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—— Abstract

In classical statistics and distribution testing, it is often assumed that elements can be sampled
exactly from some distribution P, and that when an element z is sampled, the probability P(z) of
sampling x is also known. In this setting, recent work in distribution testing has shown that many
algorithms are robust in the sense that they still produce correct output if the elements are drawn
from any distribution Q that is sufficiently close to P. This phenomenon raises interesting questions:
under what conditions is a “noisy” distribution Q sufficient, and what is the algorithmic cost of
coping with this noise?

In this paper, we investigate these questions for the problem of estimating the sum of a
multiset of N real values x1,...,zx. This problem is well-studied in the statistical literature in
the case P = Q, where the Hansen-Hurwitz estimator [Annals of Mathematical Statistics, 1943]
is frequently used. We assume that for some (known) distribution P, values are sampled from a
distribution Q that is pointwise close to P. That is, there is a parameter v < 1 such that for all
ziy (1 =79)P(i) < Qi) < (1 +v)P(i). For every positive integer k we define an estimator (; for
uw= ZZ x; whose bias is proportional to v* (where our ¢; reduces to the classical Hansen-Hurwitz
estimator). As a special case, we show that if Q is pointwise vy-close to uniform and all z; € {0, 1}, for
any € > 0, we can estimate p to within additive error e N using m = @(Nk%/z-:wk) samples, where
k=1[(ge)/(1g~)]. We then show that this sample complexity is essentially optimal. Interestingly,
our upper and lower bounds show that the sample complexity need not vary uniformly with the
desired error parameter e: for some values of ¢, perturbations in its value have no asymptotic effect
on the sample complexity, while for other values, any decrease in its value results in an asymptotically
larger sample complexity.
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Bias Reduction for Sum Estimation

1 Introduction

Consider the following simple problem. Let us have values x; € {0,1} for ¢ € [N] and assume
we may sample i from a distribution Q that is pointwise 7-close to uniform (see Definition 2).
It is easy to obtain an additive +yN approximation of the number of 1’s. But is it possible
to get a better approximation using a number of samples that is sub-linear in N7 We answer
this question positively. Specifically, we solve a more general sum estimation problem, with
the above problem being the simplest application. Additionally, we derive lower bounds
showing that for a wide range of parameters, the sample complexity of our algorithm is
asymptotically tight.

In full generality, estimating the sum of a (multi)set of numbers is a fundamental problem
in statistics, and the problem plays an important role in the design of efficient algorithms
for large datasets. The basic problem can be formulated as follows: given a multiset of N
elements, S = {x1,x2,...,zN}, compute an estimate of the sum p = ZiE[N] ;.

Assume that the values x; can be sampled according to some probability distribution Q
over S (equivalently, over [N]). The classical work of Hansen and Hurwitz [12] examines the
setting in which, when an element = € S is sampled, the probability Q(x) can be determined.
They introduce the Hansen-Hurwitz estimator defined by

1 & X
- — 1
HHH m ; o(X;) (1)
where X1, X, ..., X,, are samples taken from the distribution Q. This estimator has been

used extensively (though often implicitly) in sublinear algorithms [5, 20, 1, 14]. Hansen and
Hurwitz prove that (1) is an accurate estimator of u via the following theorem:

» Theorem 1 (Hansen & Hurwitz, 1943 [12]). The value ppy is an unbiased estimator of the
sum p (i.e., E(ugy) = 1) and its variance is

LN . 2 2
Varlunl = 15220 (g ) ®

Theorem 1 can be applied to obtain probabilistic guarantees for estimating p via sampling.
For example, if one wishes to compute a 1+¢ multiplicative estimate of u with probability 1—49,
by Chebyshev’s inequality, it suffices to take m sufficiently large that Var[upn]/(e21?) < 6.

In practice, it may however be unreasonable to assume that the probability distribution
from which elements are sampled is known precisely. For example, the underlying process
generating the samples may be noisy or may induce some underlying bias. We model
this situation by assuming that the true sampling distribution Q is close to some known
distribution P. When an element z is sampled, the probability P(z) can be determined, but
not the true probability Q(z). We assume that Q is pointwise close to P in the following
sense. The assumption of pointwise closeness turns out to be necessary (as compared to
weaker notions of closeness); see the discussion on page 4.

» Definition 2. Let P and Q be probability distributions over a (multi)set S. Then for any
v < 1, we say that Q is pointwise y-close to P if for every x € S, we have

(1=7)P(z) < Q(z) < (1+)P(z). (3)

Given the situation above, one can apply the Hansen-Hurwitz estimator (1) with the
known distribution P in place of the true sample distribution Q. We define the positive sum,
1+ to be
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It is straightforward to show that the resulting estimator has bias at most yu4, and its
variance increases by a factor of 1 + O(v). However, the parameter v may be too large to
guarantee the desired error in the estimate of u. For the above problem of estimating the
sum of 0-1 values, this would lead to error of vV, while we want error of eN for ¢ < 7.1

Our setting is closely related to recent work in distribution testing. For example, it has
been noted that many algorithms that rely on a probability oracle are “robust” in the sense
that we may do distribution testing to within ¢ if the oracle’s answers have relative error of,
say, 1 +¢/3 [18, 3]. Our work goes further in the sense that our estimators work also in the
setting when the error in the oracle’s answers is greater than the desired error parameter ¢.
Specifically, our goal is to characterize the (sample) complexity of a task as a function of the
oracle error parameter v and a desired approximation parameter €. This can also be seen as
a generalization of the learning-augmented distribution testing setting where ~ is assumed to
be constant [6].

1.1 OQOur Contributions

In this paper, our goal is to estimate the sum p = Zf\;l x; with an error that is strictly
less than the bias yu4 (Equation (4)) guaranteed by ppp. Specifically, given a desired error
parameter £ with 0 < & < 7, we wish to estimate p with bias close to euy. In our setting,
for each sample we are given a random index ¢ € [IN] drawn from the unknown distribution
Q, along with the value z; and our estimate P(i) of the true probability Q(i). We introduce
a family of estimators (i, (o, ..., where each (j has bias at most 7*u . To motivate the
construction of (, we first re-write the Hansen-Hurwitz estimator in terms of the frequency
vector of samples from S. Specifically, if X7, Xo, ..., X,, are the sampled elements, define
the frequency vector Y = (Y1,Ya,...,Yn) by

Yi={j: X;=d}.

