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Abstract

We consider density estimation for Besov spaces when the estimator is restricted to
use only a limited number of bits about each sample. We provide a noninteractive
adaptive estimator which exploits the sparsity of wavelet bases, along with a
simulate-and-infer technique from parametric estimation under communication
constraints. We show that our estimator is nearly rate-optimal by deriving minmax
lower bounds that hold even when interactive protocols are allowed. Interestingly,
while our wavelet-based estimator is almost rate-optimal for Sobolev spaces as
well, it is unclear whether the standard Fourier basis, which arise naturally for
those spaces, can be used to achieve the same performance.

1 Introduction

Estimating distributions from samples is a fundamental statistical task. Modern applications, such as
those arising in federated learning or the Internet of Things (IoT), often limit access to the true data
samples. One common limitation in large scale distributed systems is communication constraints,
which require that each data sample must be compressed to a small number of bits.

Most prior work on communication-constrained estimation has focused on parametric problems
such as Gaussian mean estimation and discrete distribution estimation. In this work, we study
nonparametric density estimation under communication constraints where independent samples
from an unknown distribution (whose density f lies in a function class) are distributed across
players (one sample per player), and each player can only send ¢ bits about its sample to a central
referee; the referee outputs an estimate of f based on these /-bit messages. This problem has
been considered before by [5] for densities in Holder class #5 ([0, 1]) (functions supported on [0, 1]
satisfying | f(z) — f(y)| < L|z — y|® for every z,y € [0, 1]), which is a relatively simple class for
which the normalized histogram with uniform bins is known to be optimal in the centralized setting.
This suggests a natural method for distributed setting — quantize each data sample into uniform bins
and use the optimal estimator for distributed discrete distribution estimation. Indeed, [5] shows that
this is optimal for distributed estimation of densities from the Holder class under communication
constraints. However, this simple estimator does not seem to extend to the richer Sobolev class and
the most general Besov classes. In particular, the following question is largely open:

How to quantize samples to estimate densities from Besov classes under communication constraints?
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We resolve this question both when the density belongs to a Besov class with known parameters
(nonadaptive setting), and when the density belongs to a Besov class where only upper and lower
bounds on parameters are known (adaptive setting). Specifically, our proposed estimators exploit the
sparsity of wavelet basis for the Besov class, and use vector quantization followed by the distributed
simulation technique introduced in [3] for distributed parametric estimation. We also establish lower
bounds that prove the optimality of our estimators (up to logarithmic terms in the adaptive setting).

1.1 Problem setup

Xi,...,X, are independent samples from an unknown distribution with density f supported on
X := [0,1] and belonging to the Besov space B(p, g, s) (see Section 2 for details). There are n
distributed users (players), with player-i having access to sample X;. Each player can only transmit ¢
bits about its sample to a central server (referee) whose goal, upon observing ¢-bit messages from
n players, is to estimate f. We consider an interactive setting, where the current player observes
the messages from previous players and can use them to design its message.' That is, in round 1,
player-i chooses a communication-constrained channel (randomized mapping) W;: X — {0, 1} as
a function of prior messages Y1, ..., Y;_1 and randomness U available to all players; it then passes
X; through W; to generate Y; € {0, 1}£. The referee observes the messages Y71, ..., Y, and outputs

an estimate f of f. We term such an f an (n, £)-estimate; let £, ; denote the set of all (, £)-estimates.
Our goal is to design estimators that achieve the minmax expected £, loss defined, for » > 1, by

Lr(n,l,p,q,s) = inf sup Ey [Hf— fH:} (1)
f€€ne f€B(P,q,5)

For upper bounds on L*(n, ¢, p, q, s), we consider algorithms that use the more restricted nonin-
teractive protocols, where the channel W; of player-¢ is not allowed to depend on the messages
Yi,...,Y;_1 or on the common randomness U, but it may depend on the private randomness U;
available at player-i, where Uy, . . ., U,, are independent of each other and jointly of U. Noninteractive
protocols are easier to implement and result in much simpler engineering for the distributed system.

1.2 OQOur results and techniques

Our first result is an information-theoretic lower bound on L.

Theorem 1.1. For any p, q, s, r, there exist constants C = C(p,q,s,r) > 0,a = a(p,q,s,7) > 0
such that

max{n = 1, (n2€)7ﬁ}, r<(s+1)p,
e _r(s—1/p+1/r) Cu
L£i(n,l,p,q,s) > C - { max{n =+, (n2f) PEEIIEE (logn2f) Y, re((s+1p,(2s+1)p),

_r(s=1/p41/m) r(s—1/p+1/7)

max{ (25) 7T (n2) T (logn2!) ), v > (25 4+ 1p.

logn

‘We emphasize that this lower bound even applies to inferactive protocols as defined in Section 1.1.
When the parameters p, g, s of the Besov space are known, we design a noninteractive estimator that
achieves the optimal rate when r < p.

