized type distribution T on {0,p,2p, ..., 1}2UXB, do the

(1/p+1)2 718
following:

(a) Call Accept-Probability(s, ¢, T, 1/, 25L). If the output is at~least 1/2, go to the
next step. Otherwise, go to the next option for B, ' and T.

(b) Compute dgM([X<B>, T), where 1~X<B> is the flat extension of A with respect to B. If
the computed distance is at most %, output Accept and terminate.

5. Output Reject.

Figure 7: Description of the Tolerant-Tester procedure.

6.1 Completeness (Proof of Lemma 6.2)

In this section, we prove that if the unknown distribution p is €j-close to the index-invariant
property P, then it will be accepted by Tolerant-Tester (Figure 7) with probability at least 2/3.

Lemma 6.4. Fiz § € (0,1), £ € N, let u be a distribution over {0,1}" and let £ be a (0,¢)-robust
detailing of p with respect to some set A. In addition, let & be a refinement of & with respect to a set
B of size £, and let &, def §(e],.5) be a flat refinement of € with respect to n def &'|2.3. Then, letting

A" and Apy be the type distributions of &' and &, respectively, we have that dfy, (A, Aip)) < V0.
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Proof: By definition of the index and the fact that £ is (d, £)-robust, we can say the following:

§>Ind(¢)—Ind(é)= E | E

Pr [x; = 1]
i~[n] | (a,b)~n

2,3:(a,b
w2 (a,b)

2
= E | E E Pr [z;=1? - E Pr [z;=1]
i~n] fannli | brnlye | pagr (@) by | g3 (@)
r 2
= E E Pr ;=1 - Pr |xz;=1 . 10
il | (@ by~ <m~sff*3:<”*”>[ =t Rl ]> 1o

Now, letting A be the type distribution of  and using the fact that ¢, is a flat refinement of ¢,
by Observation 3.19 (using the n-weighted ¢; distance as the metric):

At (AN Ap )< EE P =1] - P =1

EM( ) <7)>) = i~n] (a,b)~n M,ﬁ,g(a,b) [z ] ) %:3;(@,1,) [ ] ]

< E E Pr [z;=1- Pr [;=1]|—| Pr [x;=1]— Pr =1]
i~[n] (a,b)~n | |4 5/‘2 3:(a,b) x~E|2e z~g[2e o~ |§,3;<a b)

= E E Pr [z;=1—- Pr [z;=1]
zw[n] (a’b)/\/'{] wr\{,‘Q 3:(a,b) w/\{l%:a

IN
=
VO
w
=
8
1
—
|
)
E
|
=
~
no
AN
=

where in the last line we used the Cauchy-Schwartz inequality (Lemma 2.34), followed by Equa-
tion (10). |

In the following we will deal with a detailing = of a transfer distribution between two distributions
w and 7 over {0, 1}" with respect to a set A, rather than with a detailing of a “single distribution”
over {0,1}". So typically such = can be viewed as a distribution over {0,1}" x {0,1}" x A, and
in particular =[; 3 would be a detailing of p and =]z 3 would be a detailing of 7. The following
lemma connects the EMD between p and 7 to a distance between the type distributions of the two
detailings resulting from such =.

Lemma 6.5. Let T be a transfer function realizing the EMD between p and 7, and let Z be a
detailing of T with respect to A. Additionally, let A* be the type distribution of the detailing =|q 3
over p, let Y* be the type distribution of the detailing Z|23 of T, and set n = E|3 to be the weight
distribution (common to all detailings mentioned here). Then, diy(A*, T*) < dpm(p, 7).

46



Proof: We first note that by definition of the EMD:

dulpr) = B lney)]l= B | E_ @)

=B, [ oy [ Loty }

i~[n] LN5|3 [(m,y)~E|3:a [ {zi#y;} ]

= E [ E [ Pr [z;=0,y,=1]+ Pr [acizl,yi:O}H . (11)
i~[n] [a~Els [(zy)~E[*@ (z,y)~E[3@
On the other hand, by Observation 3.19, we can say that:
dil (A, T%) < E Pr J[z;=1- Pr y:lH
EM( ) i~[n] [a~E|3 |(z,y)~E3a ’ ] (%y),\,a‘&a[ v ]
i~n] [a~Els (m,y>~ra|3:a[m’ vi=0 (o) ol = 0¥ = 1) }
< E E Pr x; =1y, =0+ Pr x; =0, »—1“.
ir[n] [a~El3 |:($ay)NE|3:a[ ’ vi ) (:c,y)NE\i”iﬂ[ ’ Yi )

Combined with Equation (11) the lemma follows. |

As a heads-up, the above lemma will be eventually used for a detailing = with respect to a cross-
product set A x B, because it will be constructed from a join (see Definition 2.4) involving two
detailings of two respective individual distributions. We are now ready to prove the completeness
of Tolerant-Tester.