We define the estimator

1 N x;
512%;32'7)(1.)-

Note that this estimator can be efficiently implemented, as the items that have not been
sampled contribute 0 to the sum. We may thus implement this in time linear in the sample
complexity, and do not need to take O(N) time.

In the case where P = Q, £; is equivalent to the Hansen-Hurwitz estimator py. More
generally, Q is pointwise ~-close to P, and &; has bias at most yu.

The estimator &; can be generalized as follows. Rather than sampling individual elements,
we can examine h-wise collisions between samples, where an h-wise collision consists of h
samples resulting in the same outcome.

1 Tt is possible to get tighter bounds if parameterizing also by the sum, but for simplicity, we choose to
parameterize the error only by N, e, and ~.
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» Definition 3. For any positive integer h, we define the h-wise collision estimator &, of
p=>.x; to be

N
&= > (3 ) e 5)
o 2 ) er

=1

We note that (};;) gives the number of h-wise collisions involving the value X; = 4. It is
straightforward to show that when Q = P, all £}, are unbiased estimators for u, and that &,
has bias O(hyu4) when Q is pointwise y-close to P.

Individually, the estimators &1, &s, ... are no better than &; = ppy in terms of bias and
variance. As we will show, however, for any positive integer k, a suitable linear combination
of the &; can be chosen such that the coefficients of 4/ in the bias cancel out for j < k. The
resulting estimator then has bias < % ..

» Definition 4. For each positive integer k, we define the bias reducing estimator of order k,
Ck, to be

: 1(k : 1 <k> Yi ]
Ge=> (- (h)sh => (= ﬁ > (h)(m))h (6)

h=1 h=1 h/ ie[N]

» Example 5. In order to give some intuition about the expression (6), consider the case where
P is the uniform distribution and k = 2. Define o; to be such that Q(i) = (1 + «;)P(4). Note
that |«;| < 7 because Q is assumed to be pointwise y-close to uniform. By a simple calculation,
we have that E[¢] = Zi\il(l + a;)x; and E[&] = Ef\il(l + ) ?r; = (1 + 205 + o).
Therefore, it holds that?

N n n
E[¢:] = E[261—&] = Z2(1+ai)mi—(1+2ai+a?)mi = Z(l—i—a?)xi C u:I:Z ollxi| C pEy g
=1 =1 1=1
This proves that the bias of the estimator is at most ¥?u, . Similarly, one can show that the
bias of the estimator above is < *u,. We prove this in Section 2.

» Theorem 6 (Bias portion of Theorem 10). Supoose P and Q are probability distributions
over [N] with Q pointwise y-close to P. Let (i, be defined as in (6). Then

E[Gk — pll < +* s
In particular, if x; > 0 for all i, then (i, has bias at most v* p.

This theorem shows that (; reduces the bias to 4% compared to the bias v for the
Hansen-Hurwitz estimator (equivalent to (7). Theorem 10 additionally bounds the variance
of (i, which is required for our applications.

We apply Theorem 6 (or more specifically, Theorem 10) to obtain our main algorithmic
results. Our goal is as follows: given sample access to some Q that is pointwise y-close to P
and a desired error parameter ¢, estimate p with error € using as few samples as possible.
To this end, we employ a two-stage estimation technique (see Algorithm 2). In the first
stage, we use the 1-wise collision estimator &; (i.e., the Hansen-Horwitz estimator) to obtain
a coarse estimate of y. Then, the second stage refines this estimate by applying the bias
reducing estimator (; with an appropriately chosen k. Specifically, we show the following:

2 The first of the two inclusions is not tight in that the absolute value in |z;| is not necessary, but it
becomes necessary for odd values of k.
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» Theorem 7 (Special case of Theorem 10). Define n = max; 1/P(i).> Suppose Q is pointwise
~v-close to P, and let Varyg be defined as

N 2
1 . €T,
V: = — . 7
v = 53 2200 (5 +) ¢
That is, Vargy is the variance of the Hansen-Hurwitz estimator for the mean pugg/N with
sample size m = 1 (¢f. (Equation 2)). For e1,e9 > 0, define k = [(logey)/log~)]. Then
using

m =0 (\k/ nk71€2_2 VarHH)

independent samples from Q, with probability at least 2/3, Algorithm 2 produces an estimate
Qo of p=">", x; with absolute error

ln— Al <erpy + 2.

To understand the complexity of this algorithm, we note that when P = Q, in order to get
an error €3 the complexity of the Hansen-Hurwitz estimator is e5 2 Vargy. The complexity
of our algorithm can thus be seen as a weighted geometric average between the complexity
of the Hansen-Hurwitz estimator, and n.

As a corollary of Theorem 7, we obtain a solution to the aforementioned problem of
estimating a sum of 0-1 values.

» Corollary 8. Suppose Q is pointwise y-close to the uniform distribution over [N] and z; €
[0,1] for every i € [N]. For any e > 0 define k = [(loge)/log~]. Then m = O(N1=1/kg=2/F)
samples are sufficient to obtain an estimate of p = >, x; with additive error eN with
probability 2/3.

We note that the asymptotic sample complexities in Theorem 7 and Corollary 8 are
non-uniform in v and €. In the case of Corollary 8, for any fixed postive integer k and
constant v > 0, if ¢ = v*, then O(Nl_l/k) samples are sufficient to obtain an e N additive
estimate. On the other hand, if Y1 < ¢ < 4%, then our algorithm uses O(Nl_l/(k+1))
samples. Our next main result shows that this sample complexity is essentially optimal,

and perhaps surprisingly, that the non-uniformity of the sample complexity is unavoidable.

Specifically, we show the following lower bound.

» Theorem 9. Suppose x1,xa,...,xn € {0,1} and N is a parameter. Then for every positive
integer k, there exists a positive constant ci, such that for ¢ < c;*, there is a sequence of
distributions on [N|] that are y-close to uniform such that the number of samples required to
estimate p within error eN is Q(N1—1/(k+1)),

This lower bound matches the upper bound of Corollary 8 for a large range of parameters.