Theorem 1.2. Forany r > 1 and p,q, s withr < p, there exists a constant C = C(p, q, s,r) and an
(n, £)-estimate f formed using a noninteractive protocol such that

sup Ky [Hf_ f“:] < Cmax{n*ﬁ7 (n2z)7ﬁ}.
fE€B(p,a;s)

We finally design an adaptive, noninteractive estimator that only requires bounds on s, and no further
knowledge of p and q. Moreover, this estimator achieves (up to logarithmic factors) the optimal rate
for all parameter values.

Theorem 1.3. Forany N € N, r > 1, and p,q,s with 1/p < s < N, there exist constants
C=C(p,q,s,7),a = a(p,q,s,r) and an (n,L)-estimate f formed using a noninteractive protocol

'Since our lower bounds rely on general results in [2], we borrow the notation from that paper.



such that

s

max{n~ 77, (n2¢)” FF}, r<(s+1)p,

R e _r(s=1/p+1/r)
swp B[~ £ < Clog®n - { max(n~ =, (n2t) - FE T, re((s+p, (25 +1)p),
max{n” IR (n2f) T ECTET Y r > (25 + 1)p,

fEB(p,q;s) r(s—1/p+1/m) r(s—=1/p+1/7)

where the protocol only requires knowledge of N (an upper bound on s).

In summary, for all » > 1, the minmax L, loss of estimating B(p, ¢, ) (up to logarithmic factors) is

max{n = %+, (n2£)7ﬁ} r<(s+1)p,
_r(s=1/p41/r)
Ly(n,4,p,q,5) <  max{n = z=+1, (n22) 2e-1/mtz ) re((s+1)p,(2s+1)p), @
r(s—1/p+1/7) r(s—1/p+1/r)

max{n~ G-I/ (n2f)T EEEURT L p > (254 1)p.

It it worth noting that the first term of the maximum in all cases is the standard, unconstrained
nonparametric rate (cf. [10], or the discussion below), while the second term reflects the convergence
slowdown due to the communication constraints. The effect of communication constraints disappears
when / is sufficiently large. In particular, we get back the centralized rates when £ satisfies

2%1) logn, ifr < (s + 1)p,
02 (ot — 5 ) logn, ifr € (s + 1)p, (25 + 1),
) logn. itr > (25 + 1)p.

For the standard case of Lo loss, with, say p > 2, the minmax rate becomes the more interpretable
quantity

s __2s
ﬁ;(’rh&p, q, 3) = max{n*%ﬂ7 (n2€) 2s5+2 }7

where we see that the /-bit communication constraint reduces the exponent of the convergence rate
from 252j_1 to 23_?_2. Note that the difference becomes less perceptible as ¢ grows, or s tends to co.
Finally, from (2) we observe qualitative changes at » = (s + 1)p and = (2s + 1)p, where the
rate exponent changes slope. This phenomenon, whose analogue is observed in the unconstrained

setting [10] as well as under local privacy constraints [7], is sometimes referred to as an elbow effect.

Quantize, simulate and infer. A conceptually simple technique for distributed estimation under
communication constraints (“simulate-and-infer””) was proposed in [3], which uses communication to
simulate samples from the unknown distribution, and provides an optimal rate estimator for discrete
distribution estimation under communication constraints. A natural approach for nonparametric
estimation would be to quantize the samples to the available number of bits (¢) and use this quantized
sample to estimate the distribution. However, it is unclear if this approach gives optimal rates.
Instead, in our approach, we quantize without inducing any “loss of information.” Specifically, we
form an approximately sufficient statistic (based on wavelets) that can be represented using finite
bits and does not result in rate-loss. The number of bits could still be more than ¢, and therefore,
we use simulate-and-infer to generate samples from the statistic. Thus, loss of information due to
communication constraints only happens in the last step, when we use multiple samples to simulate a
sample from the sufficient statistic; the quantization part is just for efficient finite representation.

Sobolev spaces and Fourier bases. A first approach that we tried for Sobolev spaces was to use the
Fourier basis, a natural choice for a Sobolev space. However, all our attempts led to a suboptimal
performance either in the dependence on £ (we were not able to get the exponential 2~ ¢ dependence)
or the exponent of . (i.e., when we tried to get 2 dependence, this resulted in a suboptimal exponent
of n). Somewhat surprisingly, the more general wavelet-based approach described above gives us
tight bounds for Sobolev space as well, since Sobolev space S(5) = B(2, 2, 5). Thus, it seems that it
is necessary to use the wavelet representation even for Sobolev spaces to get an appropriately “small”
statistic — sparsity of wavelets is very useful for inference under communication constraints.

