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Abstract

We study the fundamental problem of estimating an unknown discrete distribution
p over d symbols, given n i.i.d. samples from the distribution. We are interested in
minimizing the KL divergence between the true distribution and the algorithm’s
estimate. We first construct minimax optimal private estimators. Minimax opti-
mality however fails to shed light on an algorithm’s performance on individual
(non-worst-case) instances p and simple minimax-optimal DP estimators can have
poor empirical performance on real distributions. We then study this problem from
an instance-optimality viewpoint, where the algorithm’s error on p is compared
to the minimum achievable estimation error over a small local neighborhood of p.
Under natural notions of local neighborhood, we propose algorithms that achieve
instance-optimality up to constant factors, with and without a differential privacy
constraint. Our upper bounds rely on (private) variants of the Good-Turing esti-
mator. Our lower bounds use additive local neighborhoods that more precisely
captures the hardness of distribution estimation in KL divergence, compared to
ones considered in prior works.

1 Introduction

Accurately estimating a discrete distribution (over d symbols) from the empirical samples is a
fundamental task in statistical machine learning. An especially important distribution estimation
objective is the Kullback-Leibler (KL) divergence error, as it is crucial in promoting diversity and
smoothness by penalizing zero-mass assignment to unseen symbols. Noticeably in speech-recognition
and language modeling communities, negative log likelihood on a test set (which up to translation
is the KL divergence) is the measure that has been found to best correlate with the performance of
the model [13}[14], and is therefore the standard loss being optimized for. Additionally, KL error is
well-established in the coding community [[18},/42] in the context of data compression (i.e., identifying
encoding that represents the information with fewer bits). Due to this reason, KL distribution
estimation has been extensively studied [[62} [11} 10} 51} 152} |39} 149].

However, overly fine-grained release of statistics make it possible to infer the memberships [37,
535, 128L 156] or even reconstruct the values [20, [12] of input data records. To this end, differential
privacy [26] offers a powerful mathematical definition to provably control the associated privacy risk.

Definition 1.1 (Differential Privacy (DP) [26]). A (randomized) algorithm A is (e, §)-differentially
private ((¢, §)-DP) if for all neighboring datasets z, 2 that differ in at most one sample, and any
measurable output set 7', Pr[A(z) € T] < e - Pr[A(z') € T| + 4.

Our work aims to provide an understanding of the KL error of private distribution estimation. Below
we present the problem setting and summarize known results and our contributions.
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Problem Setting Letp € A(d) == {peR?:p;,--- ,pg > 0and Zle p; = 1} be an unknown
distribution over d symbols. Let z € N? be the histogram representation of a dataset consisting of
empirical samples drawn from distribution p, where x; denotes the count of symbol ¢ in the dataset.
Following prior works [2}/49], we assume that the count of each symbol 7 is independently drawn from
a Poisson distribution with mean np;, i.e., (x1,- -+ ,zq) ~ Poi(np) := Poi(np;) X - -+ X Poi(npy).
This assumption is a convenient choice for analysis as it ensures independent sampling of each
symbol, while enjoying the benefit of being equivalent to sampling from multinomial distribution
when conditioned on a fixed dataset size n. Our goal is to design an algorithm that accurately
estimates the unknown distribution p in KL divergence given a sampled dataset = ~ Poi(np).

Minimax Optimality Results (and Their Limitations) We start by looking at the (private) KL
distribution estimation problem from the standard minimax optimality objective, where the goal is to
design estimators .4 that minimizes the KL error on the worst-case distribution instance.

min max E[KL(p, A(z))], KL(p||.A(z Zpl log (1)

A peA(d)

A

where KL (p||A(z)) = >, pi log Af—;) and the expectation is over the randomness of estimator .4

and over the sampling of x ~ Poi(np). This minimax objective (I)) is well-studied for non-DP algo-
rithms, where simple add-constant estimators are proved to be minimax optimal with O (ln (1 + ))
rates [10, 52| (see Appendlxufor a complete discussion of the ex1st1ng results). For the DP settlng,
to the best of our knowledge, there are no known results for the KL minimax rates. Nevertheless, in
Appendix [C.2] we show that a similarly simple algorithm (that truncates the Laplace perturbations of
empirical counts) achieves the minimax optimal O (ln (1 + 8%)) rates.

However, such simple estimators achieve poor performance in experiments (Sectiond) on commonly
occurring distributions such as power-law distributions. Similar observations, i.e., the poor perfor-
mance of the minimax-optimal add-constant estimator (compared to the practical Good-Turing [33]]
estimator), have long existed in the non-DP setting. This is intuitively because minimax optimality
only captures the worst-case error over all possible distributions, thus failing to indicate whether an
algorithm performs well for each non-worst-case distribution p.

Instance-optimality Instance-optimality is a promising framework to address the above limitation
of minimax optimality and shed light on the per-instance provable performance of an estimator. In
the non-DP setting, many works have studied instance-optimality in different contexts, such as local
minimax estimation [21} 47} 23], competitive distribution estimation [2} 49] or instance-by-instance
analysis [59]. Remarkably, the seminal work of [49] proved that a simple variant of Good-Turing
estimators is nearly instance-optimal, in that it estimates every distribution nearly as well as the
best estimator designed with prior knowledge of the distribution up to a permutation. The recent
work by Feldman, McMillan, Sivakumar and Talwar [30], further generalize this instance-optimality
definition to other natural definitions of prior knowledge in the language of per-instance neighborhood.
Formally, we follow Feldman, McMillan, Sivakumar and Talwar [30] and define instance-optimality
as follows.

Definition 1.2 (Instance-Optimality to Neighborhood Map N [30]). We say an estimator A is
instance-optimal with respect to a neighborhood map N if:

Vp € A(d) : E[KL(p, A(2))] < O (lower(p,n, N)
where lower(p, n, N) = rr}lin mj\f[iﬁi) E [KL(g, A’(z))] for a neighborhood N (p) of p.  (2)
" qeN(p

That is, instance-optimality says that the algorithm .4 is competitive with any hypothetical algorithm
A’ that has auxiliary knowledge about the neighborhood N (p) of the input distribution p. We can
further constrain the algorithm to be (&, §)-DP in establishing the per-instance lower bound as follows.

1 N E [KL 3
owere 5(p,n, N) = Als@%mq?ﬁé) [KL(gq, A(x))] 3)

This is the lower bound that we will use for establishing instance-optimality of private algorithms.



Limitations of Prior Instance-Optimality Objectives for KL Error In instance-optimality results,
the smaller the neighborhood, the stronger the result. This is because we are proving that our algorithm
is competitive with a hypothetical algorithm that already knows that the input distribution is in the
neighborhood. However, if the neighborhood is too small, then no algorithm can be instance-optimal,
as the baseline estimator’s knowledge of the instance is overly precise. (As an extreme example,
when N (p) = {p} contains only the target distribution p, the per-instance lower bounds (2)) and (3)
trivially become zero (as achieved by an estimator that always outputs A(x) = p regardless of the
input dataset).) Below we review existing choices of neighborhood N (p) in the literature, and show
they are either too large or too small to accurately capture the per-instance estimation hardness in KL.

* Permutation neighborhood [2, 49, 59]): N, (p) = {q¢ : 3 permutation 7 s.t. ¢; = Proi, Vi €
[d]}, i.e., all distributions obtained by permuting the probability values. On the one hand,
prior work [30] has argued that this neighborhood is too large, as practical estimators often
have stronger knowledge about which symbols are more frequent than others (e.g., the word
“and” is often more frequent than “differential”, thus assuming the two words are permutable
is not reasonable). On the other hand, permutation neighborhood can be too small, in that it
provably does not allow for multiplicative instance optimality guarantees, as discussed in
Section[2.2] Indeed, permutation neighborhood assumes precise knowledge of the set of
true probability values, which can be overly strong for any realistic estimator to satisfy.

* Two-point neighborhood [23, 47, [8]: N2(p) = {p,q} contains the target instance p and
another alternative distribution ¢ that is “close” to p. This neighborhood reduces the per-
instance hardness to binary hypothesis testing of whether the observed samples are from p
or g. Under appropriate notions of “close”, this neighborhood allows matching per-instance
upper and lower bounds for estimating one-parameter (exponential) families distribution
under central DP [47] and local DP [23], as well as for general one-dimensional statistical
estimation problems [8]. However, for high-dimensional problems, this neighborhood is
provably too small, as the per-instance lower bound remain constant under growing data
dimension, despite the growing hardness for distribution estimation under higher dimension.
For example, there exist instances (such as long-tailed instances in our particular distribution
estimation problem) whose estimation error inevitably grows with data dimension (e.g., of
scale Ind/16 in our Theoremconstruction), indicating that the two-point neighborhood
and multiplicative neighborhood are too small. Indeed testing can be provably easier than
learning in simple settings.

Multiplicative neighborhood [30]: Ny (p) = {q : %pi < ¢; < 2p;,Vi € [d]}. It allows
matching per-instance upper and lower bounds for distribution estimation in Wasserstein
distance. However, this neighborhood is too small to capture the KL error: the per-instance
lower bound is at most a constant (since an algorithm that is tailored to N (p) can achieve
O(1) error), whereas such an error bound is provably unachievable for some distributions

(e.g., our Theorem [G.9|construction).

Besides the above three representative types of neighborhoods, earlier works [[7, [6] on instance-
optimal DP estimation also considered other variants of neighborhoods that have similar limitations.
[7]] only deals with one-dimensional quantities, and [6] discusses high-dimensional problems defined
on the dataset (rather than on the distribution as in our work). The notion of local minimax optimality
there includes all datasets at a certain distance, whereas their second notion only competes with
unbiased algorithms. These limitations call for new definitions of local neighborhood to precisely
capture the per-instance hardness of distribution estimation in KL divergence, which we study in this

paper.
Our Main Contributions: Instance-Optimal Results

* We define instance-optimality objectives that more precisely capture the hardness of private
KL distribution estimation. This is by constructing new neighborhoods (@) and (6} that
additively perturb the probability values p; of individual symbols. We use small perturbation
scales — 1/n, 1/ne, and \/p;/n — to ensure the dataset (sampled by p) could plausibly
have come from other distribution in the neighborhood. (See Section [2] and [3| for more
rationales on the neighborhood sizes.) This is stronger than permutation neighborhood [2}
49, 59]] in allowing auxiliary knowledge of frequency order among symbols, and is thus a
very strong notion of instance-optimality. Furthermore, we show in Section that our



additive neighborhoods are (up to constants) the smallest that still allow for instance-optimal
algorithms.

* Under such additive neighborhoods, we propose a new non-DP algorithm and prove it to be
instance-optimal (Section [2.T)). Our algorithm resembles the idea of the Good-Turing esti-
mator (which is known to be instance-optimal in prior works), while ensuring significantly
smaller sensitivity to adjacent datasets (in the DP sense). This reduced sensitivity is the key
that makes our algorithm easier to privatize. We then propose a DP version of this algorithm
and show that it is instance-optimal amongst DP algorithms (Section [3.1).

* We validate the performance of our instance-optimal estimators via experiments (Section [4)),
and show the reward from studying instance-optimality: while the Add-constant (DP)
algorithm is already minimax-optimal, our instance-optimal algorithms achieve significantly
better performance on many instances of practical interest, such as power-law distributions
and real-word token distributions.

1.1 Technical Contributions

Generalized Assouad’s method for decomposable statistical distance Standard tools for proving
lower bounds, such as (DP) Assouad’s method [65} 3| 30]], only apply to symmetric statistical
distance, which is not satisfied by KL divergence. To prove KL per-instance lower bound, we propose
generalized (DP) Assouad’s method (Theorem[A.3]and[A.4) that applies to general decomposable
statistical distance (Definition[A.T)). This allows us to prove strong per-instance lower bounds.

Reducing the Sensitivity of Good-Turing Estimator via ‘“Sampling Twice’> The challenge
of privatizing the prior (near) instance-optimal Good-Turing estimators lie in its excessively high
sensitivity to neighboring datasets. At the core, Good-Turing estimator is motivated by observing
that estimating “unseen” symbols as zero-probability is biased, as the symbols that appeared exactly
once would intuitively have similar probability values (which are non-zero). To correct this bias, it
recursively uses the counts of symbols with frequency ¢+ 1 to estimate the probability of symbols that
appeared t times, for all low-frequency symbols (e.g., t = 1, --- ,n'/? in Orlitsky and Suresh [49]).
Such computations suffer from high sensitivity, as one record could change the combined counts
of symbols with frequency ¢ by t = n'/3 in the worst-case. To address this limitation, we perform
bias-correction via an alternative "sampling twice" approach: partitioning the dataset into two halves,
using one for identifying “unseen” symbols and the other for estimating their combined mass. The
resulting Algorithm{[T]is conceptually simpler than prior Good-Turing estimators, while achieving tight
instance-optimality guarantees (up to constants) and being empirically competitive in experiments.
Crucially, this “Sampling Twice” design reduces sensitivity to just one (making the estimator easy to
privatize), and is the key to achieving instance-optimality in the DP setting.

Effectively Privatizing Good-Turing Estimator via Calibrated Thresholding The Good-Turing
estimator is based on the intuition that the probability values of symbols that appeared zero times
(in the dataset) are similar to those of symbols that appeared exactly once. However, this simple
zero-or-one thresholding does not remain effective for private algorithms, because DP estimates
cannot differ significantly on neighboring input datasets. This forces us to use a larger threshold.
To identify the best threshold for DP distribution estimation, given every possible threshold, we
separately analyze (Theorem [E.2]and [G.6) the DP estimation error due to False Negatives (FN) (i.e.,
high-probability symbols being below-threshold) versus False Positives (FP) (i.e., low-probability
symbols being above-threshold). This analysis allows us to choose a threshold that balances the FN
and FP errors, and achieves DP instance-optimality up to a constant factor (Section [3.1).