When v < ¢ (where ¢ is as in the conclusion of the theorem), our algorithm has sample
complexity O(N'=Y/(*+1) for all ¢ € [y¥+1 4*), while the lower bound shows Q(N!~1/(k+1))

k+1 civ*]. Interestingly, these matching upper and lower

samples are necessary for all € € [y
bounds show that the asymptotic sample complexity is non-uniform as a let of € for any

fixed (sufficiently small) v: for every e € [Y¥+1, ¢;7¥], exactly ©(N'~1/#+1) samples are

3 Note that N < n, where N is the size of the multiset being sampled. In the case where P (i) = Q(1/N)
for all 4, we have n = ©(N). The convention of defining n in this way was previously used in [6].
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necessary and sufficient, while for € = 4%, ©(N'~1/F) samples are necessary and sufficient.
Thus, as a function e, the sample complexity contains “islands of stability” — intervals in
which some perturbations of € have no effect on the asymptotic sample complexity — while
between these intervals, an arbitrarily small (constant) decrease in e results in a polynomial
(in N) increase in the sample complexity.

Discussion and Related Work

Throughout the paper, we assume that the probability distribution @ from which samples are
generated is pointwise close to P in the sense of Definition 2. Pointwise closeness is a strictly
stronger (and less commonly used) distance measure than, for example, total variation distance
(i.e., Ly distance) or other L,, distances. Nonetheless, this relatively strong assumption about
the relationship between P and @ is necessary in order to obtain any non-trivial guarantee for
estimating p.* Algorithms for generating samples with pointwise approximation guarantees
have been studied in the context of sublinear time algorithms [10, 18, 8, 7, 6, 20, 9] as well as
Markov chains [16, 13]. In the latter case, uniform mizing time gives a bound on complexity
of obtaining samples with pointwise guarantees. Interestingly, Hermon [13] shows a result
that can be viewed as an analogue of our lower bound for Markov chains (specifically random
walks on bounded degree graphs). Namely, small perturbations in the transition probabilities
of edges can result in an asymptotic increases in the uniform mixing time.

The problem of estimating the sum is well-studied in statistics. Classical estimators for
non-uniform sampling probabilities are described by Hansen and Hurwitz [12] and Horvitz
and Thompson [15]. Sum estimation in the related setting where we do not know the
sampling probabilities but know that they are proportional to the items’ values has been
studied in [17, 2].

Open problem: Sample correctors for uniform sampling

Finally, we state one interesting open problem. The concept of sample correctors from [4]
assumes that we may sample from a distribution that is close to some property, and we want
to be able to use it to sample from a distribution even closer to satisfying the property. It is
natural to ask if one can use o(n) samples from a distribution pointwise y-close to uniform
and simulate a sample with bias o(7).

1.2 Technical Overview
Upper Bound

The goal is to reduce the bias from v to v*. Now the main observation that guides our
construction is the following identity:

k
L (= S () e 0

This should be compared to our estimator, ( = Zﬁzl(—l)“‘l (’,j)gh, which clearly mirrors
the identity. The reason for this is that the probability of an h-wise collision on position
i € [N]is Q(i)" ~ (1+~)"P(i)"* in the worst case when 7%8 = 1+ +. Hence the expectation
of the h-wise collision estimator, &, is approximately bounded by (14-)"x. This implies that

4 As an extreme example, consider the case where only a ~-fraction of values z; are nonzero. If P is
uniform, then Q can assign zero mass to the nonzero elements, and still be y-close to P with respect to
total variation distance. Thus, any estimator will return a value that is independent of the actual sum.
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when we take the expectation of our estimator then the expression reduces to Equation (8)
which shows that the bias is reduced to v*. Here, we cheated slightly by assuming that the
bias is the same for all the positions ¢ € [IV]. This is of course not true, but actual calculation
reduces to N instances of Equation (8).

The more delicate part of the analysis of our estimator is the bound on the variance. The
main difficulty lies in rewriting ¢ — E[(x] into something manageable. We note that we can
write our estimator (i as

oS sy ® )
Z ) (P(@@)"

i€[N] h=1
We can express the frequency vector Y by random variables as follows: Y; = > ge[m] [X =1].
(Here, we use [X; = 7] to denote the indicator random variable of the event X; = 4.) This

allows us to see that (),;) = > rcim) [1je7[X; = ). If we now define the polynomials P; by
|I|=h

k
H(ﬁla"'aﬂ?ﬂ Z h+1 h Z H6]7
h=1 m]jel
|1\ h
then we can write our estimator as Gy = ;¢ (y) :F%([X1 = 1],..., [Xom = i]). We observe
that P has degree 1 in each variable so E[P;([X1 =14],...,[Xm = z})] = P(Q(1),...,0()).
Furthermore, it seems reasonable that there should exist polynomials (); which have degree
1 in each variable and satisfy P;([X1 = il,...,[Xm = i]) — Pi(Q(7),..., Q%)) = Q:([X1 =
1] — Q(1),...,[Xm =1i] — Q(7)). This will help us in understanding the variance of our final

estimator (x by decomposing into variances of the simpler events [X; = i]. We show that Q;
exist and are defined as follows

k (k k
Qi(B, ..., Bm) = (— 12—,’; 1 7 Z 115
h=1 h IC[m]jel
|I|=h

So we get that G — E[Ce] = > ;v iQi([X1 = 4] — Q(4), ..., [Xm = i] — Q()). Since
[X, = i) — Q(i) is a zero mean variable and @; has degree 1 in each variable, it becomes easy
to calculate the variance.

A technical detail that we have not touched upon yet is that if £ > 2 then Var[(;] becomes
very large if u? > Var[upn]. The reason is that Var[(;] depends on Zie[N] P(3) (%)2 =
Var[upn] + #?. Thus, if g2 > Var[ugm] then our variance becomes much larger which
is a problem. Now imagine that we already have an estimate, W, of u. We then set
Z; = x; — P(1)W and make a new estimator Ck that uses Z; instead of x;. Then Ck will
estimate g — W so (, + W will be an estimator of p. The trick is that Var[gk] depends
on Var[upu] + (1 — W)? so if W = pu + O(y/Var[uun]) then we will have control over the
variance. We can get such estimate, W, by using our estimator for k¥ = 1 where there are
no issues with variance (i.e., the standard deviation of W — p only depends on +/Var[upgn]
rather than on u).