Organization. After discussing prior works (Section 1.3) and preliminaries (Section 2), we describe
our estimation algorithms in Section 3. In Section 3.1, we present the nonadaptive single-level
estimator (comprising Algorithm 2 and Algorithm 3), which achieves guarantees of Theorem 1.2



(proof in Appendix B). In Section 3.2, we present the adaptive multi-level estimator (comprising
Algorithm 4 and Algorithm 5), which achieves guarantees of Theorem 1.3 (proof in Appendix C).
Finally, in Section 4, we briefly discuss our approach to proving lower bounds of Theorem 1.1, with
details deferred to Appendix D. Appendices can be found in the Supplementary.

1.3 Prior work

The seminal work of Donoho, Johnstone, Kerkyacharian, and Picard [10] proposed wavelet estimators
for Besov class in the centralized setting, and showed that these estimators achieve near-optimal rates
of convergence (up to logarithmic factors),
2s+1
’C:(na OO,p,q,S) = {n_T(Sl’/PJrl/T) "s (2S+ 1)p’ 3)
n” 2P > (254 1)p.

Their results highlight the fact that linear estimators are inherently suboptimal for estimation with
respect to L, losses, when r is large; that is, some nonlinearity in the estimator is required to achieve
optimal rates for r > p. In particular, they show that nonlinearity in the form of thresholding achieves
optimal rates for > p (see Section 2 below for details). Further, they use thresholding to design
adaptive estimators that achieve near-optimal rates. These minmax rates exhibit the aforementioned
elbow effect, where the error exponent is only piecewise linear, and changes slope at r = (2s + 1)p.
We refer the reader to [10] for a further discussion of these phenomena.

Butucea, Dubois, Kroll, and Saumard [7] recently extended these ideas to obtain near-rate optimal
estimators for Besov spaces under local differential privacy constraints. Their adaptive estimator, as
well as the information-theoretic lower bounds they establish, show that similar phenomena occur
in the context of locally private nonparametric estimation. Our work, specifically the analysis of
our adaptive estimator, draws upon some of the ideas of [7], with some crucial differences. In
particular, the key ideas underlying our estimators — the wavelet-induced sparsity (Claim 3.1), the use
of distributed simulation, and vector quantization — are neither present in nor applicable to the setting
of [7] (where the introduction of random noise to ensure differential privacy effectively removes
wavelet sparsity). Furthermore, our lower bounds even apply to interactive protocols, unlike the lower
bounds from [7] which are restricted to the noninteractive setting.

In summary, our paper is the first to derive the counterpart of the nonparametric estimation results
of [10, 7] under communication constraints, and shows that the analogue of the phenomena observed
in [10] holds in the communication-constrained setting.

Other work on distributed estimation. We briefly discuss the related literature on distributed
(communication-constrained) estimation problems. [18, 15, 16, 8] have studied the problem of
distributed nonparametric function estimation (regression) under a Gaussian white noise model in
a noninteractive setting with n players, where each player observes an independent copy of the
stochastic process dY () = f(t)dt + (1/v/N)dW (t),0 < ¢ < 1. Here W (t) is the standard Wiener
process, and f is the function to be estimated. [18] derive minimax rates for f in Sobolev space under
Lo loss, where each player can send at most ¢ bits. [15] derive minimax rates for f in the Besov space
B(2,00,s) (“Sobolev type”) under L5 loss, and f in B(co, 00, s) (“Holder type”) under L, loss,
where each player can send at most £ (assumed to be at least log IV) bits on average. Further, the paper
proposes near-optimal adaptive estimators (based on Lepski’s method) that adapt to the smoothness
parameter s, provided that s € [Smin, Smax)> Where Smin depends on n, £ and sy, can be arbitrary.
[16] further study the problem of adaptivity for B(2, oo, s) under Lg loss and B(o0, 00, s) under Lo,
loss, and answer the question of whether it is possible to design adaptive estimators (adapting to
the smoothness parameter s) that attain centralized minimax rates while also having the expected
communication budget nearly the same as that of a minimax optimal distributed estimator that knows
s. The paper shows that this is possible for 5(2, oo, s) under £ loss provided that s is below a certain
threshold, and is impossible for 5(oo, 00, s) under £, loss. [8] derive minimax rates for f in Besov
spaces B(p, g, s) (for p > 2) under L5 loss, where each player can send at most £ bits on average. In
addition, they study the problem of adaptivity and characterize the minimax communication budget
of adaptive estimators (adapting to parameters p > 2,q > 1,s > 0) that achieve centralized rates.
The adaptive estimator proposed in this paper is based on thresholding, where the thresholding is
done locally by each player.