1.2 Other Related Works

The Good-Turing estimator, originally developed by [33]] and simplified by [31} 49]], has been widely
observed to yield empirically accurate distribution estimates (especially for language modeling
tasks [40, [13]] under large vocabulary size). Several later works prove it to be minimax optimal [46|
22, 150] as well as instance-optimal [2| |49] for discrete distribution estimation in various metrics.
However, to our knowledge, no prior works have designed or analyzed DP variants of Good-Turing
estimator, which is the main technical innovation of this paper.



For DP discrete distribution estimation, minimax optimality is well-studied across a variety of models
for DP, including central DP [19, 3], local DP [24, 38, 164} |25, [1]] and user-level DP [44]. Existing
works also focus on different error metrics, such as total variation distance (i.e., £1 error) [19] and /5
error [3]] (see a summary of results in [3 Table 1-2]). Our work falls into the central DP setting, and is
the first to study the KL divergence error. Additionally, we establish the stronger instance-optimality
(rather than minimax optimality). The closest work to our paper in the literature is [30]], where
the authors study instance-optimal density estimation in Wasserstein distance (that covers discrete
distribution estimation in ¢; error as a special case). The results in [30] are largely incomparable
to our analysis, due to the lack of (tight) conversions between total variation distance error and
KL divergence error. (See Appendix [C.2] for a nuanced comparison between prior TV distance
lower bounds and our KL lower bound for DP minimax distribution estimation.) Indeed, achieving
optimality under KL often requires non-trivial change to the algorithm and analysis compared to ¢;
error, as evidenced by the abundant literature on distribution estimation in KL [[10} 51} 152} 2| 49].

A closely related problem is frequency estimation (a.k.a. histogram estimation), where the goal is to
privately and accurately estimate the empirical distribution. DP histogram estimation is extensively
studied in a variety of models for DP, including central DP [34, 63]], local DP [9} 61]], and shuffle
DP [29] 115 132]. Due to sampling error, algorithms for empirical frequency estimation typically do
not directly yield good utility for distribution estimation.

2 Tighter Instance-Optimality for Non-DP Estimation

We first define instance-optimality under additive neighborhoods, that get around the limitations of
previously studied neighborhood notions as discussed in Section [T}

Neighborhood Choices As discussed in Section[I] a good neighborhood should be as small as
possible and contain distributions that are similarly hard to estimate compared to the target distribution
instance. Additive neighborhood is thus a natural choice as intuitively, the hardness of distribution
estimation does not change a lot when perturbing each symbol’s probability by a small amount. The
key question is how small should the scale be. To this end, our main design choices are

1. For every symbol, we allow up to ¢/n perturbation, for a small ¢ > 1. This only changes
its expected count up to ¢, and thus from the the empirically sampled count, it is hard to
distinguish the perturbed distribution from the target distribution.

2. For symbol with large p; > t/n, we allow a larger /p;/n perturbation, for a small ¢ > 1.
This captures the fact that with constant probability, counts sampled from Poi(np;) and
Poi(np; + \/np;) are “indistinguishable” due to the statistical variance in sampling. Indeed
these are related to the standard confidence intervals for binomial estimation [16} 4]).

On top of these design choices, we try to reduce the size of the neighborhood as much as possible.
Thus we add a constraint that the combined mass of small symbols (with p; < % given a small ¢ > 1)

should not change by more than % — this added condition only makes the results stronger (as the
resulting neighborhood is smaller). As a result, we obtain the following additive neighborhood.

t i t
N+<p)={q:we[d],|qi—piSmin{n,ﬂ} md Y g <max{ L Y pi}} @

ip; <t ip; <t

Per-Instance Lower Bound We next prove per-instance lower bound under this neighborhood
N, (p). Our analysis requires generalized variants of Assouad’s method (discussed in Section .
We defer all proofs to Appendix D} and only present the per-instance lower bound below.

Theorem 2.1. Let p € A(d) be an arbitrarily fixed distribution instance. Let N (p) be the additive
neighborhood defined in {@). If d > 2 and n > 4, then we have

ln(l + dsmall(L/)) / ( dsmall ) { }
lower(p,n, N.) > Q + Psman (L) In | 1+ + E min { p;,
<p +> ( n b ll( ) npsmall bi

5
foranyt > 1and any set L' C [d], where pspman(L') = Y., pianddsmen(L’)= >, L
i€l p;<t i€l ,pi<t
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| KL Error Bound | Reference

pi > 1
s ' jiaj=t
lower(p,n, Nx) | (Zt_o . i:mzi::tp, In <E.7’:m,-t o > :| > [49] Lemma 4 & 5]
N,: permutation neighborhood

Add-constant lower(p, n, Nx) + Q (min {n_1/3, %}) [2l Lemma 1]
Good-Turing lower(p, n, Nz) + O (min {n_l/g, %}) [49] Theorem 1]

Smoothed lower(p, n, Nxz) + O (min {nfl/Q, %}) [49] Theorem 2]
Good-Turing [2, Theorem 2]
Any estimator lower(p, n, Ny ) + Q2 (min {n_Q/ 3 %}) [49, Theorem 3]

Table 1: Prior instance-optimality results of Non-DP estimators

Algorithm 1 Non-DP “Sampling Twice”

Input: Data partition ratio « = 0.5. Independently sampled datasets © ~ Poi(« - np) and
z’ ~ Poi((1 — a) - np) s.t. x + &’ ~ Poi(np). Threshold 7 = 0.

Thresholding: L = {i € [d] : z; < 7}

Estimate combined mass for symbols in L: ¢ =max {}>",_; 2/,1}

Truncate individual estimates: let #; = max {z},1} fori=1,--- ,d
1 s :
~ ' C- i— el

Return A(z) with A(z); = ¢ I/ Zeer® where N = ¢+ Y., &
~ T i¢L

To interpret this lower bound, first observe that (3) is always smaller than the € (1 4+ 4) minimax
lower bound, especially when there are many small symbols (with p; < %) that jointly takes a small
combined mass Psmqu(L’). As an extreme example, imagine a highly concentrated distribution
p = (1/3,2/3,0,---,0), then our per-instance lower bound (3) is as small as w. This is
significantly smaller than the In(1 + %) minimax lower bound for high-dimensional setting (d — c0),
thus correctly indicating that p is an extremely easy-to-estimate distribution. Achieving error upper
bound that matches this small per-instance lower bound (3)), then serves as a strong requirement for
instance-optimal algorithm to fulfill (which we prove in the next section).

2.1 An Instance-Optimal ‘“Sampling Twice’’ Estimator

We now present a simple “sampling twice” Algorithm[I] and prove that it is instance-optimal up to
constants. Compared to the minimax optimal add-constant estimator, this algorithm observes that
simply estimating “unseen” symbols as zero-probability (or constant-probability) is heavily biased,
and use a conceptual “sampling-twice” procedure to correct the bias of low-frequency symbols.

As discussed in Section[I.1] this bias-correction idea originates from prior (near) instance-optimal
Good-Turing algorithm [33} |31} 49] and maintains their utility benefit. The key benefit of our
“sampling-twice” design lies in significantly reducing the estimator’s sensitivity to neighboring dataset
(making it easier to privatize), enabling instance-optimality under DP (as we will show in Section [3).

Instance-optimality Guarantee In Theorem[E.2] we prove a per-instance KL error upper bounds

for the “sampling twice” estimator (Algorithm [I). In Corollary [E.3] we further prove that this

upper bound can be rewritten as E( ) [KL(p, A(x))] < O (lower(p,n, N;)) for any choice of
Poi(np

x~Po1(n

neighborhood size t > 1s.t. t - e~% < 1/1Ind. Specifically, we can choose t = min {1, 21nIn d}.

2.2 Comparison to Prior Instance-Optimality Results

In this section, we discuss and compare with prior instance-optimality results, which mainly cover two
representative non-DP estimators — the add-constant estimator and the Good-Turing (GT) estimator.



Add-constant Estimator Given by A(x) = x; + ¢, Vi € [d] for a constant ¢ > 0, the add-constant
estimator is one of the oldest and simplest distribution estimator. Its variants cover several known
estimators, such as Laplace smoothing (¢ = 1) and Krichevsky-Trofimov estimator [42] (¢ = 1/2).

Good-Turing Estimator [33] The Good-Turing estimator [33]], when combined with add-constant
estimator, has long been observed to yield strong empirical performance. Many variants of GT
estimator exist in the literature [33,131}149]]. In the comparison, we use the simplified variant of Good-
Turing estimators proposed in Orlitsky and Suresh [49], that is also provably (near) instance-optimal
under the “permutation neighborhood”, i.e. all distributions obtained by permuting the distribution.

We summarize these prior instance-optimality results under permutation neighborhood in Table
Apart from the fact that this neighborhood may be too large to be appropriate for some applications
(as discussed in Section[I)), the last row of Table[I|shows a lower bound for the suboptimality — it
shows that no algorithm can do better than an additive min {n*Q/ 3, %} compared to a hypothetical
algorithm that already knows the neighborhood. Observe that this additive gap is a lot larger than
the per-instance lower bounds for certain distributions, e.g., highly concentrated distributions. Thus,
multiplicative instance optimality is not achievable with permutation neighborhood. By contrast,
tight instance-optimality (up to constant) is achievable under our additive neighborhood, as proved in
Section 2.1} We will also discuss in Section [3.1] that our additive neighborhoods are the smallest (up
to constants) that can still allow for the possibility of any DP instance-optimal algorithms.

Additionally, the existing analysis for Good-Turing would result in a Inn/n additive gap compared to
the lower bound we obtain under additive neighborhood. The main gap is that the Good-Turing’s error
for combined probability estimate is Inn/n (as in Lemma 19 of [49]) due to delicate correlations
between partitioned buckets (of small symbols) and their combined mass estimates, rather than 1/n
in our sampling-twice estimator (as in (I91) that applies Lemma [B.10) facilitated by using fresh
counts for small symbols to estimate combined mass. We will add this discussion in the revised
version to clarify the comparison.

3 DP Instance-Optimality
In this section, we present the first results for DP instance-optimality of KL distribution estimation.

Neighborhood Choices To define appropriate DP instance-optimality objective, we modify the NV
neighborhood (@) with perturbations calibrated to the privacy parameters. For a small ¢ > 1, let

t , t
Ne+ (p,n) = {q Hlai = pil < — forany i € [d] and > ac< max{%, > pi}} (6)

ipi <k iipi <t

— ne

Compared to (@), the main change is that we allow the perturbation scale for individual symbols to be
proportional to 1 /. This corresponds to the obliviousness of (&, §)-DP algorithm to dataset changes
up to O (1) hamming distance (which allows an additional -= change in probability).

DP Per-Instance Lower Bound Under the above neighborhood N< _« (p, n) that is calibrated to
(e, 6)-DP guarantee, we prove the below per-instance lower bound.

Theorem 3.1. Let p € A(d) be an arbitrary distribution instance, and let N + (p) be the additive
neighborhood defined in (6). If § < &, d > 2, and ne > 1, then we have /

1 1 1 1 dsma L/
lowere s (P’n;N<L> ZQ( E min {pz—, }+ n(1+ u(L'))
— ne z p

i n2e? ne

+ Psman(L') - In (1 + CWl(L)) ) -

Ne * Psmall (L/)

for any t > 1 and any set L' C [d], where psman(L’) = S pi and dspman(L') =
ieL/:p;<-L

1.
i€EL :p;<-L

— ne



Algorithm 2 e-DP “Sampling Twice” (Instance-Optimal)

Inputs: Data partition ratio & = 0.5. Independently sampled datasets  ~ Poi(« - np) and
x’ ~Poi((1 — a) - np) s.t. & + 2’ ~ Poi(np). Threshold 7 = 41n d.
L=9
for symbol i =1,--- ,ddo
Private Thresholdmg If & = i + 2 < gfzqy for z ~ Lap (0,1),addito L
end for

Estimate small symbols’ combined mass: ¢ = max {Z er @+ Lap (0,1), m}

Estimate individual large symbols: fori € [d] \ L, #; = @ + 2/ for 2} ~ Lap (0, 1)

Truncation: T; = max {j“m} for i € L, =z = (1 -

) (max {i“i, m} + max {i;, @}) fori e [d]\ L

1~ .

. N ¢ = S L ~ _

Return A(z) with A(z); = ¢ ¥ CSerm ! . where N =¢+ 3,0, ;
N

s .
- T {

The proofs are deferred to Appendix[F] The lower bound (7) consists of three terms:

1. Cost of privacy for large symbols p; > - is , which is significantly smaller than the

n2e2 p
corresponding non-DP lower bound §2( n) in (B) when p; is large enough, i.e., privacy is
free for sufficiently large p;.

2. Cost of privacy for combined mass estimate of small symbols p; < é is — ,

which is non-zero whenever there exist small symbols in L'.
3. Cost of privacy for small symbols p; < i i Psman (L) - In ( + W) + Z Dis

which is larger than the correspondlng non-DP lower bound in () for small symbols
whenever € < 1, i.e., in the high privacy regime.