Lower Bound

At a high level, our strategy is to define a reduction from the problem of distinguishing two
distributions D; and Dy to the problem of estimating u =), ;. More concretely, for each
fixed positive integer k, we define distributions D; and Ds with support sizes n; and na,
respectively, such that:

62:7
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Lo = (1+(9(7)")na,

2. D; and D5 are both pointwise 7-close to uniform, and

3. D; and D, have identical p*" frequency moments for p = 1,2,..., k.5

We describe a reduction showing that for N = ny + ng, P uniform over [N], and x; € {0,1}
for all i € [N], any algorithm that distinguishes y = n; from p = ns can also distinguish
D, from Dy. We then apply a framework of Raskhodnikova et al. [19], which implies that
distinguishing any two distributions whose first k£ frequency moments are equal requires
Q(n'~1/(E+1)) samples. One difference between our setting and that of [19] is that in our
setting, for each sample i we are also given z;, whereas [19] focuses on support size estimation.
However, since the z;’s are 0 or 1-valued, estimating the sum requires us to estimate either the
number of x;’s which are 0 or the number of x;’s which are 1. We can apply this observation
to reduce the problem to finding two nearly uniform distributions (i.e., both are pointwise
7-close to uniform) that differ in support size by a multiplicative 1+ ©(y)* factor, yet match
in the first £ moments.

To do this, we use a combinatorial construction that is inspired by a related lower bound
in [6]. For simplicity, we assume that the probability of sampling any fixed item lies in

%, HT’Y, ceey %} (while these distributions would only be k - y-close to uniform, we can
replace v with «/k). For the distribution D;, we assume the number of elements with
probability H'# is a;, and for the distribution D5 the number of elements with probability
% is b;. Then, our goal is for the support sizes of Dy and Dy (which are Y a;, . b,
respectively) to differ significantly but for the first & moments to match. This means }_ a;
and Y b; differ significantly, but > a;(1 4+ -7)" = S b;(1 4+ - )" If we define ¢; := a; — b;
and think of (14 -+)* as a degree £ polynomial P(i), we want >_¢;P(i) = 0 but >_ ¢; to be
large (roughly v* - n). Finally, we need to make sure that > a;, > b; are both ©(n).

To determine the values of each c¢;, we utilize the observation that for any polynomial
P(z) of degree less than k, the successive differences, i.e., P(z) — P(z — 1) is a polynomial
of degree less than k — 1. We can repeatedly take successive differences k times to get a
linear combination of P(0), P(1),..., P(k) that equals 0 for any polynomial P of degree less
than k. We can therefore set ¢; := a; — b; to be these linear coefficients. Unfortunately,
we will have > ¢; = 0 as well. Instead, we replace ¢; with ¢, := ¢;/(1 + i7), so that
Seh-(T4i-y)f=>c¢-(1+i-y)f"t=0forall 1 <¢<k However, Y ci = ¢;/(1+i-7)
is not expressible as Y ¢; P(i) for a polynomial P of low degree, and will in fact be nonzero,
which is exactly what we want. We scale the ¢, terms so that >_ ¢, = 7% - n. If we write
a; = max(c},0) and b; = max(—c},0), then every a; and b; is nonnegative but a; — b; = ¢.
One can show via some careful combinatorics that after this scaling, > a; and > b; are both
O(n), as desired.

2  Sum Estimation

We now give the algorithm for the sum estimation problem. We then state our main result
(Theorem 10) as well as the special case for estimating the sum of 0-1 values (Corollary 8)
that we discussed in the introduction. We then state and prove Lemma 12 which we then
use to prove Theorem 10.

We now state our main theorem. Note that this implies, by a simple substitution, the
simpler version mentioned in the introduction as Theorem 7.

5 Recall that the p'" frequency moment of a distribution D is ZZ(D(:B))T’ .
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Algorithm 1 EstimateSum(m,k, W).

=

(Xj)jem) ¢ take m samples from the distribution Q

For every ¢ € [N], let Y; denote the number of times value ¢ was sampled
i =2 jepmlX = 1)

For every h € [k], let &, be the h-wise collision estimator
(& = ﬁn) PO (i)% )

4 return W + Zizl(fl)h+1 (F)én

N

[

Algorithm 2 ImprovedEstimateSum(m,t, k).

fary

W « EstimateSum(t,1,0)
2 return EstimateSum(m,k, W)

» Theorem 10. Define n = max; 1/P(i). Suppose Q is pointwise y-close to P, and let Vargy
be the variance of wpp/N defined in Equation (7). For e1,e0 > 0, define k = [(Ige1)/1gv)].
Then using

m =0 (\k/ nk*152_2 VarHH)

independent samples from Q, with probability at least 2/3, Algorithm 2 produces an estimate
fu of p=">", x; with absolute error

=il < e1(1+9) B[P0 ex — pl] + 22

This theorem implies in a straightforward way a solution to the problem of estimating the
sum of 0-1 values that we discussed in the introduction.

» Corollary 11. Suppose Q is pointwise y-close to the uniform distribution over [N| and x; €
{0,1} for everyi € [N]. For anye > 0 define k = [(loge)/log~]. Then m = O(n'~/ke=2/k)
samples are sufficient to obtain an estimate of p =Y, x; with additive error e(p+ /pN)
with probability 2/3.

Before we can prove our main result, we need the following lemma.
» Lemma 12 (Analysis of EstimateSum(m,k,0)). Define n = max; 1/P(i). Let (x;);c|n)
be a sequence of numbers and define u = ZiG[N] x;. Let P be a probability distribution over

[N], and let Q be another probability distribution over [N] that is pointwise y-close to P.
Consider a sequence (Xj)je[m] of independent random variables both with distribution Q.