Interestingly, when the communication budget ¢ is insufficient to achieve centralized rates, the
minimax rates in these distributed nonparametric function estimation problems decay polynomially in



£, which is in contrast to the minimax rates we obtain for distributed nonparametric density estimation
problem, where the decay is exponential in ¢.

For higher dimensions, [13] consider two-party estimation of Holder smooth density functions in d
dimensions, where the two parties each observe a subset of coordinates and must communicate to
estimate the density. They show that interactivity strictly helps over one-way communication.

We now discuss related works on distributed parametric estimation problems. [5] establish lower
bounds on parametric density estimation, and on some restricted nonparametric families (Holder
classes) by bounding the Fisher information. [3] obtain upper and lower bounds for discrete distribu-
tion estimation; our algorithms leverage the concept of distributed simulation (*“simulate-and-infer”)
introduced in that context. [12] derive lower bounds for various parametric estimation tasks, including
discrete distributions and continuous (parametric) families such as high-dimensional Gaussians
(including the sparse case). [2], building on [1] (which focused on learning and testing discrete distri-
butions), developed a general technique to prove estimation lower bounds for parametric families;
our lower bounds rely on their framework, by suitably extending it to handle the nonparametric case.

We note that there are other approaches for establishing lower bounds under communication con-
straints such as the early works [17], [14]; [11, 6], where bounds for specific inference problems
under communication constraints were obtained; and [4], where Cramér—Rao bounds for this setting
were developed. We found the general approach of [2] best fits our specific application, where we
needed to handle interactive communication as well as a nonuniform prior on the parameter in the
lower bound construction.

2 Preliminaries

Given two integers m < n, we write [, n] for the set {m,m+1,...,n} and [n] for [1, n]. For two
sequences or functions (@, )n, (b )n, we write a,, < b, if there exists a constant C' > 0 (independent

of n) such that a,, < Cb, for all n, and a,, < b, if both a,, < b,, and a,, 2, b,,. For a function g,
supp(g) denotes the support of g.

Let B(p, g, s) be the Besov space with parameters p, ¢, s, where 1 < p, ¢ < co and s > 0. We will
write ¢,1) € L2(R), respectively, for the father and mother wavelets generating the basis of the
Besov space, and || f|,,, . for the Besov norm of f € B(p, ¢, s). We refer the reader to Appendix A in
Supplementary for details on wavelets, Besov spaces and Besov norm.

Assumptions on the density and wavelets. We make the following assumptions on the density f:

1. fis compactly supported: without loss of generality, supp(f) C [0, 1].

2. Besov norm of f is bounded: without loss of generality, || f|,,, < 1.

Our algorithm works with any father and mother wavelets ¢ and v satisfying the following conditions:

1. ¢ and ¢ are N-regular, where N > s, and
2. supp(¢),supp(v) C [—A, A] for some integer A > 0 (which may depend on N).

As a concrete example, Daubechies’ family of wavelets [9] satisfies these assumptions.

Density estimation in centralized setting. In the centralized setting, X, ..., X, from an unknown
density f € B(p,q,s) are accessible to the estimator. Let the wavelet expansion of f be (see

Appendix A.1 for details)
= aorbor+Y D> Bistin @)
kEZ J>0 keZ
where ¢;x(z) = 20/2¢(27x — k), ¢ r(x) = 27/24(272 — k). The wavelet basis satisfies the
property that, forany L, H € Z with H > L, wehave ), , ar x¢r x + fo:*Ll ez Biktin =

> pez @ k®mk (Fact Al in Supplementary). Note that for a given j, k, &, == + 37" | ¢;.1(X;)

. . . n
is an unbiased estimate of «; ;.. Thus, for some H € Z, an estimate of f is

. 1<
in = A ) A == Xi y 5
f E O rPHE, CHE - ;:1 O,k (X5) )

k€EZ



where H is chosen depending on n and parameters p, ¢, s to minimize the (worst-case) £, loss. This
simple estimator (with appropriate choice of H) is rate-optimal when 1 < r < p, but is sub-optimal
when r > p [10]. Moreover, setting H requires knowing the Besov parameters p, ¢, s, which renders
this estimator nonadaptive. The main contribution of [10] was to demonstrate that thresholding leads
to estimators that are (i) near-optimal for every r > 1; (ii) adaptive, in the sense that the estimator
does not use the values of parameters p, ¢, s as long as 1 /p < s < N for some N € N. For a given
L,H eZ,,L < H, athresholded estimator outputs the estimate

H
fenresh =Y bnxbri+ > Y Bisthin,  Bik = Bkl 5, 1540 (6)

kez j=L keZ

where ap  := 1 30 dp 1 (X5), Bj,k =135 ;k(X;), and t; is a fixed threshold proportional

to \/j/n; here, L, H depend on n, but not on parameters p, ¢, s. Our proposed estimators draws
upon these classical estimators.