3.1 Privatized Instance-Optimal “Sampling Twice” Estimator

We then propose a privatized variant of “sampling-twice” Algorithm [2| by applying the Laplace
Mechanism [26]. The e-DP guarantee follows from standard results in DP by observing that the ¢; -
sensitivity of (z1,--- , 4,2, -+ , ) is one. The main novel ingredient (as discussed in Section
is to choose a calibrated threshold for privately selecting a set of small symbols. This selected set
is then used for estimating the combined mass of small symbols on fresh samples. An accurate
combined mass estimate is the key to reducing KL error.

Instance-optimality Guarantee In Theorem|G.6] we prove a per-instance upper bound for Algo-
rithm[2] In Corollary[G.7] we further prove that this upper bound can be controlled by the per-instance
lower bound under the combination of our Non-DP addditive nelghborhood N4 (p) in (@) and our
(e, 6)-DP calibrated neighborhood in (@)). Specifically, under neighborhood size t = 24 In d, we prove
tht B [KL(p,A(2))] <O (lower (p, n, Ny U N<L)).

P . — ne

z~Poi(np

Discussions on the Neighborhood Size We have established instance-optimality under local
neighborhood Nz4ma. It is a natural question to ask whether the size of such neighborhoods could

be further reduced to enable stronger instance-optimality notions. In Theorem|[G.9] we prove that
this neighborhood size is necessary up to constants—no DP estimator can be instance-optimal for a
neighborhood N_ y1ma with v < o(1).

Discussions on Approximate DP variants Our per-instance lower bounds hold for (g, d)-approx-
DP with § < €, and match the upper bound achieved by pure-DP algorithms. This indicates that
our pure-DP algorithm, while enjoying better privacy guarantees, is also instance-optimal under
approximate DP. Similar phenomena have previously been observed for the histogram estimation



problem under approx-DP, where in the asymptotic sense, approx DP (e.g., Gaussian mechanism)
offers little advantage over pure DP (e.g., Laplace).

In the practical sense, however, the Gaussian mechanism may be practically better in some regime of
parameters (due to the lighter distribution tails compared to Laplace mechanism). And our algorithm
(after substituting Laplace mechanism with Gaussian mechanism and changing threshold to calibrate
to delta) achieves instance optimality up to a log(1/) factor (see the Gaussian variants of our
algorithm and its instance-optimality proof in Appendix[G.5).

4 Experiments

We now evaluate the performance of our algorithms and compare them with baselines. All experi-
ments are performed on a MacOS intergrated CPU (< 30 minutes) with 18GB RAM. All reported
performance numbers are averaged across five random trials of data sampling and estimators.
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Figure 1: (Reddit Token Distribution Estimation) KL error versus dataset size n, distribution dimension d, and
DP guarantee € for our methods compared with the simple minimax optimal Add-constant (DP) baseline, and
the strongest non-DP baseline of prior (near) instance-optimal Good-Turing estimator.
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Figure 2: (Power law distribution p; o %) KL error versus dataset size n, distribution dimension d, and DP
guarantee € for our methods compared with the simple minimax optimal Add-constant (DP) baseline, and the
strongest non-DP baseline of prior (near) instance-optimal Good-Turing estimator.

Datasets We evaluate on both synthetic and real-world data distributions. For synthetic data, we
evaluate power law distributions p; o Z% over a range of parameters § > 0. We choose power law
because of its practical relevance: word frequencies from a text corpus have long been observed
to roughly follow power law distributions [54} 53| 48|, [17]. For real-word data, we experiment on
randomly drawn tokens from Reddit [60], Enron-email [41] and MMLU [36}135], where each token
is one (sensitive) record. We chose Reddit and Enron-email datasets because they are user-specific
and thus bear a natural notion of privacy risk (compared to e.g., wikipedia), and are standard and
widely used text datasets in the private learning literature [38, 143} /45]]. We additionally evaluate on
MMLU to simulate diverse text domains. To vary the distribution dimension (specified by the number
of all possible tokens), we use two types of tokenizers (GPT2 and Bert).

One challenge for evaluating real-word dataset is the unknown ground-truth distribution p (as only
empirical samples are given). To address this, we independently sample two equal-size datasets x



and 2/, thus ensuring E [z}/||2||1] = p; for any i € [d]. We then compute that

d . J .
;Piln (A(a:%)] = ;Piln(pi) —E ;mln(v‘l(@z)

Negative Entropy of p Negative Log Likelihood (NLL)

E[KL (p, A(z))] = E

Observe that the entropy term is independent of the estimator. Thus in experiments we only report
the negative log likelihood ratio term to compare different estimators .A.

Hyperparameters Although our proposed Algorithm [T]and 2] are provably instance-optimal, they
separately use two disjoint fractions of the dataset. Thus in the extreme scenarios when all symbols
are above or below threshold (e.g., when n, d are exceedingly large or small), Algorithm|[T]and 2] incur
twice as much noise compared to the add-one estimator, incurring a suboptimal multiplicative constant
of two. To address this limitation, we perform grid search for the optimal hyperparameters over
a € {0.01,0.1,0.25,0.5,0.75,0.9,0.99} and 7 € {0,0.0625,0.125,0.25,0.5,1,2,4} x Ind, and
use the tuned hyperparameters 7 = 0, o = 0.5 for Algorithm and 7 = min {%, 1.0} xInd,a =0.9
for Algorithm 2]in all experiments.

Observations We show results on power law distributions p; %ﬂ for 8 = 1,1.5,2 (Figure ,
and ), Reddit corpus (Figure[I)), Enron-email corpus(Figure[5); and MMLU corpus (Figure [6). In
all experiments, our DP instance-optimal Algorithm [2) consistently outperforms the simple minimax
optimal Add-constant (DP) baseline, and our non-DP instance-optimal Algorithm|[T]is consistently
competitive (within constants) to the strongest prior non-DP baseline of (near) instance-optimal
Good-Turing [S0]. The gain of our algorithms are especially significant for real-world datasets,
validating the effectiveness of our algorithms. We also remark that instance optimality means that our
algorithm will provably adapt to any input distribution, and no other algorithm can be significantly
better (across a neighborhood).

5 Conclusion

We provide tight instance-optimality analysis for private KL distribution estimation, in terms of
achieving provably competitive error to the best possible estimator in a small additive local neighbor-
hood of each instance. Furthermore, our constructed neighborhood’s size is necessary up to constants
for instance-optimality on the worst-case instances. Additionally, we proved instance-optimality up
to constants, and leave open the question of whether exact instance-optimality is achievable. Such
results, if possible, would require improving the constants in per-instance privacy lower bounds
and/or designing better estimators.
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NeurIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: All claims in the abstract are elaborated in the introduction, and all claims in
the introduction are followed by references to their discussed sections.

Guidelines:
e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.
2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: See the conclusion Section
Guidelines:
* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.
* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.
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* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

e The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
Justification: See the statements in Section [2]and[3.1]and proofs in the appendices.
Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Algorithm pseudocodes are given in Algorithm I]and [2] and hyperparameters
are given in Section 4]

Guidelines:

» The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

* If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
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one good way to accomplish this, but reproducibility can also be provided via detailed

instructions for how to replicate the results, access to a hosted model (e.g., in the case

of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

» While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example
(a) If the contribution is primarily a new algorithm, the paper should make it clear how

to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer:

Justification: The paper does not provide access to the code, but only uses opensource
datasets in Section[d} and provides algorithm pseudocode in Algorithm [I]and 2}

Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

 The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: Hyperparameters are given in Section 4]

Guidelines:

16


https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

¢ The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: All our experiments (Figure 2] [Tland Appendix [G.4) report 1-sigma error bars
across five runs.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

¢ It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
8. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: See Section[d]
Guidelines:

* The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]
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Justification: We reviewed the NeurIPS Code of Ethics and ensured it is respected.
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

10. Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: We do not see potential such risks of this paper, as we only used synthetic and
open-source datasets for validation.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

« If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: We do not foresee any no potential ethical harms, as the paper only uses
synthetic and open-source datasets for validation.

Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.
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13.

14.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: All used datasets are referenced in Section 4] and have licenses that allow
research use.

Guidelines:

» The answer NA means that the paper does not use existing assets.
 The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: The paper does not release new assets.
Guidelines:

» The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.
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16.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
Declaration of LLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used

only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]
Justification: LLMs are only used for checking grammar and formatting.
Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

* Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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A Tools for Lower Bounds

Below we first define decomposable statistical distance.

Definition A.1 (Decomposable Statistical Distance). Let d € N and let dist : A(d) x A(d) — R be
a non-negative function such that dist(p, ¢) = 0 if and only if p = ¢q. We say dist is decomposable,

if for any disjoint sets of symbols By, - - - , By C [d], and for any distributions p, ¢ € A(d), it is the
case that
k
dist(p,q) > > _ | Y p; | - dist(pli, qli) ®)
i=1 \j€EB;
where for any distribution p € A(d), and any i = 1, - - - , k, we have denoted
Bj if j € B;
pli = 2jen; Pi J ~ fori=1,---,k
0 otherwise
Lemma A.2 (KL divergence is decomposable). KL divergence is decomposable, that is, for any
disjoint sets of symbols By, - -- , B, and any p,q € A(d), it is the case that
) > Z > pli-al:) ©)
i=1 \j€B;

Proof. Letp,q € A(d). Denote B¢ = [d] \ (UX_,B;), then by definition we compute

ZZPﬂn(j) ijln<p3> (10)

i=1jEB; jeBe

. : > jes, Pi
=S D pi | KLGlial) +> 1 D ps '111(]61) (1)

i=1 \jeB; i=1 \jeB; ZJEBi%

+{ Y pi | - KLlseralse) + [ D pi| - In (ZJEBPJ> (12)

jeBe jeBe 2 jene Ui
>3 Y v | - KL(0lial) (13)
i=1 \jeB;

where the last inequality is by non-negativity of KL divergence KL (p|pc,q|ge) and
k Z'EBi pj ) Zj Be Pj

S (Sen ) i (5255 ) + (Sgemers) - (F2225). -

Theorem A.3 (Generalized Assouad’s method for decomposable statistical distance). Let dist be

a decomposable statistic distance as per Definition Let By,--- , By C [d] be k disjoint sets
of symbols. For each i = 1,--- |k, let 'P; be a set of distributions supported on B3;. For fixed

wy, -+, wy > 0 such that Zle w; = 1, let P be the following composed packing set:

k
'P:{q::Zwipi l}. (14)
=1

If the following two conditions hold:
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1. There exists a non-negative function f such that

1 1
Foranyq € Ad), 5 > Ldisttpa)zr) = 50 (15)
tpep;

2. Foreach i € [k), there exists 7, > 0 and p* € P;, such that for any fixed p’ € P;,j # i, it
holds that

dS(n,> ?,1 w;p’) _ .
i — pt . > T
/ (é‘lé% B wip + 5, wyp) ) P +j§# wip) =7 (16)

where we have denoted S(n, p) as the distribution of histogram representation of dataset
sampled from distribution p € A(d) with target sample size n.

Then for any fixed e > 0, 6 < ¢,

k
1
i E [dist > - i T ; 17
a0y 12 K st A@)) 2 5 D i 1P an

Proof. We will reduce the estimation problem over all d symbols to the estimation problem over each
bucket B;. For any distribution p € A(d), denote its conditional distribution on B; as

Pj if j € B;
pli =4 Sesm T i (18)
0 otherwise
And for any (e, 0)-DP estimator .A given dataset x supported on 3, similarly denote
A(z); e
=2  ifj € B;
Az)|; = { Sies, A@; Y fori=1,--- k. (19)
0 otherwise

Then by definition, for any fixed i = 1, --- , k, we have

€L ist(pl: < J(Pi)
|7)| g;)xNS(IE,p),A [dZSt(pl“‘A(x)lz)] > |,P|

E  [Laist(ole A)l (P, 20
>, B s awzieo] @0

pEP
f(Pi)
== > > E - [Ba[Laspiawiozren]] @n
HJ:l P4l pIEP;,j#i pIEP; eS(n, i, wip')
k .
f(Ps) E . dS(n, Zj:l w;p’)
7Hk |P‘ Z z S( P > 4 PI;HGI'};I' dS(n ’l,l}ﬁZ —|—Z wp]
i=1Pil psépy ji TS (b’ + Eisi wrp!) ' T e PIEP;
(22)
. dS(n, Sk wipd
>1P0). E min (",Zﬂflwﬂ” ) (23)
2 anS(nawipi 4, wpt) |PrEP AS(n, wipt + 30, wip?)
Ti
=< f(Pi) (24)

-2
where (20) is by Markov inequality, (22) is by definition and by moving the sum of p’ € P; inside
expectation (as T and min:cp, 7 S(d:q(up%ii .;‘T; ?p]) (Z) are independent of the choice of p*), @

is by the packing assumption (23), and (24) is by the dataset distance assumption (T6).

We now use (23)) to prove lower bound on the expected KL error for estimating the whole distribution
over all possible distributions in the packing set P. By Lemma[A-2] it follows that

k
1 1
_ ; >_ . ; ) )
P pEEP wNS(IE,p),A [dist(p, A(x))] > P E E w; JJNS(IE,])),.A [dist(pli, A(x)];)] (25)

peEP i=1
1 k
> ;w 1 f(P) (26)
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where the last inequality (26) is by (23). This suffice to prove (I7) by observing that average is
smaller than maximum. O

Theorem A.4 (Generalized DP Assouad’s method for decomposable statistical distance). Let dist
be a decomposable statistic distance as per Definition Let By, , By C [d] be k disjoint
sets of symbols. For eachi = 1,--- |k, let P; be a set of distributions supported on B;. For fixed

wy, -+, w > 0 such that Zle w; = 1, let P be the following composed packing set:

k
P:{q::Zwipi l} 27
i=1

For any p € A(d), denote S(n,p) as the distribution of histogram representation of dataset sampled
from p with target sample size n. If the following two conditions hold:

1. There exists a non-negative function f such that

1
For any g € A(d), |77 | Z Yiist(p.g)>r(P) 2= 5> (28)

2
peEP;

2. For each i € [k|, there exists T; > 0 and p' € P;, such that for any fixed p’ € Pi,j =
, k, it holds that

Eua llz—2zlh] <7 (29)

Sor a coupling (x, T) between distributions S(n, 2521 w;p?) and S(n, w;p' + Zj# w;p?).