Proof of Lemma 6.2: Suppose that there exists a distribution 7 € P for which dgm(p, 7) < €1,

and let T be a transfer function exhibiting the distance. We will show that in such case, the
algorithm Tolerant-Tester accepts. Let k =qg—1, = % and k' = © <22§é6) Let 1V be the
detailing returned by the call to Find-Weakly-Robust-Detailing(§,k’,1/6), let n = uY|s be its weight

distribution and let A be its type distribution.

Note that by the guarantees of Find-Weakly-Robust-Detailing (Lemma 5.11) we have that with prob-
ability at least 5/6, the returned set U defines a (6, k’)-weakly robust detailing. In addition, from the
guarantees of Estimate-Parameters (Lemma 5.12) we have that dpv(7,n) < p and d%M([X,A) <p
with probability at least 5/6. We henceforth condition on the intersection of the above events
(which happens with probability at least 2/3), and prove that in this case the algorithm will indeed
accept.

Set Z' = T a uY (see Definition 2.4, where in the join operation unify the first coordinate of T
with the first coordinate of uU), considering it as a distribution on {0,1}" x {0,1}" x {0, 1}V, and

note that this is a detailing of T' with respect to A def {0,111, Also set ¢ = Z/]2,3, and note that

this is a detailing of 7 with respect to A. However, ( is a general detailing of 7, not necessarily one
defined by variables.

Next, use Lemma 3.23 to find a refinement ¢V which is (8, k)-weakly robust, where V C [n] is a
variable set of size at most k/§. By Lemma 3.26, the detailing ¢V is also (%, q) -good.

We now set = = =/ 1 (V. We consider it to be a distribution over {0,1}" x {0,1}" x (A x B) for
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B {0, 1}IVI, noting that it is a refinement of Z' with respect to B. We also note that Elas =Y,

and that Z|; 3 is a refinement of £ with respect to B (and is in particular a detailing of x, but no
longer one defined by variables). We now let n* = Z|3 be the weight distribution of Z (this is a
distribution over A x B which is a detailing of  with respect to B), let A* be the type distribution
of 2|13, and let T* be the type distribution of =g 3.

By Lemma 2.23 and Lemma 2.28, there exists a %—quantized detailing (in the sense of Def-

inition 3.3) 7 of {|]o = n|; with respect to B and a e -quantized distribution T over

oti)
{0, p, ..., 1}**B_ for which drv(n',n*) < p and d%*M(T, T*) < p.

Now note that n(v) = 0 whenever 7(v) = £|2(v) = 0, and let = 5 >7 be the adjustment of 7j to i
(see Definition 2.5). While 7 may not be a distribution that is considered by the loop in Step 4 of
Tolerant-Tester, the distribution 7’ (as a p-quantized detailing of 17) is considered there. Note that
by Lemma 2.11 dpy(7,1) < p, and hence by the triangle inequality drv (7', n*) < 2p. To conclude
the completeness proof, we will show that the algorithm will accept p through the consideration of
the pair (1, T).

162 61

Using Lemma 4.5 we have that Accept-Probability(s, g, T 1 ) deviates from the true acceptance
probability by at most 1/20. Therefore, since the canonlcal tester accepts 7 with probability at
least 2/3, Accept-Probability returns a value which is at least 2/3 — 1/20 > 1/2, so the pair (7', T)
passes Step (4a) in Tolerant-Tester.

It remains to bound d%’M(A<B>, T). Note that using Lemma 3.32 and the fact that pU is (6, k)-
weakly robust, we have that pU is also (28, 2%/9)-robust. Therefore, letting Ay (respectlvely A< B

=
~—

be the flat extension of A (respectively A) over B, from Lemma 6.4 we have that dEM (A< By, A*) <
Vv26. In addition, since taking a flat extension does not change the distance, dEM( B>)
d%M (A, A) < 257, Using Lemma 2.29, Lemma 6.5 and the triangle inequality:

(A gy, T) < dl (A, T) +2p
< dpn(Aqpys Apy) + dipy (A gy, A) + dib (A, TF) + dib (Y7, 1) + 2p

€9 — €
< 2121+\/25+61+3p

€9 — €1 €2 — €1 €2 — €1
<
ST +55/253q3/2+61+ 9sq
<62+61'
- 2

Therefore, we have that (conditioned on the probability 2/3 event described at the beginning of
the proof), the algorithm Tolerant-Tester indeed accepts through (7, T), as required. |

6.2 Soundness (Proof of Lemma 6.3)
Next, we will show that Tolerant-Tester is sound. That is, if pu is es-far from the index-invariant
property P, then it will be rejected by Tolerant-Tester with probability at least 2/3.