3 Estimation Algorithms

We propose algorithms for density estimation under communication constraints that achieve
optimal/near-optimal performance in terms of n (number of players) and ¢ (number of bits each
player can send). Designing a density estimator in the communication-constrained setting consists of:
(i) specifying the sample-dependent ¢-bit message that a player sends to the referee; (ii) specifying
the density estimate that the referee outputs based on the ¢-bit messages from the n players. As in the
unconstrained setting, we estimate f by estimating its wavelet coefficients.

Our estimators consist of three ingredients: wavelet-induced sparsity, vector quantization, and
distributed simulation.

(i) Wavelet-induced sparsity. Let the wavelet expansion of the density function f be given by (4).
For a given J € Z,, partition the interval [0, 1] into 27 uniform bins as

27 -1 _ _ .
0,1 = tL:JO EY) where E) .= {EQ‘;(?JE]D? ’) ;:i[[;; ij 2], %
Forabin E\”), t € [0,27 — 1], let
AEJ) = {k: eZ: Et(‘]) N supp(Py) is non—empty} ; (8)
Bt(‘]) = {k €Z: Et(']) N supp (k) is non—empty} . 9)

That is, for « € Et(‘]), we have ¢ (z) = Ofork ¢ .Ag‘]), and ¢y ,(x) = Ofork ¢ Bt(‘]). By
“wavelet-induced sparsity,” we mean the following:

. 271 5()) . 7
Claim 3.1. Ler [0,1] =J;_, E;"’ asin (7). Then, for each t € [0,27 — 1],

A < 24+2), B <2(4+2),
where A is the assumed bound for points in the support of ¢ and 1.

The claim follows from the observation that ¢ (resp., 1) is obtained by translating ¢ ;o
(resp., ¥ ) in steps of size 277, and that supp(¢x) C [—A279, A277] (resp., supp(vsx) C
[—A277, A277)).

(ii) Vector quantization. Consider the problem of designing a randomized algorithm that takes as
input an arbitrary € R satisfying ||z|| .. < B, and outputs a random vector Q(z) € R? chosen
from an alphabet of finite cardinality, such that E[Q(z)] = x. Our vector quantization algorithm
(Algorithm 1) achieves this, and is based on the following idea: Let P be a convex polytope with
vertices {v1, vz, ...} such that {z € R?: ||z[| , < B} C P. Given z (with ||z||, < B), express z
as convex combination of vertices of P (say, x = > ; 0:v;) and output a random vertex V', where
V' = v; with probability ;. Clearly, E[V] = x.




Specifically, Algorithm 1| uses the polytope P = 7Py formed by the vertex set V =
{£(Bd)ey,...,£(Bd)eq}, where ¢; is the i-th standard basis vector (i.e., P is the ¢; ball of radius
Bd). Note that [V| = 2d and that {z € R? : ||z[| . < B} C Py. This leads to the following claim.

Claim 3.2. Given v € R with ||z| . < B as input, Algorithm I outputs a random variable
Q(z) € V that is an unbiased estimate of x, with |V| = 2d.

Remark. A more direct approach to quantization would be to do it coordinate-wise, i.e., quantize
(independently) each coordinate to {—B, B} with appropriate probability to make it unbiased. This
can equivalently be seen as quantizing the vector using the ¢, ball (of radius B) as the polytope.
Here, the alphabet size becomes 24 instead of 2d in Algorithm 1; but, on the plus side, the coordinate-
wise variance of the quantized vector becomes ~ B?, instead of ~ (Bd)? in Algorithm 1. In our
estimators, we will be quantizing vectors of constant length (d), so these dependencies on d do not
affect the rate (up to constants).

Algorithm 1 Vector quantization
LetV = {£+(Bd)ey, ..., =(Bd)ey}. Label the vectors in V as vy, . . ., vag.
Input: z € R? with ||z||_ < B.
1: Write x as convex combination of vectors in V: z = Z?il 0;v;.
2: Choose I € {1,...,2d} randomly where I = ¢ with probability §; and return Q(z) = v;.

(iii) Distributed simulation. The problem of distributed simulation is the following: There are n
players, each having an i.i.d. sample from an unknown d-ary distribution p. Each player can only
send / bits to a central referee, where ¢ < log d. Can the referee simulate i.i.d. samples from p using
£-bit messages from the players? [3] proposed a noninteractive communication protocol, using which
the referee can simulate one sample from p using /-bit messages from O(d/2%) players. Moreover,
the protocol is deterministic at the players, and only requires private randomness at the referee.