Then for any fixed e > 0, 6 < ¢,

k
min max E [dist(p, A(z))] > Z < — 4e - TZ> - f(Py) (30)

Ais (e,6)-DP pEP z~S(n,p)

Proof. We will reduce the estimation problem over all d symbols to the estimation problem over
each bucket B;. For any distribution p € A(d), we denote p|; as its conditional distribution on B; as
defined in (T8). And for any (e, 6)-DP estimator .A given dataset « supported on B, we denote A(z)|;
as the conditional estimate on B3; as defined in (]H) Then by definition, for any fixed: =1,--- | k,

we have
1 . f(Pi)
— E dist(p|;, A > E Laistinl: A(z)]: . 31
7] pZEPM(n,p),A[ (lis A 2 =5, E:LNS(W)A[ dist(pli A2 Py BD

—JPL sy B [Er sl AW = S]] (32)

Hj:1 |,Pj‘ pIEP;,j#t piEP; INS(”’Z;i:l wlpl)

> JPL S S B [l pr aisp!, A@)) 2 S(P)] — - o~

0 P s o

(33)
f(Ps) —emiC VI N —§em O — ,
>t N M E [ Pr [dist(p', A(2)]:) > f(P)] =07 - C 1|\z—zu1>n-c}
Hj:1 |,Pj‘ piEP;,j#i P EP; (%)
(34
GO (c ‘E | Y Prldist(p’, A@)];) = f(P,)]| =67 -C [P
& - = A bl 1 - 1 K3 K3
Hj:l |,PJ‘ pIEP;,j#i piEP;
- Pr [llz -zl > 7 - C]) (35)
— ()
676-7'776' 1
> (S5 —emeo- 5 ) P (36)
1
> <10 —de - Ti) ~f(Pi) 37

24



where (1)) is by Markov 1nequa11ty, (33) is by group privacy and holds for arbitrary constant C' > 0,
(33) is by moving the sum of p* € P; inside expectation (as Z is 1ndependent of the ch01ce of p*
given coupling (x, Z) between distributions S(n Zj Lw;ip?) and S(n,wip' + Y i wip’)), (36)
is by the packing assumpt1on (28) and 0 < ¢ and the dataset distance assumption (]Z;d[), and (37) is by
choosing C' =

45 T °

We now use (37) to prove a lower bound on the expected error for estimating the whole distribution
over all possible distributions in the packing set P. By Lemmal[A.2] it follows that

1 k

d TPl 7" E d iy i 38

|P| Z wNS(np [dist(p, A(z))] ZI ‘pengw :ENS(n}p),_A[ ist(pli, A(x)]:)] (38)
a 1

2D wi- <10—4€-n> “f(Pi) (39)

where the last inequality (39) is by (37). This suffice to prove (30) by observing that average is
smaller than maximum. O

Finally, we provide two useful constructions of packing set that satisfy (T3) and 28).

Lemma A.5 (Packing over Two Symbols). Let B = {j1,ja} be a set of two symbols. Given
0<A<a<l,letP:={p,p }beapacking set containing the following two distributions on B.

a Jj=a a—A J=n
p(j)=q1—a j=j andp~(j)={1—a+A j=j
0 J € ld\ {1, j2} 0 J € ld\ {1, j2}
If A < £, then
A 1 S 1
Foranyq € A(d) 5 (1KL(p7q)2%f n 1KL(p*,q)2§—3> > 2 (40)
Proof. We will prove this claim by separating the analysis for different q.
1. If g, <a— %: by definition, we compute that
]_ —
KL(p,q) =aln (a> —|—(1—a)1n< a)
qj, 45,
1 (a—gqj 2
_a_Qj1+§'%+(l_a)_QJ2 (41)
1 A?
>- .= (42)
8 «a

where @) isby In(1+z) <z — Z- forz < 0,and by In(1 + z) < z for z > 0, and the
last inequality is by g;, + g, <1 and by using the condition that ¢;, < a — %.
2. If g, >a— %: by definition, we compute that

KL(p™,¢)=(a—A)ln (a_A> +(1—a+A)h (1—“+A>

dj, djz

1 (G_A_QE)Z
2
S1 A7 (44)
8 a

where @3) is by In(1 + ) <x——f0r0<x< 3»and by In(1 4 z) < z for z > 0, and

the last inequality is by g;, + ¢;, < 1 and by using the condition that g;, > a — 5.
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Lemma A.6 (Dirac Distribution Packing over x Symbols). Let B = {j1,-- ,jx} be a set of k > 2
symbols. Let P == {p, p~ } be a packing set containing the following dirac distributions on B.

1 j=3j
L(s J=n
p(y) = . . forl:]_v...,,{
0={o J2i i
Then it holds that
1 ¢ 1
Forany q € A(d) - ZIKL(pl,q)zln(Hg) > 3 (45)
=1
Proof. We prove by contradiction, suppose that there exists ¢ € A(d), such that
K K 6
Zlkupl,q)zln(ug) <3 (46)
=1
Then by definition of KL divergence, we have
- K
Zlqnéﬁ <3 47)
=1
Observe that >_;* | 1 45 < e is integer, (@7) implies that
- 1
& 0 K=
Zlqmlﬁzé{zﬁ_l >3 (48)
=1 3 -
Thus
K 1 K 1 K
p> . 1, o 1 = | k= 1, 49
N (50)
> I+5
1+§ K>3
where (30) is by @7). This contradicts ¢ € A(d). O

B Useful Lemmas for Poisson and Laplace Random Variables

Lemma B.1 (Expectation of inverse Poisson random variable). Let p € [0,1],m € N, and let

x ~ Poi(mp). Then
1 1
E < — 51
Lﬁ—&- 1} — mp oD

Proof. By definition, we compute that

1 =1 L to1 1
E _ = Lemmp, (mp) _ Zefmp . (mp) _ = . (1 o efmp) <
r+1 t=0t+1 t! mp = t!

Lemma B.2 (Tail bound for Sum of Poisson and Laplace Random Variables). For any a,b,c > 0.
Suppose that x ~ Poi(a), z ~ Lap (0, b), then we have that

a—c

4 —a T A — [ — —
Prlz+2<¢< §6< 345) =t and  Pr [x+z>c < -e? (5,17 (53)

W
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Proof. We first compute the moment generating function of x + z, i.e., the convolution of Poisson

random variable and Laplace noise. For any 6§ € [— %, %], by definition, we have that
g [0 @t)] Z g [b] . g [p0Lap08)] _ gate?-1) L
My1-(6) =E [42)] B[] . B [0 Lor@D)] = ealc T (54)

Then, by using Markov inequality, for € [0, %) we have

3 Co(eis o M, Z(_e) ea(e_efl)Jr@c
Prjz < ¢ =Pr {e fatz) > ¢ Q}S ;F_QC = T 202 (55)

By choosing § = W, then by observing e — 1 < —26 for 6 = m < 3., we prove
that

Pr[z < < -- e(_%+%)‘max1b,1} (56)

ol i

Similarly, we prove a bound for the upper tail by Markov inequality.

a—c

a(e? —1)—fc
M,y (0) e’ FmET (57)

4
=~ _ O(z+z fc _
Pr[ch]—Pr[e( ) >e }g e T Sge

where the last inequality is by choosing § = m. O

Lemma B.3 (Bias of Truncated Laplace Random Variable). Let A > 0, n € N. Let x ~ Poi(\) and
let Z ~ Lap(0,b). Then the noisy estimator given by & = max {z + Z, ¢} satisfies

0<E[F—A<b+ec (58)

Proof. We first prove the left inequality in Lemma [B.3] By definition,
EZ-AN=E[Z—2]=E[Z 1p4z>c+(c—2) - 1gyz<] =E[Z]+E[(c—2—Z) - 1s12<c] >0
We then prove the right inequality in Lemma|B.3| By & = max{x + Z, ¢}, we compute that
E -\ =E[z — ] <E[max{c,|Z|}] <E[|Z]] +c=b+c (59)
O

Lemma B.4 (Conditional Bias under Thresholding). Let X be a random variable over R. Then for
anyc € R,

E[X|X > >E[X] andE[X|X < <E[X] (60)

Proof. We first prove the first inequality in Lemma|[B.4] If ¢ > E[X], then E[X|z > ¢] > ¢ > E[X].
If ¢ < E[X], then by definition,

E[(X — E[X])- 1xs] >E[(X — E[X])] = 0 (61)

where the inequality is by z — E[X] < ¢ — E[X] < 0 for z < ¢. The proof for the second inequality
in Lemma[B.4is similar. O

Corollary B.5 (Conditional Bias of Truncated Sum of Poisson and Laplace Random Variable). Let
b>0 A>0 ¢,deRU{—0c0,+o0}. Let & ~ Poi(\) and let Z ~ Lap(0,b). Then the noisy
estimator given by & = max {x + Z, ¢} satisfies

E[Z - MNr+Z<d <b+c (62)
and

ElF—Mz+Z>d >0 (63)
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Proof. We first prove (62). By Lemma|[B-4] we have that
El-XNe+Z<d <E[Z-AN<b+c
where the last inequality is by Lemma[B.3] We then prove (63). By Lemma[B.4] we have that
ElZ—-XNe+Z>d>E[Z—-)>0

where the last inequality is by Lemma[B.3] O
Lemma B.6. Letb > 0and c € R, and let Z ~ Lap(0,b). Then
E[Z|Z > ] < max{c,0} +b (64)

Proof. We separate our discussion for ¢ > 0 and ¢ < 0.

1. If ¢ > 0, we have that

et _ 1 = S
Pr[Z=z2Z>d=4 tet 3¢ " F=C€ (65)
0 z<c
Thus
too 1 e
E[Z|ZZC]:/ z-ge_szgO(c—&—b) (66)
(&
2. If ¢ < 0, we have that
L]
Sl
Pr(Z = 2|2 > ¢ < BE :56—% 67)
2
Thus
o1 Tool
E[Z|Z > ] < ge v dz < 56 5 dz <O (b) (68)
O

Lemma B.7. Letr A > 0,b > 0 and ¢ € R. Let X ~ Poi(\) and Z ~ Lap(0,b) be independent
random variables. Then

EX+ZIX+Z>c <A+0(b+max{c,0}) (69)
Proof. By definition,
EX+ZIX+Z>c=Y Pr[X=t]-(t+E[Z]Z>c—1]) (70)
t=0
<E[X] + ZPr[X =1t]- O (max{c—1t,0} +b) (71)
t=0
<A+ O (b+ max{c,0}) (72)

where (71 is by applying Lemma[B.6|
O

Lemma B.8 (KL Divergence between Poisson Distributions [S7, Theorem 2]). Let m, k > 0 be fixed.
Then the KL divergence between two Poisson distributions Poi(m) and Poi(k) satisfies

KL (Poi(m),Poi(k)) =m—k+k-In (Z) (73)
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Lemma B.9 (Total Variation Distance between Poisson Distributions). Let A1, Ao > 0 be fixed. If
A < Ao, Then

1 [(A1 — A2)?
TV (Poi (A1), Poi (\2)) < = (Gl Vi (74)
2 A1
Proof. By Pinsker’s inequality, we have
KL (P ,P
TV (Poi (A1) , Poi (\2)) \/ 0f (A2) , Poi (1)) (75)
do =1+ A (32)
(76)
L (M= N)?
77
2 N (17)
where (76) is by Lemma and the last inequality is by In(1 + z) > = — ””2—2 for x > 0. O

Lemma B.10. Letp > 0, m € N, ¢1,¢2 € RU {+00,—c0}, b > 0, and ¢ > max{b,1}. Let
x ~ Poi(mp) and let Z ~ Lap (0,b) be independent of x. Then the noisy estimator given by
Z = max{x + Z, ¢} satisfies

5o b2 2
E|losoizze - (o (22 ) + 22 ) <0+ S a— (78)
z m m  m-max{c,mp}

. . c c
Proof. We separate the discussions forp < -~ andp > =

« If p < =, bylIn(1 +¢) < tforanyt > —1, we have that

[ m T—m
E 1cl<m+z<52-<pln( p)+ p)] (79)

i z m
[ mp—2)2 mp—% F-—m

<E 1CI<$+Z<02-<( p-i)  mpof T-mp )] (80)
i mi m m
- N2

<E W@] 1)
| mc
- RY N2

<E 2(mp —x)* + 2(x — &) } 82)
I me
[2 462 + 2¢2 1 2 2

<E mp b—l—c}SO(_i_b —|—c> 83)
| mc me m me

where the [8T)) is by & > c and by (mp — )% > 0, (82) is by (a + b)? < 2a* + 2b2 and
the last mequallty is by E[(mp — x)?] = mp, E [(z — ©)?] <E[Z? + ¢?] = 2b* + ¢?, and
p < <

IS

* If p > -=: Observe thatby In(y) >y — 1 — (y — 1)2 for any 3y > 1, we have that

E [101<z+z<02 - (p (T2 4 20 ) - 1z+z>;mp] (84)
<E [1cl<m+z<c2 : (—p' r %;np +p- (i(:ngf)Q . _mmp> : 1m+z>§mp] (85)
=E|Lle,<otz<e, - w : 1x+Z2§mP‘| (86)
SQE[Z”CQi(%mp)Z] :O<b27202+1) 87)

mep m“p m
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where the first inequality in isby (a +b)? < 2(a® +b?) and (z — x)? < Z% + 2,
and by Z2 + ¢ + (z — mp)? > 0; the last equality in 87) is by E [Z?] = % and
E [(z — mp)?] = mp.
On the other hand, by Lemma we have that Pr[z + Z < $mp] < O (6_%'4111&3(%1771} )
Thus we have that
mp T—x pln (Z£) +p
E {161<I+Z<62 : (pln( 7 ) + ) : 1x+Z<émp:| < mp(%)l (88)

m e 3 ‘max{b,1}

+In (maxib, 1}> max{b,1} =

_max{b,1} xn(z)+=x

m er/3 o= _mp n e
(89)
2 2
<o (et 7Y (. G0
m2 -p m2 Y

where the inequality in (90) is by xli’/:) <O (%) and %5 < O (£) for z > 0, and by
¢ > max{b, 1} This suffice to prove the bound in the statement.