Define Y; = 3¢y [X; = i] for every i € [N]. Define
k k
G = Z(—l)hﬂ% Z (E)P(i)hzi .
h=1 (h) i€[N] h

Then for k > 2, we get that
[BG]—pl <% ) il (9)

1€[N]

Dic [N] P(i)

m

251 +7) :

nF-tST P(i)fle
Var[¢i] < maX{Q(l + )22 P g3k Eleﬂ

(10)
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and for k =1, we get that

BlG) —pl <y Yl —P (1)

1€[N]

e P() @i — P(i)u)®

m

Var[G;] < (147) (12)

We are now ready to prove the main theorem.

Proof of Theorem 10. Let W be an estimate of p using EstimateSum(t,1,0) where t =
o1+ 'yzkng Vargy). Using Lemma 12 we get an estimate of the bias and the variance.
Now by Chebyshev’s inequality, we easily get that [W — pu[ < 732,y P@)|P(E) ey —

| + max {52/ 29%) \/Ele[N] P()(P(i)~ta; — ,u)2} with probability 5/6. We note that
Pien P@OIP(@) i — p| < \/ZiE[N] P(i)(P(i)~ta; — p)? since p-norms are increasing. So
we also get that |[W — pu| < O \/EZE[N]P( D)(P>E)"ta; — p)?)

Now we calculate ¢ using EstimateSum(m,k, W) with m = O <\/n’C ley VarHH> S0

¢ corresponds to ImprovedEstimateSum(m,t, k). We now note that by Lemma 12,

(E[S] = W) = (u=W)| <4" Y P@)IPGE) 2 = W]

i€[N]
<AHW = ul+4% Y PE)IPGE) s — pl,
i€[N]

and

2k-2).2 e PA)(P@) s — W)?

Var[(] < maX{Q(l +7)y

k=13 ; Al )
2k(1 + ,y)kk?)k ZlE[N] P(m(];])( ) i W) }
B maX{Q(l + )RR Yiep PO)PG) " i — p)* + (W — p)?
28 (1 + )k k3 o (Zze[N] P(Z)(P(Z)n;mi - W)+ (W — ,u)2> }
Assuming that
W —pul=7 Y P@IP@) " zi — u| + max {51/ 20%), |3 PPt - M)Q} |
1€[N] e
we get that [(E[(] = W) — (= W)| < %1 +7) Xien P(0)|P(i) @ — pl + £2/2. Using

that |[W — pu| < O(\/Zie[N} P>i)(P(i)~tz; — p1)?) we can then use Chebyshev’s inequality
to conclude that with probability 5/6

¢ —E[(]] <e2/2

So all in all, with probability at least 2/3 we that | — p| < e1(1+7) 32, n P(9)|P(i ) la —
U‘ + e9. <
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3 Lower Bound

In this section, we prove that for a range of parameters — specifically in the setting of
Corollary 11 — the sample complexity of our sum estimation algorithm (Algorithm 2) is
asymptotically tight.

» Theorem 13. Let k be a positive integer and let € < v < 1 be positive numbers. Suppose
A is an algorithm such that for any v € {0,1}" and any distribution P over [N] that is
pointwise y-close to uniform, A uses samples from P and returns an estimate of ||v||1 = >, v;
within additive error e N with probability 2/3. Then there exists ¢ with 0 < ¢ < 1 such that
if e < cxy* then A requires QN *+1)) samples.

While at a first glance this result might seem contradictory to our upper bound (specifically,
Corollary 8), it actually reveals the following interesting phenomena. Notice that in our
upper bound, the complexity depends on k = [(loge)/log~], so that, e.g., for ¢ = v*, the
complexity is O(Nl_%). Once ¢ becomes slightly smaller, i.e., ¢ = ¢y* for ¢ satisfying
v < ¢ < 1, the complexity of our algorithm abruptly jumps to O(nl_k%rl). The lower
bound implies that this increase in complexity is unavoidable for sufficiently small ¢. That
is, Theorem 13 states that there exists a (sufficiently small) constant ¢, such that indeed
once € = ¢ - ¥, the required number of samples is Q(nl_ﬁl). Interestingly, for all €
satisfying ¢!
complexity only varies for ¢ satisfying c¢;7* < e < 4*. Our matching upper and lower bounds

< £ < epy¥, the asymptotic complexity of sum estimation is the same; the

demonstrate that the sample complexity’s non-uniform dependence on ¢ is not an artifact,
but captures the true complexity of the problem (up to the dependency on ~#/2 in the
numerator of the upper bound). Note that if the conclusion of Theorem 13 held every ¢ < 1,
then this would capture the right dependency on n for all possible ranges of v. Since we
only prove the theorem for a sufficiently small cg, it might be the case that for values € that
are not too much smaller than v*, the optimal dependency on N is lower than our stated
upper bound. Nonetheless, our upper and lower bounds match (up to constant factors) for
all ¢ satisfying vt < e < b,

As described in Section 1.2, the main technical ingredient in the proof of the theorem is
in describing two distributions Dy and Ds over ranges [n1], [ng], respectively, such that Dy
and Dy are pointwise y-close to uniform, n; = (1+6(v)¥)ns, and D; and D, have matching
frequency moments 1 through k. Given these distributions we rely on the framework for
proving lower bounds by Raskhodnikova et al. [19], which states that any uniform algorithm
that distinguishes two random variables with matching frequency moments 1 through k& must
perform Q(n'~/*+1) many samples.

In order to simplify our construction and its analysis, we prove the lower bound for
uniform algorithms. Here, a uniform algorithm is an algorithm whose output depends only
on the “collision statistics” of the samples — i.e., the number of collisions involving each
sample, and not the identities of the samples themselves.

» Definition 14 (Uniform algorithm. Definition 3.2 in [19]). An algorithm is uniform if
it samples indices i1,--- , iy, independently with replacement and its output is uniquely
determined by (i) the value of the items x;; and (ii) the set of collisions, where two indices j
and j' collide if i; = i:.

In particular, a uniform algorithm’s output does not depend on the sampled indices
themselves. The following lemma asserts that our restriction to uniform algorithms is without
loss of generality.

62:11
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» Lemma 15 (cf. Theorem 11.12 in [11]). Suppose there exists an algorithm A such that
for any v € {0,1}" A uses samples from P and returns an estimate of ||v], = >, vi within
additive error e N with probability 2/3 using s samples in expectation. Then there exists a
uniform algorithm A’ that achieves the same approzimation guarantee using s samples in
expectation.