Theorem 3.3 ([3]). For any { > 1, the simulation protocol of [3], denoted DISTRSIMy, lets the
referee simulate Q(n2°/d) i.i.d. samples from an unknown d-ary probability distribution p using
£-bit messages from n players, where each player holds an independent sample from p.

Combining ideas. We now discuss how the three ideas come together. To mimic the classical
estimator (5), a player with sample X would ideally like to communicate {¢m x(X)}, ;. but
cannot do so due to communication constraints. Wavelet-induced sparsity (Claim 3.1) ensures that
communicating the bin (out of 2 possible bins) in which X lies is tantamount to identifying the set
of at most d := 2(A+2) indices k for which ¢ 1, (X)) is possibly non-zero. Moreover, the player can
quantize (unbiasedly) the vector containing values of ¢, (X) at these indices using Algorithm 1,
whose output is one of 2d possibilities (Claim 3.2). Thus, overall, using an alphabet of size at most
25 % (2d) = O(2"), a player can communicate an unbiased estimate of {¢#,x(X)}, _,. It can
be shown that a density estimate based on these unbiased estimates from n players still achieves
centralized minmax rates (up to constants). However, if 2¢ < 4(A + 2)2H, the players cannot send
these estimates directly to the referee. In this case, the players and the referee use the distributed
simulation protocol DISTRSIM, (Theorem 3.3), which, effectively, enables the referee to simulate
O(n2°/2") i.i.d. realizations of unbiased estimates of {¢x x(X)}, ;. The referee can now output
a density estimate based on these simulated estimates. The degradation in minmax rates under
communication constraints is due to the fact that the referee has only O(n2¢/2) realizations of
unbiased estimates of {¢ g, (X)}, . instead of n.

We now give details of the idea outlined above. The resulting estimator (single-level estimator) is
a communication-constrained version of the classical estimator given in (5). We then describe an
adaptive estimator (multi-level estimator), which is a communication-constrained version of the
classical adaptive estimator (6).

3.1 Single-level estimator

The n players and the referee agree beforehand on the following: wavelet functions ¢, v; H € Z_;
H
partition [0, 1] = fzo_l Et(H) as in (7); collections of indices A,EH), t € [0,2H — 1] as in (8). For

every t, the indices in AtH) are arranged in ascending order.



Player’s side. Each player carries out two broad steps: (i) quantization; (ii) simulation.

Algorithm 2 Single-level estimator (Players)

Input: Player-i has input X, ¢ € [n].
1: fort:=1,...,ndo
2: Player-i computes Z; := (B;, Q(V;)), where: (i) B; is the bin in which X lies; (ii) Q(V;) is
an unbiased quantization of the vector V; := {Q*H /124 w.1:(Xi) } e AU - > Quantization
B

3: Player-i computes /-bit message Y; corresponding to Z; as per DISTRSIM, (Theorem 3.3),
and sends it to the referee. > Simulation

The scaling by 27 /2 in the definition of V; (line 2 in Algorithm 2) ensures that | V|| < [|#]|...
which is a constant. This enables the use of Algorithm | to compute quantization of V;. Overall,
computing Z; = (B;, Q(V;)) involves two quantizations: B; can be seen as a quantized version of
X; € [0,1]; Q(V;) is a quantized version of {¢,,(X;)},. Moreover, for each i € [n], Z; € Z(),
where Z(H) .= [0,2# — 1] x {£Bey,...,£Beg} (with d < 2(A + 2), by Claim 3.1), so that
|Z2UD| < 4(A+2) 2 =0(2").

Thus, Z1, ..., Z, are ii.d. samples (since X1, ..., X,, arei.i.d.) from a |Z(H) |-ary distribution (call
it p () ) distributed across n players, where LZ (H) } = O(2"). Since a player can send only / bits,
player-i cannot send Z; directly if 2¢ < |Z (H | In this case, player-i computes an ¢-bit message Y;
according to the distributed simulation protocol DISTRSIMy, and sends Y; to the referee.

Referee’s side. The referee, using the simulated i.i.d. samples from p (=), computes the density
estimate similar to the classical estimate (5). This is possible because the m = O(n2¢/2*) simulated
samples are, essentially, i.i.d. realizations of unbiased quantization of {¢r (X)}, 5

Algorithm 3 Single-level estimator (Referee)
Input: Y7,... Y, (¢-bit messages from n players).
1: From Y7,...,Y,, referee obtains m = O(n25/|Z(H) ) = O(n2f/2") iid. samples
7, ..., Z! ~ Py as per DISTRSIM, where Z! = (B!, Q}) € ZU1).