O

C Deferred Minimax Optimality Results

C.1 Recap: Non-DP Minimax Results

The minimax rate for non-DP distribution estimation in KL divergence error is well-studied [I10, 51}
52]], as summarized below in Table 2]

Estimator/Bound | Expected KL Error | Reference
Upper Bound In(1+ 2) (10, Theorem 8]
(Add-Constant Estimator) Recap: Theorem|C.2
Lower Bound ‘ Q (ln (1 + %)) ‘ Recap: Theorem|C.1

Table 2: Non-DP Minimax Rates for Distribution Estimation in KL Divergences

For completeness, below we offer simple proofs for the minimax upper and lower bounds.

C.1.1 Recap: Non-DP Minimax KL Error Lower Bound

The minimax lower bound for distribution estimation in KL divergence error is well-understood to
be Q(1 + %), e.g., see the variational lower bounds in [52]. For completeness, below we provide
an alternative proof via the tools in this paper, i.e., the generalized DP Assouad’s method for
decomposable statistical distance (in our case KL divergence) in Lemma[A.2}

Theorem C.1 (Lower Bound for Non-DP Estimation). Let d, n be fixed. Then for any estimator A,
we have that

0 (4=2) d—1<2n _ d
sl [P 2 {1 S5 -2 (n (7)) o

n

Proof sketch The idea is to design p to be uniform over a random support of symbols with small
probability mass, and then reduce the problem to the difficulty of inferring the support given limited
samples.

Proof. * Dense Case d—1<2n: Assume d mod 2 = 1 for convenience. We decompose
d symbols into 41 buckets B; = {2 — 1,2i} fori = 1,- -+, %=1, We then construct the
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packing as follows. Fori=1,---, %=,

Fori=1,--- ,% Pi = {02i—1,02:} 92)

where d; means point distribution on symbol i. We then construct a set of distributions.

d—1
=1 d—1 ; , d—1
P = p:;ﬁ.p +(1—2n>~5d:p ePiforanyz:1,~-~,T (93)

Then by Lemmal[A.2] for any algorithm A we have that

1

K L(pli; A(z)[:)] - (94)

=1 pep ’I'NMLllt (n,p)
KL (2] 1 i—1 — P =
ne|73| 2 2 xNMull(n ” [KL(pli, A(z)]s)|w2i-1 = 22; = 0] (95)
d—1
1 & (d—1)In(2)
>— n2)= ~—~——~— 72 6
“ne ; n( ) 2ne (9 )

o7)

Thus for any A, there must exist one p € P such that IE( ) [KL(p, A(z))] = Q(42).
x~Mult(n,p

* Sparse Case: d — 1 > 2n: Denote k = L%J > 2 and k = n for convenience. We
decompose d symbols into k buckets B; = {k-i —k + 1,k -i} fori = 1,--- k. We then
construct the packing as follows.

Fori=1,--- ’k P; = {5,9,‘_&4_1,"' ,(5,4.1'} (98)

where §; means point distribution on symbol i. We then construct a set of distributions.

k
1.
P:{pzz-plzp’epiforanyi:1,~-,k} (99)
i1 "
Then by Lemmal[A.2] for any algorithm A we have that
1
— E [KL KL(p|;, D] (100
|P| Z erult(n, <p’ n|P| Zl Z zNMult(n,p) (p| A($)| )} ( )
i=1 peP
KL(pl;, i) Trimnp1 = =Tri =0 101
> S B KL Ao = —n =0 oD
i=1 peP
k
1 klnk 1 d—1
>— 1 = =-1 102
_ne;n(ﬁ) ne en< n > (102)
(103)
Thus for any A, there must exist one p € P such that MIE;Z( )[KL(p, A(z))] >
z~Mult(n,p
Q(In (£1)).
O

C.1.2 Recap: Non-DP Minimax KL Error Upper Bound

The minimax upper bound for distribution estimation is well-studied, and various works [[10} 51} 152]
have shown that simple add-constant estimators could achieve the optimal O (ln (1 + %)) minimax
KL error. Below we offer a simple proof for completeness.
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Theorem C.2 (Non-DP Distribution Estimation KL Upper Bound). There exists estimator A such
that for any p € A(d), given n empirical data samples x ~ Mult(n, p), it satisfies that
(104)

[KL(plA@)| < (1 n n)

|

E
z~Mult(n,p)
Proof. We use that the following simple add-constant estimator.
1 x; + 1
i = : 105
AW = a7, (105)
Then by definition
d np;
E [KL | =Y E ] S w142 106
z~Mult(n,p) (pHA(I)) ;p x~Mult(n,p) . x; + 1 +hn + n ( )
2 d
< p;In <np¢ . E ]) +1In <1 + > (107)
Pt z~Mult(n,p) La; + 1 n
d np; d
< | : In{1+4+— 108
<> In E o] +n(+n> (108)
i=1 x~Mult(n,p)
(109)

()
=In(1+—
n
O

where is by concavity of the function In(z), and (T08) is by Lemmal|C.3]

,Skx be K independent Bernoulli random variables with parameter

(110)

Lemma C.3. Let sq,--
p1,- - ,PK. Let ¢ > 1 be a positive constant. Then we have that
] 1

1
<
K = K
¢+ D =1 5k > k—1Dk
Proof. Conditioned on any fixed value for s3, - - - , s, denote ¢/ = ¢ + Zszg s, we have that
1 1—po)+ (1— 1—p)(1—
E|l— ‘sg,-~-,sK — P2 L bl p2), (L=pups pl)f P2) 11y
C+ Y ey Sk d+2 d+1 c
1 2 1 1 1
= -+ e 112
p1p2<C’+2 c’+1+c’>+(pl+p2) <C’+1 c’> c (112)
2
p1+ P2 1 2 1 1 1 1
< - = : -2 )+= 113
( 2 ><c’—|—2 c’+1+c’ + (Lt p2) d+1 c (13
(/,/7};'_2 - C,il +% > 0 for ¢ > 0. By similar argument, we have that
(114)

where the last inequality is by
1
<= (]
1+s

<¢[e]

c+ Zl[s{:l Sk
where s ~ Bin(K, p) where p = + Zi(:l pr- Then by simple algebraic tricks, we have that
(115)

S P

]E -
c—+ Zf:l Sk
(116)

=0

K

1 K+1 ) )
e *]+11_—K—]
(K+1)ﬁj§(j+1>p =7
PRI
Kp Zszlpk

(117)
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Method \ KL Error Bound | Conditions | Reference

Any (e,)-DP ‘ (l (1 m)) ‘ d>4,6<¢ ‘ Theorem|a|

Q
Add-constant ((g,d)-DP) | O (ln (1 + m)) e>0,6>0 TheoremE|
(Laplace Mechanism)

Table 3: DP Minimax KL error bounds

C.2 Our DP Minimax Results

We first summarize our derived DP minimax rates in Table 3| observe that simple variants of Laplace
mechanism is minimax optimal.

We comment that our KL. minimax lower bound is stronger than naive conversions of prior TV
distance lower bounds to KL lower bounds — applying Pinsker inequality to the prior {2 ( ) TV

lower bounds [[19, 3] only gives a KL lower bound of (2 (mln {%, 1}), which is significantly
weaker than our bound ©2 (In (1 + -£)) in Table especially for large d.

Below we present the proofs for the minimax lower bounds and upper bounds.

C.2.1 DP Minimax Lower Bound

Theorem C.4 (Minimax Lower Bound for DP estimation). Let d,n € N, e > 0, and § € [0, 1] be
fixed. If d > 4, § < ¢, then

max  E |KL(p, A(m))} >0 (m (1 + ;)) (118)

pEA(d) x~Poi(n,p)

Proof. Let k, k € N be defined as follows.

d d d
2 Toome < 2 1] Toome = 2
k=1 |1pe=] ez >2and80ne > 1 and k = [80ne| 52— >2and80ne > 1. (119)
L%J mgna > 2 and 80ne <1 1 ﬁim > 2 and 80ne < 1

Thus by d > 2, we have

d k 1
k>2 and k>1 and k-k< - and <= (120)
2 160ne — 2
Fori =1,---, k, we construct a packing set of distributions supported on symbols B; = {k-i — x +
1,- -+, 0.} as follows.
Fori=1,---,k Pi={0ki—nt1, " s0mi} (121)

We construct the following set of distributions that lie in the additive neighborhood of p.

1 i .
P:{q:(l 160n€> q +Zwl ¢ rw; = 160n€andqiePiforanyz:L...7k}

(122)

0 j=1,,k-k

qc(J)Z{dlM j=k-k+1,--.,d (129

One can verify that the distributions in P are well-defined (i.e., normalized). Now by applying
Lemmato P, foreachi =1, -, k, we prove that for any ¢’ € A(d), it holds that

S Tkranzron 2 5 where f(P) =1 (1+ %) (124)
qEP;

IP\
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Thus the first condition of Theorem [A:4] holds. Below we analyze the second
condition of Theorem For each ¢ € [k] and fixed ¢¢ € P;,j =

,k and fixed ¢ € P;. Let #+ ~ Poi <n, (1— i) ¢° +ij q3> and

y ~ Poi <n, (1— o) g +wi- @+ > wj- qj> be independent Poisson random vari-

J#i
ables. Then we could construct the following coupling (z,Z) between distributions
Poi (n, (1- 160n5) q° + Z wj - qJ> and Poi <n, (1- —16’0““8) et w4 Y w; ~qj>:
J#i
_ yw l=rk-i—r+1,---,K-1
- 125
i {a:l le[d\{xk-i—r+1,-- ,k-i} (125)
By definition, we compute that
K K 1
Elllz —z|1] = E — < E =— = 126
le=2lh)= > Eln-ul< > El+wl=g=r 120
l=ki—Kk+1 l=ki—Kk+1

where the inequality is by triangle inequality for ¢; distance. By applying Theorem under our
proved conditions (124) and (126), we finally prove that

1 k 1 K
E |KL(q, > i | — —4e- . ) = R | (1 ,> 127
maxE [KL(g A(x))]—;w (10 c T) JPi) = 1500 "0 0\t 7)) (2D
d d
Tooomz L) -0 (14 3) ) Tooe = 2
= 160-120715 - [80ne]| 11nd(1 + 5L 16z ) T60n= > 2and 80ne > 1 (128)
teoonz - 0 (1 + z15)) Teomz > 2and 80ne < 1
d 1 d
Too30mes 0 (1+ 3) 607e = 2
>\ 0 [80ne) I (1+ gyg)  roee > 2 and 80ne > 1 (129)
160-20me In (1 + Tﬁ) 160me > 2and 80ne < 1
>Q (ln (1 + d)) (130)
ne
where (128) is by using the definitions of  and k in (TT9), (I29) is by || > £ for any x > 1, (I30)
isbyln(1+Xz) <A-In(l1+z)<zfor0<A<landz >0, andby)\ %

1+ 2z) > In( 1+)\x)
for \>1landz > 0. O

C.2.2 DP Minimax Upper Bound

Theorem C.5 (Upper Bound - Pure DP). There exists an (g, 0)-DP estimator A such that for any
fixedd,n € N,

E [KL(pHA(x))} <0 (m (1 + d)) (131)

x~Poi(n,p) nmin{l,e}

Proof. This can be achieved by a simple estimator that combines an add-constant estimator and
Laplace mechanism as follows.