The proof of Lemma 15 is essentially the same as that of Goldreich’s Theorem 11.12
n [11]. The key idea is that ), v; is a “label invariant” in the sense that it is unaffected
by any permutation of the indices of v. Thus, given an algorithm A as in the hypothesis
of Lemma 15, we can obtain uniform algorithm A’ with the same approximation guarantee
by simply choosing a uniformly random permutation of the indices of v, then using the
permuted indices of v as inputs for A. See Theorem 11.12 in [11] for details.

Finally, our lower bound argument requires the following result that is a direct consequence
of the work of Raskhodnikova et al. [19].

» Theorem 16 (Consequence of Lemma 5.3 and Corollary 5.7 from [19]). Let D1 and Dy be
distributions over positive integers by < ... < by, that have matching frequency moments 1
through k. Then for any uniform algorithm A with sample complexity s that distinguishes Dy
and Do with high constant probability, s = Q(n*~1/(F+1),

Our main argument for the lower bound applies Theorem 16 in conjunction with a
reduction from distinguishing Dy and Ds to sum estimation. The main technical ingredient
is the following lemma, which asserts the existence of suitable distributions Dy and Ds.

» Lemma 17. For every positive integer k and sufficiently large integer n, there exist two
distributions Dy, Do over [ny] and [na] (respectively) satisfying ny = (1+0(7)*)n, and ny = n
such that pp, (i) € (1+£v)L for j € {1,2} and the following holds. For all ¢ € {1,2,...,k},
it holds that

i1 n2

> (o, (i) = (po,(0))".

i=1 i=1

In particular, there exists an absolute constant ¢ such that for sufficiently large n, ny >
(14 cxy*)n1 and the above conclusion holds.

Before proving the lemma, we show how the lemma implies Theorem 13.

Proof of Theorem 13. The theorem follows from Theorem 16 together with Lemma 17. Let
N = ny + ng, where n; = (1 + O(7)¥)ns as in the conclusion of Lemma 17, and consider
distinguishing between two possible outcomes O; and Os.

In the first outcome Oy, let S = {1,2,...,n1} C [N] and T = {t1,...,tn,} := [N]\S.
The distribution Q will be as follows. With exactly 1/2 probability, we choose S: if so, we
then choose a sample i ~ Dy, which will be in [n1], and output i. Otherwise, we choose T
we then choose a sample i ~ Dy, which will be in [ng], and then output ¢;. Here, Dy, Do are
the distributions from Lemma 17. Finally, we let v; =1 ifi € Sand v; =0if i € T.

The second outcome Os is similar but “flipped”. Now, we let S = {1,2,...,n2} C [N],
and T = {t1,...,t,, } := [N]\S. With exactly 1/2 probability, we choose S: if so, we then
choose a sample i ~ Dy, and output 7. Otherwise, we choose T: we then choose a sample
i ~ D1, and then output ¢;. Finally, we let v, =1ifi € Sandv; =0ifi € T.

Under Oy, we have that Y v; always equals ny, whereas under O, we have that > v;
is always no. In addition, since both n; and ng are & - (1 +O(y)), and since D; and D,
are y-pointwise close to uniform, the distribution Q that we sample from in either case is
O(y)-pointwise close to uniform. So, we may assume that P is uniform over [N] in either
case.
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Now, assume that there exists a uniform algorithm® A that draws samples (i, v;) either
from outcome O; or outcome Oy and with probability at least 2/3, computes an estimate of
Zi v; up to additive error ckwkN/5, where ¢, is as in the second conclusion of Lemma 17.
Observe that when the error bound on A is satisfied (which occurs with probability at least
2/3), A’s output distinguishes scenarios O; and Os.

Finally, we observe that distinguishing O; from Os is sufficient to distinguish the distri-
butions D; and Ds. Indeed, under scenario O, the 1-values and sampled from D;, while
the 0-values are sampled from Ds, while the roles are reversed in Q. Thus, the output of A
suffices to distinguish Dy and D>. Since A uses s samples in expectation, Theorem 16 and
Lemma 17 imply that s = Q(n' =Y/ (*#+1) as desired. <

We now conclude by proving our main technical lemma.

Proof of Lemma 17. First, we note that

()0 -5 () Er st

() E()

The last line follows by setting j = ¢ —r. Now, note that the summation in the last line equals
(1—-1)k¥"=01if k > r, and equals 1 if £ = 7. So, this means that Zfzo(—l)l(lf) (%) =0 for
all 0 <r < k.

Next, note that (:) =

in 7. From this observation, it is well-known that every degree at most £ — 1 polynomial in ¢

w for all integers ¢ > 0. This is a degree-r polynomial

can be written as a linear combination of (é), cee ( kil). Therefore, for any polynomial P of
degree at most k — 1, S (—1)'(¥) - P() = 0.

3
Now, we let the distribution D; have exactly a Qk—,)l fraction of its mass consisting of
items each with probability (1 + %) . nio, for each even integer 0 < ¢ < k. Here, ng will
()
2h—1.(1+20)
(1 + %) . % for each even integer 0 < ¢ < k. Likewise, we let the distribution Dy have

(%) 1

exactly a 5y fraction of its mass consisting of items each with probability (1 + %) - P
for each odd integer 0 < ¢ < k. Note that the total fraction of mass for both Dy and D5 is
clearly 1.

First, we note that for any 1 < /¢ < k,

be an integer chosen later. Note this means it must have ng - points with mass

ni ni

z;(pml ()" — ;(pDz (1)) (13)
N é 107 ok ((1)+ 2y’ <<1+ 7kl> n10>" (14)
- i}”@ ok 1 (1)+ 2y ((” Wkl> nlo>€ (15)

i odd

6 Again, the assumption that A is uniform is without loss of generality by Lemma 15. For our construction,
however, the two scenarios @1 and Os can be distinguished by a non-uniform algorithm using O(y*)
samples. Indeed, the two scenarios are distinguished by seeing any value v; with na < ¢ < n;. Following
the proof of Lemma 15 (cf. Theorem 11.12 in [11]), the scenarios are indistinguishable to even a
non-uniform algorithm we we replace S and T' with randomly chosen complementary subsets of [N].
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e ()

By letting P(i) be the polynomial (1 + %)671, we have that P(4) has degree at most k — 1,
so this equals 0, as desired.