2: fori=1,...,mdo
3: Referee computes
~ay [2H2 Qi) itk e A (10)
Bk 0 otherwise,
where Q' (k) is the entry in @ corresponding to index k € Asgb,_[). > Scaling by 2"/ is to
negate the scaling by 2= 7/2 used in definition of V; on the players’ side.
4: Referee outputs density estimate
fZZOszQSH’k, where OH k= Ezd)g{)’k’ ke Z. (11D
kEZ i=1

Result. For H such that 27 < min{ (nQ‘f)ﬁ,nﬁ}, the single-level estimator recovers the
guarantees in Theorem 1.2 (see Appendix B in Supplementary). The estimator is nonadaptive
because setting H requires knowing Besov parameter s. Further, note that the estimator is indeed
noninteractive, as player-i’s message Y; does not depend on messages Y7,...,Y; 1.

3.2 Multi-level estimator: An adaptive density estimator

The key observation in designing our multi-level estimator is that different coefficients need to be
recovered with different accuracy. We enable this by dividing players into groups for estimating
different coefficients, and using a different level of quantization for each group. This is in contrast to
simply mimicking the classical adaptive estimator (6), which would suggest that a player with sam-
ple X should quantize and communicate information about {¢ 1, x(X)}, , {{vsr(X)},}, clL.H]"

Instead, we do the following: Divide n players into H — L + 1 groups of equal size (so, each



group has n’ = 7— 177 Players). Label the groups L, L + 1,..., H. Players in group-L only focus
on {¢r x(X)}, , {¢L x(X)},. Players in group-J, J € [L + 1, H], only focus on {95 x(X)},.
Moreover, players in group-J, J € [L, H] quantize their sample X using 27 uniform bins. As
before, by Claim 3.1, this is tantamount to identifying at most a constant number of indices for which
the wavelet function evaluates to a non-zero value (since players in group-J only consider ¢ ;; or
1 ,1). The player then quantizes the vector containing these values using Algorithm 1, before using
distributed simulation.

The n players and the referee agree beforehand on the following: wavelet functions ¢,; L, H € Z_;
division of players into H — L + 1 groups. Further, for each J € [L, H], the n players in group-.J

and the referee agree on the following: partition [0, 1] = fio_l Et(J) as in (7); collection of indices

Aﬁ‘”, B,EJ), t € [0,27 — 1], as in (8), (9). For every J, t, the indices in Ag‘]), Bg‘]) are arranged in
ascending order.
Player’s side. Label players in group-J as (1,J),...,(n/,J). We denote by X, ; the sample

with player-(¢, J). Essentially, players in group-J run quantization and simulation steps as in the
single-level algorithm (Algorithm 2), with H replaced by .J.

Algorithm 4 Multi-level estimator (Players)

Input: Player-(i, J) has input X; ;, i € [n'], J € [L, H] (where n' = 7—17).
1. forJ=L,L+1,...,Hdo
2: fori=1,...,n' do
3: Player-(i, .J) computes Z; ; = (B; 7, Q(V;.s)), where: (i) B; 7 is the bin (out of 2 bins)
in which X;; ; lies; (ii) Q(V; ;) is an unbiased quantization of the vector V; ;, where
{2—J/2¢J,k(xi7J)}k€Bg) if J € [L+1,H],
Vi = _ o _ .
{2 L/2¢ka(XivL)}k€Ag)L fan) {2 meL,k(Xi*L)}ker;)L ifJ=1.
(b denotes concatenation of two vectors.) > Quantization
4: Player-(7, J) computes ¢-bit message Y; ; corresponding to Z; ; as per DISTRSIMy, and
sends it to the referee. > Simulation

Referee’s side. For players in group-J, Z; ; € Z(/), where | Z(/)| = O(27). Thus, after distributed
simulation, referee obtains m; = O(n'2¢/27) = O(n2°/(H — L + 1)27) samples from players
of group-J. Note that, higher the J, fewer the simulated samples; this dependence on J of the
number of samples available with the referee is one of the major differences between the classical
and the distributed setting. Finally, using the simulated samples from players of every group, referee
computes a density estimate similar to the adaptive classical estimator (6), with threshold value
t; = Kky/J/m, for a constant k.

- Fuine 2L : ¢ . T H sy Vn2t
Result. For L, H satisfying 2° =< min{(n2°)2®+D+2 np2®+D+1 } and 2" =< min{ Tog(na?) " Togn 1>
the multi-level estimator yields the guarantees in Theorem 1.3 (see Appendix C in Supplementary) as
long as s € (1/p, N + 1) (recall that N is the regularity of the wavelet basis). Since L, H do not

depend on specific Besov parameters, the estimator is adaptive. Moreover, it is noninteractive.