1 2z

A(x); = — - = where &; = max { x; + 2;, (132)
n

1
min{1,¢e} }
where z ~ Lap (0, %)d, and N = ), Z; is the normalization constant. The (¢, 0)-DP guarantee

follows by observing that the ¢;-sensitivity of vector release (1, - - ,x4) is one, and by applying
the DP guarantee for Laplace Mechanism in [26, Theorem 1]. Below we focus on bounding the KL
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Neighborhood N | lower(p,n, N) @) | Conditions | Reference

N<iyn(p) (136) Q(M + Psman (L) In (1 + %’Z&LL})) ) L'Cld,t>1 Theorem
d>2,n>4

Nistat(p) (I37) ‘ Q(Z min {p;, + } ) ‘ d>2 ‘ Theorem|D.4

Table 4: Non-DP per-instance lower bounds, where psmau (L) = > pianddsmau(L’) = > L
ieLl/,p; <t ieLl/,p; <t
error. By concavity of In(¢) on ¢ > 0, we have
B, KLOIADN < B 5 o P (1 Y BT

x~Poi(n,p) ~ x~Poi(n,p) - Z; - n

< E > piln(pij;n)‘f'i'i;pi +hn |14+ >

x~Poi(n,p) | . )
_Zipi>m 1:p; <
(133)
> 1 > 1
i:pi>m i:pi<ml{1£}
- n|1+40| ————— 134
- nmin{l, e} L nmin{l, e} (134)
of1r—21 (135)
- nmin{l, e}

where (133) is by p; In ( - ) < 0forp; < m, by E[Z; — x;] > 0 for any ¢ (by Lemma ,
and by In(1 + z + y) < z + In(1 + y) for any z,y > 0; (I34) is by applying Lemma B.10|under

setting m = n, ¢; = —00, ¢ = +00,b = - and ¢ = m{TeT for p; > Tmm T and by applying
Lemmaforpi m, and (133) is by a+In(1+0b) <In(l+2a+2b)for0 <a<1and
b> 0. O

D Deferred Proofs for Non-DP Per-Instance Lower Bound Theorem 2.1]

For ease of presentation and understanding, we break up the neighborhood N (p) into two sub-
neighborhoods: one N : C N (p) with the same small perturbation for every symbol, and the other

Ngiar € Ni(p) (based on statistical variance) with larger perturbations for large symbols, defined as
follows.

t ) t
N<5L(p):{q:qi—pi|§nforanyz€[d}and Z ¢i < max q -, Z i } (136)

ipi <L ip; <L

d
. i . 1
Nistat(p) = {q t|gi — pi| < min {pi, \/p} forany i € [d]} U {q > g —pil < } (137)
n P n

We then prove per-instance lower bounds under the sub-neighborhoods N ¢ (p) and Ngtat(p)

respectlvely By definition @) thelr average is a lower bound for the per-instance “lower bound under
N, (p),ie. lower(p,n, Ny) > 1.lower(p,n ,Ner)+ 1 -lower(p, n, Ngzqr). (This is because one can

construct a distribution over hard instances, choosmg the hard instance(s) in N< + (p) and Niiat(p)

with 1/2 probability respectively.) Our per-instance lower bounds under the two Sub- neighborhood
are summarized in Table [4
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D.1 Useful Lemmas

Lemma D.1 (Coupling Lemma [5, Lemma 3.6]). Let random variables Z, Z5 have distributions

v1, V. Then

TV (v1,v2) < Pr(Zy # Zs]. (138)
Conversely, given probability distributions vy, va, there exists (Z1, Zs) such that

TV (v1,v2) = Pr|Zy # Zs) (139)

where Z1, Zs have distributions vy, Vs respectively.

Lemma D.2 (Total Variation Inequality between Product Measures). Let 1, 12 be probability
distributions over Q) and let ), iy be probability distributions over ). Denote py X iy as the
product measure of 111 and (i over Q x ', and similarly denote po X pih as the product measure of
o and pily over L x Y. Then

TV(py X ph, pa X py) < TV, pa) + TV, i) (140)

Proof. By the coupling lemma Lemma there exists (Z1, Z}) such that Z; ~ u1, Z) ~ p}

and TV = Pr[Z; # Z}]. Similarly, there exists (Zs, Z5) such that Zy ~ ps, Z§ ~ uf and

TV =Pr[Zy # Z}]. Let Z = (Z1, 7)) and Z' = (Za, Z}). Then Z ~ py X py and Z' ~ pg X pif.

By again using the coupling lemma Lemma[D.1] we prove that

TV (X py, po % py) < Pr[Z # Z') < Pr[Zy # Z1] + Pr[Za # Zo] = TV (1, pr2) + TV (py, 1)
(141)

where the second inequality is by union bound. O

D.2  Non-DP Per-Instance Lower Bound under N_ : (p)

We now prove the per-instance lower bound in Table @4 under additive neighborhood N : (p) for
low-probability symbols.

Theorem D.3. Ler p € A(d) be fixed. Fort > 0, let N+ (p) be the below additive local neighbor-
hood of p as defined in (136). -

N.

t
=7

t t
=4¢q:|g—pi| < —and i < =, i 142
(P)=qa:lgi—pl < —and Y g <maxq-— > p (142)

ip; <k ipi<t
Ift >1,d>2andn > 4, then forany L' C [d],
In(1 + dsman (L’ dsman (L'
max B KL(gAlx) 2 0 ( W0 GomatlE)) () (1 " ””))

GEN_ 1« (p) z~Poi(n.q) nPsmail (L)
(143)

where psman(L') = > piand dgpman(L') = oL

i€l pi<t i€l pi<t
Proof. We separate the discussions for different dg;,qi(L).

1. If dsmau(L') = 0, then psmau (L) = 0 and thus (T43) trivially holds.

2. If 1 < dgmau(L') < 3: Without loss of generality, assume that {i € L' : p; < %} =
{1, e ,dsmall(L/)}.

(@) If max;e ) (d.,...(2) Pi < =: Then the neighborhood N, defined in is a
subset of N+ defined in @D, ie., Nsat © Nc:. Thus (143) holds by observ-
ing that (I43) is dominated by the lower bound in Theorem [D.4] Specifically, by
In(z) <z — 1forany x > 0 and by dgpmqu(L') < 3, we prove that In(1+dsmau (L)) +

n

psmall(L/)1n<l+M> < %LU(L/) < s < O<Z?:1min{pi’%}>

npsmant(L') ) — - n =

where the last inequality is by d > 2.
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(b) If max;e () (d.,...(2/)] Pi > =, without loss of generality, assume that pg > 1: Then

we construct a packing set of distributions P = {p™, p~} that contains the following
two distributions.

1 s
n j=1
p+(]): p]+dp_11 ]:27 7d71 (144)
pd_ﬁ+d1)_11 Jj=d
and
& =1
p () =4pi+ 5 J=2,d=1 (145)

Pad — ﬁ + dpjl j =d
One can validate that the distributions in P are well-defined and are in the additive
neighborhood N_ & (p) (by observing that p; < £ and d > 2, and thus %7 < L). By

applying Lemma (under setting a = % and A = ﬁ), we further prove that for
any ¢’ € A(d),

L Z 1 > L where f(P) = A1 (146)
|'P| = KL(q,q")>2f(P) = 2 - a - 8n

Thus the first condition of Theorem[A3]holds. Below we analyze the second condition
of Theorem[A-3] By definition of P we compute that

/<minCMW> o (n, p") :/min{df’oi (n,p™) ,dPoi (n,p~)}

q€P dPoi (n, pt)

(147)
=1-TV (Poi (n,p+) , Poi (n,p_)) (148)
1 1
>1 — i A i L
>1-TV (P01 (n Qn) , Poi (n 4n>)
: I np . I np;
vV (P01 (npd 2+d—1)’P01 (npd 4+d—1)) (149)
2 2
o (@) 1 (1) (150)
= 1 1 P1
2\ nogm 2\ npa— gt gty
1 1 1
>l————=> =7 151
T4 427 2 (151)

where (T47) is by definition for P that only contains two distributions, (T48) is by using
the definition of total variation distance, (T49) is by the total variation inequality for
product measures (Lemma[D.2), (I50) is by Lemma[B.9] Thus the second condition of
Theorem A3 holds. By applying Theorem[A.3|under our proved conditions (I46) and
(T5T), we finally prove that

1 1
ma B[KL(0, A@)] 2 § -7 [(P) = o0 (152)
>0 (hl(l + dsman(L')) +psmall(Ll) .In (1 + dsmau (L) >> (153)
n npsmall(l/)

where (I33) is by observing that 7111(1”5;:“”(”)) + Psmai (L) In (1 + Aeman (L) ) <

nPsmatt (L)
w < 5 (due to In(z) < x — 1 for any > 0 and the condition that
dsmall(Ll) S 3)

3. If dgman(L') > 4: Without loss of generality, assume that {i € L' : p; < %} =
{1, -+, dsman(L')}. For brevity, denote d = L%’(L/)J >2andp = 2?21 p;. Without
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loss of generality, also assume that p; > -+ > pg_ ., (1), then

A dsma L/ N sma L/
dzﬁandpzw (154)
3 3
Let x, k € N be defined as follows.
d < a4 <
2A np — 2 L2J np — 2
k=qd %>2andnp<1 k=<1 nip>2andnp<1. (155)
%] % >2andnp>1 lnp| & >2andnp > 1

Thus by definition, we have

s dsmau (L' k !
£>2 and k>1 and k-k<d< % and - §max{p,} (156)
n n
Fori =1,---,k, we construct a packing set of distributions supported on symbols 3; =
{k-i—Kk+1,--- 04} as follows.
For: = 1,~-- ,k 'Pl = {6H-ifli+17"' 76n-i} (157)

We construct the following set of distributions that lie in the additive neighborhood of p.

k
kY . , 1 '
P:{q: (1—).qc+zwi-qzzwi:andqzePiforanyizl’...7k}
i=1 n

n
(158)
where
0 J = 17 . ad
1. ) max{ﬁ,%}—% .5 ’
qo() = TE Bt i ) I d L deman(L) 5

. p—max ﬁ,% .
%' 1+1_pﬁnil(L/};> j:dsmall(L/)+17"'ad

One can verify that the distributions in P are well-defined (i.e., normalized) and lie in
the neighborhood N_ ¢ (p) defined in (T36). This is by p; < L forj = 1,--- ,d, and

k

max{p, } }—& p 1 t 5 ,
by 0 < —\=nl n < max{g,;} < — under (I56) and d < dsmau(L'), and by

dsnlall(L/)_d -
N e
0> % > fli{;}n > —1 under (I34) and n > 4, and by observing that
o 51
0 ij ' % Zﬁ_max{ﬁ’%} 2 _% foraHYj = dsmall(L/) +1,-- 7d'

Now by applying Lernmato P;foreachi =1,--- , k, we prove that for any ¢’ € A(d),
it holds that

1

1 K
2 > kn@azsr) = 5 Where f(Pi) = In (1 + f) (160)

4
qEP;

Thus the first condition of Theorem [A-3]holds. Below we analyze the second condition of
Theorem By definition of P, for any fixed ¢ € [k] and any fixed p == (1 — £) . ¢+
Zk L. 7 € P, we compute that

i=1ln
dPoi (n,p— 1 + L _—
/ mln ( p - nqﬁ nq ) dPOl (n7]§) = mln dPOl n7p_ 7q2 + 7q1
T EP; dPoi (n, p) ey - -
(161)
i 1
2> min Pr [xﬁ~i—}€+1 = ... = il?m] —Z =7 (162)
¢ €P;i x~Poi(n,p— =g’ +1q?) °
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where (T62) is by probability mass function of Poisson distributions Poi (n - 0) and
Poi (n - 1). By applying Theorem |A.3|under our proved conditions (T60) and (T62), we
finally prove that

k
1 k K
> )= i
max B [KL(g, A(x))] > 5 -7 ;w fP)=5-m(1+5) (63
3en 5] In(1+3) 5 <2
={ 5= ln(1+%) &> 2andnp < 1 (164)
s lmp) - (14315 )) L > dandnp > 1
(4) d<y
>0 %-m(ud)) 4> dand np < 1 (165)
a(p 1n(1+niﬁ)) 4> fandnp > 1
In(l+d i
29(11( +d+p-1m<1+dA>> (166)
n np
(1 + dypman (L' smant (L
ZQ(H( +ds Lall( )) +psmull(L/)'ln (1+ dkmall( /))) (167)
n npsmall(L)

where (I64) is by using the definitions of « and k in (I53)), (T63) is by [x] > % for any
z > 1, ([166) is by Aln(1 + z) > In (14 Az) for A > 1 and 2 > 0, and by In(1 + Az) <
A-ln(142) <zfor0<\<1andz > 0,and the last inequality is by applying (154).