We define a procedure (used later only for an existence proof) that given a detailing £ over A of a
distribution s, a detailing 7 of |y with respect to B, a “target” type distribution A; on [0, 1]4* 5,

and an implementation H : [n] — ([0, 1]4*5 )2 of a transfer function between the “source” type
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distribution As = A(py of &, and A; which extends the implementation of A; that is demonstrated
by &), produces a sample from a detailing = of a transfer distribution between p and some T,
so that the corresponding detailing of 7 with respect to A x B has type distribution A;, and the
distance between p and 7 is bounded by the average of the distances between the types provided
in H.

Procedure Change-types(§,n, H)

Input: A detailing £ of p with respect to A, a detailing 1 of £|o with respect to B, and an
implementation H : [n] — ([0, 1]4*B )2 of a transfer distribution between the type distribution
As = Apy of §;y and a target type distribution Ay, such that H extends the implementation
of A; demonstrated by &,.

Output: A sample from a distribution = over {0,1}" x {0,1}" x (A x B) which is a detailing
of a transfer distribution between p and some 7.

1. Draw (z,a,b) ~ &.

2. For every i € [n] independently, set y, conditioned on the value of x;. If x; = 1, then set
y, = 0 with probability max {0, (H(i))1((;3’8)))_1((5%)))2(‘1’1’) }, and if x; = 0, then set y; = 1

0, Hs(ab)(H(ab) )
RS CONCOREE

with probability max{

3. return (x,y, (a,b)).

Figure 8: A description of the Change-types procedure

We will later use Change-types to show that if Tolerant-Tester does not reject with high probability
then there exists some distribution 7 which is close to p and is not rejectable by a “z"-test for
P, meaning that p itself is not very far from P. But first we need to prove its properties, starting
with the following trivial observation (which follows from the construction of =).

Observation 6.6. The distribution = of the output of Change-types(§,n, H) satisfies Z|13 = &),
and in particular the type distribution of |13 equals A(p.

The following shows that the detailing Z|z 3 of the distribution 7 = E|; indeed has the required
target type distribution.

Lemma 6.7. The procedure Change-types produces a sample from a distribution = such that the

detailing Z|2.3 of T admits the type distribution A;.

Proof: We prove for every i that indeed Pr,, , =s:an [y; = 1] = (H(i))2(a, b), which means that
the corresponding type for this coordinate is indeed (H ())a.

Pr ,=1=Prly,=1|z;=0]- Pr|z; =0+ Prly;,=1|x; =1]: Pr |z; =1].
(wvy)NE\i‘:(“’b)[y | (%y)[y | | (wvy)[ | (sc,y)[y | ] (sc,y)[ |

In the case (H(i))1(a,b) > (H(i))2(a,b), this gives

(H(2))1(a,b) = (H(i))2(a, b))
(H (2))1(a, b)

Pr [y =1 =04 (H(i))(a.b)- (1 - — (H(0))s(ab).

(z,y)~E[3(b)
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In the case (H(7))1(a,b) < (H(i))2(a,b), this gives

(H(i))2(a,b) — (H(i)1(a,b)
1= (H (@) (a,b)

(1= (H(i))1(a, b)) - + (H(i)1(a,b) = (H(i))2(a, b).

The next lemma bounds the distance between p = E|; and 7 = Els.