4 Lower Bounds

We conclude with a description of our information-theoretic lower bounds (Theorem 1.1) for the
minimax loss £(n, ¢, p, q, s), which applies to the broader class of interactive protocols (recall
that our matching upper bounds are obtained by noninteractive ones); the details can be found
in Appendix D in Supplementary. To derive lower bounds, we consider a family of probability
distributions P parameterized by {—1,1}" for some d € Z,; that is, P = {p. : z € {—1,1}%},
where p, has density f,. Moreover, we specify a prior mon Z = (Zy,...,Z4) € {—1, l}d, defined
as Z; ~ Rademacher(7) independently for each ¢ € [d], for some 7 € (0,1/2]. We then consider
the following scenario:



Algorithm 5 Multi-level algorithm (Referee)
Input: {K,'I}ie[[n']],Je[[L,H]] (£-bit messages from n players).
1: forJ=L,L+1,...,Hdo
2 From Y7 j,...,Y, j, referee obtains m; = O(n2‘/(H — L + 1)27) iid. samples
Zygsn 2, ~ Pz(» as per DISTRSIM, where Z] ; = (B; ;,Q; ;) € zW),

s “myg,J
3: fori=1,...,mydo
4: if J/ = L then .
i ~ 2B/2. Q1 (k) ifk e Ay,
5: Referee computes { (L)k} as (L)k = @i (k) Bir
T kEL ’ 0 otherwise.
i i 272 Q" (k) ifk e BY)
6: Referee computes {1/)(,1} as z/J(,L = Q“J( ) Big
VT kez v 0 otherwise.

7: Referee outputs density estimate

H
F=>"Grbrn+ > Brathsr, (12)
K

J=L k

~ 1 mr 2(1) 2 _ 1 my i) A 72
where Ap k= = >0 br s Bk = 55 2 Ve Bk = 5J’k]1{\3,,k|2t‘,;:m/‘1/7m_,}'

For Z ~ m, let X4, ..., X, beii.d. samples from py distributed across n players. Let Y7,...,Y,, be
£-bit messages sent by the players (possibly interactively) to the referee. Denote by PL (resp. p’_/:)
the joint distribution of Y7, ...,Y},, given Z; = 1 (resp. Z; = —1). That is,

n 1 n n 1 n
Y Y Y Y
Pii = Z m(z)p. , P = 11—+ Z m(z)p. (13)
z:z;=1 zizi=—1
where pY " is the joint distribution of Y7, ...,Y,,, given Z = z.

In this scenario, we analyze the “average discrepancy” 1 % dpy (pY;, pY} ), where dry (p, q)

denotes the total variation distance between p and q. On the one hand, a result from [2] gives
us an upper bound on this average discrepancy as a function of n and ¢ which holds for any
interactive protocol generating Y7, ...,Y, (Theorem D.3 in Supplementary). On the other hand,
we derive a lower bound on average discrepancy (as a function of the error rate ¢) as follows:
Consider a communication-constrained density estimation algorithm (possibly interactive) which

outputs f satisfying SUD feB(p,q.5) Ef {Hf - fH;,} < ¢". We show that one can use the messages

Y1,...,Y, generated by this algorithm to solve, for each ¢ € [d], the binary hypothesis testing
problem of deciding whether Z; = 1 or Z; = —1. This, in turn, implies a lower bound on
1 D (pY;,pY,). Putting together the upper and lower bounds on average discrepancy gives
us a lower bound on €.

The parameterized family of distributions P we consider is constructed as follows: Let f, be a
function supported on [0, 1]. Let Iy, ..., I; C [0, 1] be mutually disjoint intervals of equal length. Let
1); be a “bump” function supported on interval I;, where v;’s are all translations of the same bump
function. Then, for z = (z1,.. ., 2z4) € {—1,1}", we define p. to be a probability distribution with
density f., defined as the “baseline” f perturbed by adding (a rescaling of) the bump ; according to
the value of z;. In more detail, to get the desired lower bounds, we distinguish two cases depending
on whether r < (s+ 1)p, and construct two families of distributions: P; (when r < (s+ 1)p) and Py
(when r > (s + 1)p). For Py, we use a uniform prioron Z = (71, ..., Zy), i.e., Z has independent
Rademacher(1/2) coordinates, and set f, = fo + Z?Zl z;1; for some suitably small parameter
~ > 0. That is, the baseline density fj has disjoint bumps, which are either ¢; or —; depending on
the value of z;. (See Appendix D.3 for details.) For P2, we use a non-uniform (“sparse”) prior on
Z, where Z has independent Rademacher(1/d) coordinates, and set f, = fo + Z?zl(l + 2
(so that bump 1; only appears if Z; = 1). (See Appendix D.4 for details.) Applying to these
constructions the method described above allows us to derive the lower bounds of Theorem 1.1.
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