O

D.3 Non-DP Per-Instance Lower Bound under N, (p)

‘We now prove the per-instance lower bound in Table under neighborhood Ng¢a:(p) @

Theorem D.4. Let n,d € N and p € A(d) be fixed. Let Nyiqt(p) be the following additive local
neighborhood of p as defined in (137).

d
. i . 1
Nstat(p) = {q: |gi — pi| < min {pi,wi} foranyi € [d]} U {q > g —pil < n} (168)
i=1

Then if d > 2, it holds that
1
max E KL(q,A(x)) > Q min < p;, — 169
max B KLg A() (Z {s }) (169)

Proof. We will apply Theorem [A.3]to prove the lower bound. Below we first construct the packing
set. Without loss of generality, assume that p; > - - - > pg. For brevity, denote

1 d
Wk = pag—1 +Dpor  and Ay = §min {p2k7 \/ p;k} fork=1,---, L§J (170)

Let P be the following packing set of distributions.
14)

P=<qg=> wp-q":q€Pr={d.¢"} (171)
k=1
where
o pke1 j=2k—1 o (pak1 +A%) j=2k—1
¢EG) =1 o Pk =2k and ¢ (j) =4 o (p2x — k) J=2k
0 jeld\ {2k — 1,2k} 0 jeld\ {2k — 1,2k}
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One can verify that distributions in the packing set P are normalized and lie in the statistical

neighborhood N (p) by observing that min {pi_l, \/ plT’l} > min {pi, \/ %} for any i. By
applying Lemma (under setting a = pzw"—;l and A = ﬁ—:), we further prove that for any
q € A(d),

1 : 1
kz: 1k g=reo 2 5 where f(Pr) = g b S2wr min {p%, n} (172)
€Py. [
Thus the first condition of Theorem@holds We now analyze the second condition of Theorem[A.3]

For any k and any fixed ¢' € Py, 1 ;é k, by definition of P, we compute that

/ . apoi (n IR ¢')

\Pk|

min dPoi | n, wy - qi + Z wy - ql (173)
a"€Pr JPoi (TL, Wy * qi + Zl#k wy - ql> 1k
:/min dPoi | n,wy, - q_’i + Zwl -¢''| ,dPoi | n,wy, - ¢* + Zwl ¢ (174)
Ik I#£k
=1—-TV | Poi n,wk~q_’i+2wl-ql , Poi n,wk-q’i+2wl-ql (175)
Ik Ik

>1 — TV (Poi (npag—1) , Poi (npag—1 + nAy)) — TV (Poi (npay) , Poi (npar, — nAg))  (176)
n?A? n?A?

npak—1 npor — Ny

min{npay, 1}
>1 — ) ——— = 178
>1—/ 3 > 4 Tk (178)

where (I74) is because Py, only contains two distributions, (I73) is by using the definition of total
variation distance, (T76) is by the total variation inequality for product measures (Lemma[D.2), (T77)

is by Lemma | (T78) is by por—1 > po and by definition (T70) of Ay, = 3 min {pas, /2= } <
P2t Thus the second condition of Theoremholds By applying Theoremz- 3{under our proved

conditions (T72) and (T78), we finally prove t
1 L5) L5 1
maXE[KL(q,A Zwk Tk - f(Pg) = 128 Zmin {pgk,n} (179)
k=1

>oes me {pw } (180)

d
where (T80) is by observing that for p; > --- > pg, it is the case that Z;&i min {poy, =} >

st (177)

d
> 1&2:]1 min { Pmin{2k+1,d}s %} We now separate the discussions for the remaining (at most two)
symbols.

11 0, min {p;, 1} > L then (T80) suffice to prove the bound (T69) in the statement
(by observing that there is only one remaining symbol).

2. If Z?:Q min {pi, %} < ﬁ, then it must be the case that p; > 1 — ﬁ, pa < ﬁ, and
S>% . min {pi, L} < 5. By repeating the proof for a new packing P’ = {p~, p} where

p—a =1

P) = P2+ 5n =2 (181)
we similarly prove a new lower bound of 57+ 56 n. One can also validate that the new packing
P’ is also in the neighborhood Ny,: (I37) This suffice to prove (I69) in the statement.
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E Deferred Proofs for Non-DP Per-Instance Upper Bounds

E.1 Non-DP Per-Instance Upper Bound (Sampling Twice Algorithm)

We will use the following lemma for bounding the estimation error on zero-count symbols.

Lemma E.1 (Error of Algorithm E]on zero-count Symbols). Ler p € A(d) be a discrete distribution
over d symbols. Let n € N. Then Algorithm|[I]satisfies

Di 221
; ieL Pi n |14+ € 182
slmnon(ZE ) <2\ (g (e gl )| oo

i€L ier Ti i€L

Proof. By definition, we have that

Ppi n /2
sz ( lELp7/> E[szln <p~z>
€L ZLEL xl

€L

(Zp) . <Zznp/2)]
O @

(183)
We first analyze @ By concavity of In(t) over ¢ > 0 and by &; < z} + 1, we have that
np; 1
<E . 'E <0 184
D=m|Ton (52| ) < )

where the last inequality is by Lemmaunder m = 5. We then analyze @ By concavity of In(t)
over t > 0, we have that

@ <E; [Zpiln <1+ Licr BT "p’/Q])l (185)

el ZiEL np;/2

271
(Zm) In |14 <L (186)

icL ZZEL npi

where the last inequality is by applying Lemma[B.3|with b = 0 and ¢ = 1. O

We are now ready to prove the Non-DP per-instance upper bound for the non-dp “sampling twice”
algorithm Algorithm

Theorem E.2 (Per-Instance Upper Bound - Sampling Twice Algorithm). Let A be the estimator
given by Algorithm If d > 2, then for any n and any p € A(d),

> i 1n<1+ el )

icL nZ]ELpJ

E [KLplA@)] < (

z~Poi(n,p)

+ Zmln {pl, }) (187)
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Proof. By definition,
E  [KL(pllA(z))] (188)

x,x’ ~Poi(np)

. pZ/Z]GLp]
=K Z]%ln( /Z]€L$]>

i€L i€L n/2 i¢L /2
(189)
Y23 ~
SNEA T W ST
<E pi-In |1+ =" pi | In [ €2 n ieL
; ( ZJGanJ ; ni/Q n/2
pi Z; —mp;/2
B piln| 5| +> =5 (190)
i¢L n/2 i¢L n/
> jerl 1 1
pi-In |14 2 +—+E — (191)
( ; z ( n> jerPj n/2 Zn/z
E|> pi-ln{1+ el +Zmln{pu } (192)
i€l nZ]GLpJ

Lemma|B.10[under m = n/2, ¢; = —00, ¢ca = +00, b = 0 and ¢ = 1, and the last inequality is by

where (190) is by In(t) < ¢ — 1 for any ¢ > 0 and by applying Lemma [E.1} (T91) is by applying
B.10]
Prji ¢ L

=1—e " < min{np;, 1}, and by >_, min{p;, 1} > L ford > 2.

E.2 Proof for Matching Lower and Upper Bound

Corollary E.3. Let A be the estimator given by Algorlthm I Let Ngiot(p) and Nt (p) be the
additive neighborhoods defined in (I37) and (136)) respectively. Then for any n and any p € A(d),

E {KL(pHA(x))} <O (lower(p, n, Nstar) + lower(p,n, NS%)) (193)

x~Poi(n,p)
‘or any choice of neighborhood size t > 1 such that t-e~t < —. Specifically, we can always choose
Ind
t =min{1,2Inlnd}.

1
Proof. We will use the upper bound given by Theorem Observe that by 22”7370 <

z;=0Pj

> 1
jipj<Lt,x;=0
——21=n"Jd ___ "we have
gipj<ta;=0Pi

1 Sl

E{ Y pn(1+ jerl <E| Y piln|14 ZEEER (194)
i€Lip; <t ZJELPJ ieLip; <t anEL:PjS%pj

< lower(p,n, N< 1) in Theorem[D.3] (195)

Additionally, by definition, we compute that

1
E Z pﬂn(l—i— el ) <E Z pﬂn(l—i—?) (196)

i€Lipi>t ZJELPJ i€L:p;>Lt,a;=0

= Z pie”™Pi In (1+ f) (197)

pi>L
1 .

<0 Z — | =lower(p,n, Ngia¢) in Theorem [E2]
n

ipi>L

(198)

42

Epi . .
(ZI%) In ieé +szln < bi > +1In <4LC+§/2L1:1

°)



Neighborhood N | lower. 5 (p,n, N) () \ Conditions | Reference

— ne

N.. (@ Q( oopit+ > ;;177:2152> 0<e,d>2 TheoremH

i:pi<$ i:pi2$
In(14+dgmar (L'
N_. @ o (o) | L' Cld,t>1,d>2 | Theorem|F2
dsmati (L'
peman (1) In (1 + szt ) ) et
Table 5: DP per-instance lower bounds, where psmau (L) = > pi and dsman (L") = > 1
ieL!:p;<-L ieL!:p; <L

ne — ne

where isby L = {i € [d] : #; = 0} and by probability mass function of Poisson random

variables, and (T98) is by choosing ¢ > 1 such that ¢ - ¢7? < ﬁ Specifically, we can choose

t =min{1,2Inlnd}. O

F Deferred Proofs for DP Per-Instance Lower Bound Theorem 3.1

For ease of presentation and understanding, we break up the neighborhood N« (p) for a given
small £ > 1 into two sub-neighborhoods: one N1 € N+ (p) with the same small perturbation for
every symbol, and the other N+ (p) with larger perturbations for small symbols, defined as follows.

We then prove per-instance lower bounds under the sub-neighborhoods N, + (p) and N+ (p)
respectively. By definition (2), their average is a lower bound for the per—i_nggance lower bound
under N« (p) , i.e., lower(p,n, Nc + ) > % -lower(p,n, Nc 1) + % -lower(p,n, Nc + ). (This
is because one can construct a distribution over hard instanc_egf choosing the hard inst%%ce(s) in
N+ (p) and Ngiat(p) with 1/2 probability respectively.)

Our results for DP per-instance lower bounds under neighborhoods N+ ,¢ > 1 are summarized in
Table

F.1 DP Lower Bound: N1 neighborhood

In this section, we prove the per-instance DP estimation lower bound in Table [5] under additive
neighborhood. We first prove a lower bound under add-n% neighborhood.

Theorem F.1 (Lower Bound - N 1 Neighborhood). Letd € N, e > 0and0 <5 < 1,p € A(d)
be fixed. Let N 1 (p) be the additive neighborhood defined in (6) for t = 1 as follows.

1 ) 1
N<n15(p):{q:|qi—pi|§mforanyze[d}and Z ¢; < max o Z Di }

ip <L

1
ne = ne

:p; <
(199)
If 6 <eandd > 2, then the expected KL error of any (g, 0)-DP estimator A satisfies

. 1 1
max E )[KL(q,.A(x))] >0 <zl: min {pi, el W}) (200)

gEN_ 1 (p) x~Poi(n,q
- ne

Proof. We will apply Theorem[A.4]to prove the lower bound. Below we first construct the packing
set. Without loss of generality, assume that that d mod 2 = 0. (Otherwise, sort the symbols to

satisfy min { P1, p% . n%z > ... > min { Pd, p% . n%sz} and ignore the last symbol in the below
constructions.) For brevity, denote

1 1 d
Wk = Pog—1 +por and Ap = —— min< pog, — o fork=1,---, = (201)
160 ne 2
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Let P be the following packing set of distributions.

d

P=<qg=> wp-q":q€Pr={d.¢"} (202)
k=1
where
u%k’kafl j=2k-1 %k'(pqu-i-Ak) j=2k-1
¢EG) =9 ook G=2k and ¢4 (j) = o (p2x —Dp)  j=2k
0 jeld\{2k—1,2k} 0 jeld\{2k—1,2k}

One can verify that distributions in the packing set P are normalized and lie in the additive neigh-
borhood N 1 (p) by observing that .- > min {p;—1, ;- } > min {p;, ;- } for any i. By applying

Lemma (under setting a = pzﬂ’j—kl and A= ﬁ—’f), we further prove that for any ¢ € A(d),
Zl >1Wheref’P <k> ! i !
- min —
|7)k‘ = KL(q"*,q)>f(Pk) ) T =~ 3.1602- D2k Dok, - N2e2
(203)
Thus the first condition of Theorem[A.4]holds. We now analyze the second condition of Theorem[A.4]

d
For any k and any fixed ¢! € P;,l =1,---, g and fixed g, € Pg. Let x ~ Poi (n, Dol wre ql)
and y ~ Poi(n-Ayg) and y' ~ Poi(n-Ay) be independent Poisson random variables. Then

d
we could construct the following coupling (z, Z) between distributions Poi (n, DA wr - ql) and
Poi (n, wg - qF + D i Wi ~ql):

rt+y 1=2k—-1

n=qu—y =2k (204)
X leld\{2k—1,2k}
By definition, we compute that
1
Efle -zl ] =Ely+y]< go=7 (205)

where the inequality is by definition Ay < 160n€ Thus the second condmon of Theorem 41holds.
By applying Theorem[A.4]under our proved conditions (203) and (203), we prove that

d

1 1 L 1
maxIE[KL q, A >Zwk <45 7'> - f(Pr) = 2 W';Inln{p%aw}
(206)
By repeating the constructions under Ay, = fﬁ min {pgk_l, nie} fork=1,---, %, we similarly
prove that
d
EKL( AW@) 2 - —— 3 i ! Qo)
max x — . ——— ) min L,
e © =20 81602 TP gy e
By combining and (207)), we prove the bound (200) in the statement. O

F.2 DP Lower Bound: N_: neighborhood

In this section, we prove the per-instance DP estimation lower bound in Table [5|for low probability
symbols.
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Theorem F.2 (Lower Bound - low probability symbols). Let p € A(d) be fixed. For any t > 0, let
N_. be the additive neighborhood defined as follows.

t , t
N<;E(p7n)={q:|qi—pilﬁmforany16[d]and > i < max e > b }

ipi < ipi <L

— ne

(208)

Thenif 6 < e ne > 1,t > 1 and d > 2, then for any L' C [d], the expected KL error of any
(e,0)-DP estimator A satisfies

max E KL(q,A(m)) ZQ (hl(l + dsmall(L/)) +psmall(L/) Jn (1 + ds’m,all(l/)>>

4EN_ + (p,n) x~Poi(n,q) ne ne * Psmatt (L)
(209)
where psman(L') = > piand dspman(L') = > oL
iel’,p;<;L i€l ,pi<7L
Proof. 1. If dgimau (L") = 0, then pspqu (L") = 0 and thus (209) trivially holds.
2. If 1 < dgman(L') < 3: Without loss of generality, assume that {i € L’ : p; < é} =
{1, ,dsmau(L')}. We construct a packing set of distributions P = {p*,p~} that
contains the following two distributions.
1
J=1
4N 80ne
p(j) = , : (210)
U ) (o 1) S
and
L =1
160ne J=
. 1 .
p (j) = (1= gomz) - (s + 5 J=2,-,d—1 (211)

(liwlns) pd+dp—11 + 16éne j:d
One can validate that the distributions in P are well-defined and are in the additive neigh-
borhood N (p) (by observing that 0 < p; < -E ford > 2 and thus . < -L). By
applying Lemma (under setting a = 801n8 and A = ), we further prove that for
any ¢’ € A(d),

1 1
Pl Z lxrqa)>rP) 2 3 where f(P) =
qeEP

_1
160ne

A
a  320ne

212)

Thus the first condition of Theorem [A.4] holds. Below we analyze the second condition
of Theorem Let § = pT. Forany ¢ € P, lety ~ Poi(nmin{p™,p~}) and let
y' ~ Poi(nmax{p*,p~} — nmin{p*,p~}). Then we could construct the following
coupling (z, z) between distributions Poi (1, ¢) and Poi (n, §):

ity =1 _ Y l=1,---,d—1
= dz; = 213
. {yl l:277d anen yl+yl/ l=d ( )
By definition, we compute that
1
El||lx — z|1] =E [y} N=— = 214
e = 1] =E [y + 4] = gz =7 @14

Thus the second condition of Theorem [A.4] holds. By applying Theorem [A.4] under our
proved conditions (212)) and (T51)), we finally prove that
1

mE [ Ll A@)] 21+ (5 42 7) - FP) = g

/ /
ZQ hl (1 + dsmall(L )) + psma”(L/) (1 + dsmall(L )
ne psmall(L/) *ne

(216)
where (216) is by the assumption that dgqu (L") < 3 and by In (1 + z) < x for z > 0.