Lemma 6.8. The procedure Change-types produces a distribution = such that

dpv(Eh,Ep) < E [( E H(H(z’))g(a,b)—(H(i))l(a,b)‘H.

i~[n] |(a,b)~n
Proof: Noting that E|3 = 7, we have that:

dem(E[1,El2) < [dy(z,y)]= E

E
:12 (a,b)~n | (x,y)~E|3:(a:b)

ZN[n] |: (a,b)~n |: (z,y) NHI|.(3 (a:b) [m Yi ] - (w,y)~51|i‘s:(a,b) [w Y ]:|:|
(12)

(v

For a fixed i € [n] and (a,b) € A x B we have that

(sc,y)FEI\‘&(avb) [CCZ =0A Yi= 1] - (sc,y)fPEI\‘Si(avb) [yz =1 ’ Ti= 0] . (m,y)FEI|‘3:(avb) Ti= 0]
o Lo (H(@)s(a,b) ~ (H () (a,b)
= ) o, S e

= max {0, (H(i))2(a, b) — (H(i))1(a,b)},

and similarly,

Pr [z = 1Ay, = 0] = max {0, (H(i))1(a,b) — (H(0))2(a,b)}
(. y)~EfF )

Therefore,

s = OB B = A =01 ‘(H (©)2(a, ) = (H@) (e, )]

Plugging into Inequality (12), we have the final result:

den(E),Zk) < E [( E H(H(i))g(a,b)—(H(i))l(a,b)‘H.

i~[n] [(a,b)~n
|

The final and rather important property of the output distribution of Change-types is the preserva-
tion of goodness. Namely, that if £ was an (e, ¢)-good detailing of the unknown input distribution

i, then E|z 3 will be an (e, ¢)-good detailing of the “new” .

Lemma 6.9. Fiz e € (0,1) and g € N. Let £ be a detailing of p with respect to A, and let n be a
distribution over A X B which is a detailing of &|a with respect to B. If € is (e,q)-good, then the
detailing Z|2 3 of T = E|2, as obtained by the output distribution of Change-types, is also (e, q)-good.
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Proof: Since ¢ is (¢, g)-good, there exists J C A with Prg|,[J] > 1 — € such that for any a € J,
at least (1 — €)n? of the g-tuples in [n]? are e-independent. Consider the flat extension £, with
respect to 7). Since &, is a flat extension, for any a € J and a € [n]? which is e-independent with

respect to £|39, the tuple « is also e-independent with respect to & %(a’b) = ¢ forall b € B.

77>|

’b), then it is also

Next we claim that if a tuple o € [n]? is e-independent with respect to §<n>]%(a
e-independent with respect to v def E|§:(a’b). Let (ji,...,Jq) € [n]? be an e-independent tuple with

respect to &, |§:(a’b). Then, we have that

dry | (&) [t TT () i | <

telq)
Let o denote an optimal coupling from the distribution <§(77> ﬁ:(a’b)) ’{jh.--,jq} to the corresponding
product distribution J[,c1, (§<77> fz(a’b)> |j,» in the sense that
2:(a,b) 2:(a,b) .
arv | (€l ) 1o IT (a7 i | = (B [lwsan)]

L€(q]

We construct a coupling ¢’ from the distribution V’{jl’“_,jq} to the corresponding product distribu-
tion J[,e(, ¥lj and and prove that

E [lyyun] < E [laren]-

(y,y)~o! (z,2")~o

We define the coupling ¢’ as follows. We first sample (x,x’) ~ o. Then for every ¢ € [q¢], if
xj, = m;(g then we apply Step (2) of Change-types for x;, to obtain y,, and set y;-e = y,, (this
means that we “use the same random coins” for handling x;, and ac}e) Ifx;, # a:;z then we just
apply Step (2) of Change-types separately for x;, to obtain y;, and for 33;'4 to obtain y;-[ (note that
in this case only one of the two applications uses randomness). The last two things to note are that
y has the same distribution as the output of Change-types over @ restricted to {ji,...,jq}, while
y’ distributes as the corresponding product, and that under this process * = =’ implies y = v/'.

Hence Ey y)o' [1{y2y'}] < B(z,z)~oll{z£a}]; as Tequired.

Since the above argument holds for any e-independent tuple with respect to §<n>|§:(a’b) for any

(a,b) € A x B (showing the tuple to be e-independent also for E\gz(a’b)), it implies that (e, q)-
goodness is indeed transferred from £,y to Z[a 3. |

Our application to this lemma would be to show that predictability still holds for the resulting
detailing of 7 (with respect to the weight distribution 7 and the type distribution A;), just as it
held for a good enough detailing & of p.

Lemma 6.10. Fiz e,y € (0,1), s,q € N, a detailing & of p with respect to A, and a distribution
n over A X B extending {|o. Let § = ﬁ, let accy(E|2) denote the acceptance probability of
the canonical tester with proximity v applied on Ely, where E is the output distribution of Change-
types, and denote by T the type distribution of Z|a 3. If & is (0, q — 1)-weakly robust, then the output
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acc,(Z|2) of the procedure Accept-Probability(s,q,n,T,v) satisfies

36,(El2) — ace, (E]a)| < ¢/20.