Finally, we look at the difference n; — no, i.e., the difference in support size between D
and Dy. This simply equals

S () () o N~y G
Z nO.Qk—’Hi Zno (ll_i_Vl) :2k—1 Z(il)zﬁ%l (17)

= =0
1 even i odd
We now inductively prove (by inducting on k > 1) that Zfzo(—l)l' i a(a+"fk)!-‘-7(ka+k7)
, k
for any real numbers a,v. For k = 1, we have that Zfzo(fl)l . as_ig,i =1_ % = a(a_w).

For general k, we can write

k k k-1 k—1
Z(_l)i . ai? ~ — Z(_l)i . (i71> + ( .i ) (18)

i=0 i=0 aty-t
k-1 k—1 k k—1
. (") - (o)
— 1y, i ) _1y . Nim1)
_g( 2 a+’y~i+;< 2 a+v-i (19)
1 k—1

:k_ (_1>i. (kz_'l) _ ("3;1)

S S A —
a+7y-i ;O( ) (a+y)+v-3j

(20)

where we have set j = ¢ — 1. We can now use the inductive hypothesis on £ — 1 to obtain
that this equals

(k= 1) 451 (k= 1) 451

! - (21)
al@a+y)---(a+(k=1)y) (a+~v)-(a+ (k—1)y)(a+ky)
NI = (a+ky)—a
=k T @ - Dt ) (22)
=kl 9" . (23)

aat ) (at (k= Dy)at k)’

Therefore, by setting a = 1 and replacing v with 7/ = /k, we have that the difference in
support size between Dy and Ds is

k=1 kT T/ 20 /k) - (L)

Assuming that v < 1/2, we can apply Stirling’s approximation to obtain that this difference
is no - (7/0(1))".

To finish, we will set ng appropriately. Note that we wish for D5 to have support size
exactly n. However, all of the points in D, has mass between % and 1:—07, which means

that the support size no must be between I"TO and ng. So, we can first set ng, and then
k

no

mmo}, and n; to

choose n = nsy to be ng - Z

()

k no
be ng- >, 0,i even 2E-T.(113) Both n; and n = ny are in the range {m, no]. Indeed, we

will have that Y"1 (pp, (1))¢ = 312, (pp, (i))%, and ny — ny = O(7)* -ng = O(7)* - n. In

i=0,i odd m, which is in the range |:
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addition, because all of the values pp, (i) are in the range [ 1 m} for both j = 1 and

ng’ ng
j = 2, this means that they are also in the range [1777, HT”

proof. <

], as desired. This completes the
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A  Proof of Lemma 12

Here, we prove the main technical lemma for our sum estimator.

Proof. For each i € [N] we define v; such that Q(7) = (1 + v;)P(i). Since we know that Q
is pointwise ~y-close to P then |v;| < =, and since both Q and P are probability distributions

then ZZE[N] A/Z'P( ) = 0
We start by proving the bounds on the expectation, i.e., Equation (9) and Equation (11).

el =5 | S0 8 5 (o

We use the fact that ¥; =

(’21) = Zlg[m]:m:h HjEI[Xj = i]. This implies that E [(1}?)} = (f)Q(Z)h — (’;:)(1 +
7:)"P(i)". Plugging this in, we get that

k k k
B[G] = Z(—l)h“((:% > (7};)(1 +7)"P@)"P(E) s = Z(—l)h“ (2) >+
h ] h= i

im) [X; = 1] is a sum of 0-1 variables so

— ieN 1 1€[N]
k

Z S h+1<)(1+%)"zle<1+z h+1<>(1+%)h>

ic h=1 i€[N]

Z dL- =@ )) = 3w (1 (D))

1€[N] ie[N]
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If k > 2 then we easily see that

E[G) —pul=1> =D = “DMPAE =1 Al <8 )l
i€[N] i€[N] i€[N] i€[N]

For k =1 we will exploit that 3, 7iP(i) = 0.

|E M‘ = | Z Yiti| = | Z v (P = P@)p))|

1€[N] i1€[N]
13 = PO <y Y Jai— P
i€[N] 1€[N]

Now we will focus on bounding the variance. First we prove Equation (12).
2
vl =e | (3 5 5 =m0 - 1000

j€[m] i€[N]

2

- Y E (Z 51X = P() ! - <1+%>>)
F€E€[mM] i€[N]

We will argue that >, n #i([X; = iPE)™ — (14 75)) = e (@i = POwu)([X; =
iP() ™ = (L+ )

Y wX =P~ (1 +7)

i€[N]

=Y (@i =P+ POW(X; =P~ = (1 +7))
i€[N]

= (xi — PER(X; = i1PGE) " — (1 +7)) +p Z
1€[N] welN]

Now since 3, (n; 7P(é) = 0 it follows. We can now bound the variance.

Varlgi] = — }jE(ZurmWM&wwn%u+m)]

1€[N]
3;ZE<ZP ammﬁO]
J€[m] L i€[N]
- % 7’Q((Z))2 (@i = P(i)p)” < 77 > P @ = Pliyp)?
i€[N] Pyt

Now we just need to focus on the case of k > 2 and prove Equation (10). For this we
need the following lemma for which we defer the proof till Appendix A.