Proof: Since { is (0, €)-weakly robust, by Lemma 3.26 it is also (¢, ¢)-good for some €’ < 15655+ By
Lemma 6.9, we have that the detailing Z|s 3 is also (€, ¢)-good. Therefore, we can use Lemma 4.5
to conclude that |accy(E|2) — accy(El2)| < €/20, as required. |

Proof of Lemma 6.3: By the guarantees of Find-Weakly-Robust-Detailing (Lemma 5.11) we have
that with probability at least 5/6 the returned set U defines a (8, k')-weakly robust detailing u¥ of .
In addition, from the guarantees of Estimate-Parameters (Lemma 5.12) we have that drv(7,7) < p
and d%M(A,A) < p with probability at least 5/6, where n = |y is the weight distribution of Y
and A is its type distribution. We henceforth condition on the intersection of the above events
(which happens with probability at least 2/3).

We will show that if the algorithm accepts, then there exists a distribution 7*, which is accepted
€2—€ )
?

by the canonical test with probability larger than 1/3 (and hence satisfies dpm(7*,P) < %5
satisfying also dpy(p, 7%) < % By the triangle inequality, this will imply that dgn (g, P) < eo.

Let us denote A = {0, 1}|U|, as in the proof of Lemma 6.2. Note that if Tolerant-Tester accepts, then

there exist a %—quantized detailing i’ of 1 with respect to A x B, and a WM-quantized

type distribution T over {0,p,...,1}4%B that satisfy dgM([X(m, T) < (€1 + €3)/2 and such that

!/ €2—€1

Accept-Probability(s, ¢, T, 77/, £25L) returns a value that is at least 1/2.

Noting that in particular 77(u) = 0 whenever p|y(u) = 0, let n* = p|y > 7" be the adjustment of n’
to ply = uYl2, and let ,u[{n*> be the flat refinement of uU with respect to n*. By Lemma 2.11 we

[U].
have dpv(n',n*) < p. Next we apply Lemma 2.28, assuming n > M = gpoly(2%,s,1/(e2—e1))

to obtain a distribution Y* which is 1-quantized such that dpy(T*, T) < p.

By Lemma 2.29 we have clg;\,I(A<B>7 T*) < dgM(A<B>, T*) + 2p. Now let : [n] — {0,p,...,1}4%B
the implementation of A g, demonstrated by ,u<Un*>. We next note that we can apply Lemma 3.18
and obtain an implementation H : [n] — ({0,p,...,1}"*B )2 of an optimal transfer function x
between A gy and T over n*, with (H(i))1 = h(i) for all i € [n]. Thus,

dl (A, T*) = E E
(A T = B | B

(H(i))2(a,b) — (H(i)1(a, b)|]

We construct a distribution 7* along with a detailing =* of a transfer distribution 7™ from u to 7*
with respect to A x B as follows. Recall that uU denotes the detailing of 4 obtained in Step 2 of
the algorithm.

We define Z* as the distribution over the output of Change-types with respect to uV, n* and H.
That is, a sample (x,y, (a,b)) ~ Z* is obtained by calling Change-types(uY, n*, H). We will not
take actual samples from Z*, but only analyze the distance bounds that it implies.

Observe that by construction the distribution 7* = =Z*|5 is supported on {0, 1}", and by Lemma 6.7
the detailing ¢ = Z*|2 3 of 7* admits the target weight distribution n* and type distribution Y*.

Then, by Lemma 6.8, using also the facts that dy, (T, T*) < drv(T,Y*) and d%}A(A<B>,K<B>) =
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d‘ELﬁ(A, A) we have that

Aol ™)< B | B ((H)a(a,b) - (HO)(a,b)]| = dhy (4. T7)

< dini(Amy, Aggy) + ding (A gy, T™)
< dpy (M), Apy) + dipn (Apy, T7) +2p

€1+ € 1leg + €
Lhe gy Hata

<p+

It remains to show that 7* is accepted by the canonical tester (with proximity parameter “z=)
with probability greater than 1/3. Indeed, by our choice of parameters and using Lemma 6.10, we

have that

aCCeyoy (T%) — accq-q ()| < 1/20,
12 12

which implies that 7* is accepted by the canonical tester with probability at least 1/2—1/20 > 1/3,

and the proof is complete. |
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