» Lemma 18. For all sequences of numbers (B;);jepm) and all o the following identity holds:

I+1 k+1 @ak—l o @
= G ([lovor) ccow 2 e Tlo-uo

jer IC[m] \| jer
o<|I|<k o< |1|<k
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The idea is to use Lemma 18 to prove that

m—|I|
G-EBlal= Y (’“( ';') RIS T —(1+%)). (24)
k

IC[m] i€[N]  jel
o<|1|<k

First we use that E[(;] = ZZ:I(—l)h ((f;)) 2iev] P(i)~ha; E [(};)} which allow us to rewrite
h
Gk — E[G]-

_ Sy ) Y Y,
G — E[G] = Z @) Z n) - E N
h=1 h €[N]
We now again use that Y; = 3., ,[X; = i is a sum of 0-1 variables so

( ) Z[C [m]:|I|= hH]EI[ =i and E {( )} = (7;)(1 +7i)h7)(i)h-

e 2o - ()

= Z(—l)h((%)) PIRZOREDS (H[X]- =il—-(1 +%)h7’(i)h>

h=1 i€[N] IC[m] \jerI
|I|=h
k k
-N "z > (h (H[X =] 1+%)h7>(¢)h>
i€[N]  h=1IC[m] ( jel
|I|=h
=D @ el gy (H[Xj—i](1+%)"'7>(i)’>
€IN]  IC[m] (\I\) Jel
0<|I|<k
=S ( 1)‘”“(‘TQ) (Hp(i)l[Xj ] (1+v)’>
€[N] 01<CTI[|72]k <\I\) jEI

For each i € [N], the expression Y i (—1)11+1 E'”g (H;el PE)HX; =4 - (1 +’Y¢)|”)
0<|1|<k
is of the form of Lemma 18. So applying that N times we get that

Y X *I'H ) (T170- — (14!
i€[N] IC[m III jer

0<|I|<k
k
P ILICORDY E'{Jivf""} (PG X; =] = (1+7))
i€[N] Oig‘}gk 1] JEI

(1)
= (_1)k+1 m
Igz[r:n] (7))
0<|I|<k

> o T (PO =i 1420

1€[N] JjeI

This shows that Equation (24) is true.
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Now let I, I» C [m] be two different set of indices with 0 < |I1], |I2] < k. Without loss of
generality, we can assume that there exists h € I \ Is.

T=(Y e [T PO X =i - (1+7))

i€[N] Jje€l

O e T PO X =i = (1 +7))

i€[N] jel2

Note that if we multiply this expression out then every term will contain a factor of the form
(P(i)~[Xp = s] — (14 ;)) for some s € [N] and where all the other factors are independent
of Xp. Since E[(P(i)7'[X}, = s] — (1 +))] = 0 we get that E[T] = 0. This implies that

B¢ —BlG)Y = > (E%) EI(Y" A M [IPG) 71Xy = i) — (1 + 7))
IC[m)] I i€[N] jeI
0<|I|<k

Let I C [N] be fixed then

Z L H(’P(’L‘)il[Xj — i — (1+7)))% < E[( Z AP HP "X =1])%

Jjel i€[N] Jjel

_ Z 2k=21] 2 Q(l 22| Z 1+’Yz )|
Z)2|I| = PO

1€[N]

Collecting terms we get that

kY 2 N
Bl(G - ElG)A < Y (8) (DD fw

I1C[m] 7]
0<|I|<k

v v 2
Now we note that for all ¢ € [N], the map h — 22,?;’ 72’“_%(1—&-7)}1% is log-convex since

h k?2h

z AR 4 )" > ieN] 73({)
is convex and is thus maximized at the boundary. We then get that
2k—27.2 Z:Z’E[N] P(i)_lx?
m
nf Y e P e }
mk

which finishes the proof of Equation (10). <

each factor is log-convex. This implies that the map h

B{(G — BlG)?) < max{2(1+7)

)

2k(1 + ’Y)kkgk

Finally, we must prove Lemma 18 which will finish the proof of Lemma 12.

» Lemma 19. For all sequences of numbers (B;) cim) and all o the following identity holds:

> o8 (s -vor) <o 3 B [0
1C[m] (‘”) ] (\I\)

C jer IC[m jerI
0<|1|<k o<|I|<k
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First we need a simple lemma.

» Lemma 19. For all sequences of numbers (5;);cr and all o the following identity holds:

[15-a+a)l =Y @+a)ll-VIT]e

jel 0#£JCI jeJd
Proof. Let 3} := 8; — (1 + ). Then,

[18 -+ =T]6;+ 1 +a) - 1+a)

jel Jjel
= > +a) 78| -+
JCI jeJ
= Z (1+0¢)|I|_‘J‘H(ﬁj—(1+a)). <
0£JCI jeJ

Proof of Lemma 18. We start by applying Lemma 19

> o (m 1+a>

IC[m] JEI
0<[1|<k

Z (— 1 [T]+1 (\I\ Z (1+0&)|I| [J] H(ﬁ 1+a

IC[m)] \I\ 0£JCI jeJ
o<|I|<k

k m—|I|
We use that E I% (k(;‘ls') which follows from the fact that ('} )(k) ( m )

|1 k [1] |I|,k—|I|,m—k =
() Gl

Z (_1)|1|+1 E::i:; Z (1+a)\1\*IJ\H(ﬂ

Oig‘}@k 0£JCT jeJ
m—|I|

= > (1)’“(’“(;3) > )6 - (14 a))

02%1[7\1]1@ k 0£JCI jeJ
:(i) > (H(ﬂj—<1+a>>> 2 <—1>'”“<Z_"j')(1+®""

kJgcim] \jeJ I1C[m)]

0<|J|<k JCI,|I|<k
k

= (%) J;] (_11(6;-—(1%))) hE(—l)"*l(f:'j') (’,’Z__ :)(1+a)h_|Jl

0<|J|<k
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Now we use that ('}~ h)(h \‘j\‘) (s hm ‘ka‘L |J|) (k:|lj|l)(lffb:‘|§‘|)'
k
(%) Z (H (1+0)) > Z h+1(m_|j|) <z_:)(1+a)hu
¥ i, Ve =
1 . » 1 1 (k- |J] .
:@ Z < (14 a)) > Z + k—|J><h—|J|>(l+a) 1]
oo =
= L Z |J|+1< |J|) 1—|—Oz ) kilj”(_l)h (k_ Jl) (1+a)h
7:) JC[m] ‘J| ]EJ h=0 h
0<|JI<k
:%) > (73_ 'j') (H(@—(Ha))) (1= (1+a)"
¥ 5T
1)kt m— U
Rt (M'ﬂ)a’“ | '(H(Bj—(1+a))>
(k) Jlg[m] JEJ
o< |J|<k

(n) _ Golf)

Finally, we again use that () =7 3] to finish the proof.
|1 K

(=1)k+! m =1\ k=11 o N
e
0<|J|<k

EILDY ) et 15— (1 +a))
25, )
0<|J|<k
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