(215)
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3. If dsmau(L') > 4: Without loss of generality, assume that {i € L’ : p; < é} consists of
symbols 1, -, dsman(L'). For brevity, denote d = Ld%’(mj >2and p = Z?Zl D;.
Without loss of generality, assume thatp; > --- > Ddyman (L)) then it follows that

3 dsmall(L/) Psmall (L,)

d> dp> 217
2 3 and p > 3 217)
Let k, k € N be defined as follows.
d d d
2 Toomep = 2 2] T6onep < 2
K=14d Toogep > 2and 160nep <1 k=1 Toopep > 2and 160nep < 1.
|t Tecks > 2and 160nep > 1 [160nep|  a5ms5 > 2 and 160nep > 1
(218)
Thus by definition,
5 dsmall(Ll) k N 1
>2 d k>1 d k<d< 22 d —<
K >2 an >1 and k-k<d< 3 and oo~ < max (P, oo
(219)
Fori=1,--- ,k, we construct a packing set of distributions supported on symbols 5; =
{k-i—kKk+1,--- 0.} as follows.
For i = 1,~" ,k‘ 'Pl = {5n-i7n+1a"' 75n-i} (220)

We construct the following set of distributions that lie in the additive neighborhood of p.

1
P{q(1160n5) q +Zw, q Wi = Tee and ¢' € P;foranyi=1,--- ,k

221)
where
0 =1,---.,d
1 ) _ max{ﬁ,wlns}—ﬁ s g !
qc(]) _ o D; + doman (L)) —d J= d+1, 7dsmall(L ) (222)
D ﬁfmax{ﬁ,ﬁ} s
e O T ——y ) §=dsmau(L') +1,---,d

One can verify that the distributions in P are well-defined (i.e., nonnahzed) and lie in the
neighborhood N (p ) defined in (6). This is by observing that p; < -= for j = 1, .d,

max{pv T60ne } T we P
and that 0 < domant (D) —d < maX{d, 50— ¢ due to (2T9) and d < dsman(L'),

1
P—maxy P, 1gomz

and by 0 > > — 160"35 > —1 under ZT7) and ne > 1, and by 0 >

1=psmau(L') = 1—156—
o b max{p 160n€} > 1
Pj 1—psmati (L) = 160ne *

Now by applymg LemmalA.6|to P; foreach i = 1,- - - , k, we prove that for any ¢’ € A(d),

1
> kra)zre) = 5 Where f(Pi) = (1 + 4) (223)
qEP;

|7’|

Thus the first condition of Theorem @ holds. Below we analyze the second
condition of Theorem |A For each i € [k] and fixed ¢/ € Pj, = 1,---,k

and fixed ¢ € P;. Let ¢ ~ Poiln,(1-15-) ¢ +Zw] ¢’ | and

y ~ Poi (n, (1 - 16’577,6) w4 Y wy qj> be independent Poisson
J#i
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random variables. Then we could construct the following coupling (z,Z)

k
160ne

k ,
between  distribution  Poi (n, (1 — ) g+ > w - and  distribution
j=1

Poi (n,(l—lg’gm)-qc+wi~qi+2wj-qj>:
Fi

_ y l=rk-i—rk+1,-- K1
= 224
xl {xl lefd\{ri—r+1,- k- 224)
By definition, we compute that
B K1 K1 1
Elle —alli) = ZEHEHJ?I -uls 2 HE[mz tul =g =T (229)

where the inequality is by triangle inequality for ¢; distance. By applying Theorem [A.4]
under our proved conditions (223) and (223)), we finally prove that

k
1 k 1 K
max B [KL(g, A(x))] > 2}" : (10 ey ) FP) = o 5o (14 5)

(226)
d d
1601~ns 5] In (1 + %) 160nep <2
={ o= -In (1 + id) Tooms; > 2and 160nep < 1 (227)
ez - [160n2p) - In (14 3 sl ]) by > 2 and 160n2p > 1
0 % 160[2516 <2
>80 (L m(14d)) gl > 2and 160nep < 1 (228)
Q(pm(14:5)) o > 2and 160nep > 1
In(1 4 d i
ZQ<D( +d>+p.1n<1+ Cﬂ)) (229)
ne ne-p
In(1 + dgman (L' dsman (L'
s (20t domarllD) oy (14 Lemenl) 230)
ne NE * Psmall (L/>

where (227) is by using the definitions of « and k in 218), (228) is by |z > & for any
z>1, (229 is by Aln(l +z) > In (1 + Az) for A > 1 and z > 0, and by In(1 + A\z) <
A-ln(l+z) <zfor0<X<1andz > 0, and the last inequality is by @17).

O

G Deferred Proofs for DP Per-Instance Upper Bounds

G.1 Upper Bound: DP Sampling Twice Algorithm

For convenience, we first prove the following lemma about the probability of small symbols going
above a threshold, and the probability of large symbols going below a threshold.

Lemma G.1 (Probability of False Positive). Letm € N, p > 0, 7 > 0 and ¢ > 0. Let x ~ Poi(mp)
and z ~ Lap (%) Ifp < m then

Priz+2> <O(eff) (231)

min{e, 1} | —
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Proof. By applying Lemmaunder setting a = mp;, b= L and c = =1y We prove that
T 4 mp,; min{e,1} . .

P Z | S3¢ 7 =0 232

r{x—i_z_min{e,l}} -3 <0(e7?) (232)

where the last inequality is by p <

m mln{s 1}-

O

Lemma G.2 (Probability of False Negative). Letm € N, p > 0, 7 > 0, and € > 0. Let x ~ Poi(mp)
and z ~ Lap (%) Ifp > W{m}fo”t = 67 > 1, then for any constant v > 0,

- , 1
P < - |< e — 2
' [x Trs min{e, 1}] =0 (e mY min{1a€}7p3> o

Proof. By applying Lemmaunder setting a = mp;, b = % and c = we prove that

T
min{e, 1}’

4 , mp; min{e,1} , mp; min{l,e}
Priz4+z<—1 *6577}) o gO(e*Ti” e ) (234)
mln{a 1}
r 1

<Olez—m8 ——— 235

= ( o min{l,ew) 23

where (234) is by £ — % <—-%- %n{le} for p; > m undersetting ¢t = 67,
and the last inequality is by e~ 5 < O (=) for & = mp; min{1,e} > ¢ > L and v > 0. O

We then prove two lemmas that bounds KL estimation error on (small) symbols below threshold and
(large) symbols above threshold.

Lemma G.3 (Error of Algorithm [2Jon Small Symbols - reused samples). Algorithm[2]satisfies

Di E 1
Di 1€l
i - e O(E pi |In[1+— (236)
IEZL ( ZL!L z; ) < Z min{l, e} ZieL anp;

i€l
1 1
— 237
+ ' Z (om + a?n? min{e, 1}2pi> ) (237)
22pi>m
where we have denoted L = {z cx; + Lap (0, é) < m} as the randomized instance-

dependent subset in Algorithm 2]

Proof. By definition, we have that

Pi
o5 ()] s
i€l Ylier Ti

We first analyze @ By anp; < min{e, 1} < Z; under p; <

1
— anmin{e, 1}’

pn(3)]

i€l

() u(Z=)]

@ ©)

(238)

we compute that

anp;
(D <E > pi-ln( — ) (239)

. K3
1€Ll:p;>

1
an min{e,1}
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We then analyze @ By concavity of In(t) over ¢ > 0, we have that

@ <Ep | pin (14 Zact B - anpli € 1] (240)
- ieL ZieL anp;
’D m+ > E[Z; — anp;|i € L]
<Ep ZP' In |1+ e G 1€L:pi> Srmte Ty
- i€l ZieL anp;
(241)
> 1 )
] x; —anp;
<O|E pi ) In |1+ ——<k + Ti — anp;
<ZEZL ) min{l £} 2 ier, anpi ieL:pl>§m£M o
(242)

where we have denoted L = {z @ + Lap (0,1) < mm;l}? as the randomized instance-

dependent subset in Algorithm[2] (241) is by applying Corollary 242 isbyln(l+2z+y) <
In(1 + z) 4+ y for any = > 0 and any y.

By plugging (239) and (242) into (238)), we prove that
Pi
([ ()

icL ier Ti

> 1 _
<O|E ; 1 1 i€eL ) 1 anp; T; —anp;
< (Zp ) nl1+ + > (p n ( - +

2 min{l,e} > ., anp; 1€ LPi> s Te T

r ZL 1 1 1
1€
<O|E <2p2> In|1+ + Z (om + a?n? min{e, 1}?p;

e min{1,¢e} ZieL anp; itpi>

1
L anmin{e,1}

(244)

where (244) is by applying Lemmaunder settingm = an, ¢; = —ocoand ¢ = Ly, b= 1

and ¢ = 1 for p; >

1
min{e,1} anmin{l,e}"

Lemma G.4 (Error of Algorithm[2]on Large Symbols - reused samples). Algorithm [2]satisfies

. max {561-, ﬁ} —anp;
B> (m In _— - 2 (245)
igL max {‘%“ min%s,l} } an
Te 2 - — = 53
- anmin{e, 1} an  p; o?n?min{e, 1}2
iipizm
where we have denoted L = {z :x; + Lap (0, %) < m} as the randomized instance-

dependent subset in Algorithm 2]
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Proof. By definition and by 7 > 1, we compute that

, max {iz,ﬁ} —anp;
E[Z <pi In anpi + Gl ] (247)
i¢L max {xi, m}

anp; T; —anp; anp; T; — anp;
R I | I e
1

AT 1
i¢Lip;> anmin{1,e}

We now analyze @ By applying Lemma under setting m = an, ¢; = m, o = +00,

_1 __ 1
b= andc= mm{T,e} We prove that

1 1 1
®SO< > <m+pa2nzmm{gl}z)> (249)

p; 2>

1
an min{e,1}

We finally analyze @ By &; > anp; fori ¢ L and p; < we prove that

1
anmin{l,e}’

Ni‘ L) - 7 T rninTe +%
@< > Pr{i¢L}~E[“¢}a"p§0<ez~{“~d~1 <

) N an an minipi—oznmi:xl){s,l}
#pi< an min{e,1}
Error on FP
(250)
1 . 1
_z min; pi < o mnTe 1T
=0 | dre = - : 1) (251)
anmin{e, 1}

where the second inequality in (250) is by applying Lemma under setting m = an, and by
applying Lemma|B.7|under setting A = anp;, b= 1 and ¢ = mmpey- BY plugging (249) and (251)
into (248)), we obtain the bound in the statement. O

Lemma G.5 (Error of Algorithm [2]on Large Symbols - fresh samples). Algorithm[2]satisfies

~ 1
1— ’ max LL'(, m — (1 — Oz)npz
E|S pin (1= ajnp n { 1 mind 1}} (252)
i¢L max{fé,ﬁ} (l_a)n

1 1 1 T min; p; < o
< O - d -3 . an min{l,e}
- Z ((1 —a)n + pi (1 —«a)?n?min{e, 1}2) +ae (1 — a)nmin{e, 1}

ipi> an min{e,1}

(253)

where we have denoted L = {i:x; + Lap (0, %) < m} as the randomized instance-
dependent subset in Algorithm
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Proof. By the independence between set L and noisy estimate & (as they are computed on indepen-
dently sampled datasets = and z’ respectively), we compute that

1— . max {xl, Fn } — (1 — a)np;
i max {xz’ mm%s 1}} (1 - a)n
(254)
1 1 1 1
<0 —
: ( S (e TR R rery e ) R e e DD
lpizm UPi < Grnmin{e 1T
Error on TP Error on FP
(255)

Z # + l . 1 + de™ % - ming pi < T ey
- o (I-—a)n  p; (1—a)?n?min{e, 1}2 (1 — @)nmin{e, 1}
ipi

Z anmin{e, 1]

(256)

where the first term in (253) is by Pr[i ¢ L] < 1forp; > m (by definition) and by applying
Lemmaunderm (1—an,b=1c= m, ¢1 = —oo and ¢y = +00; the second term
in (255) is by applying Lemma|[G.T] under m = an; (236) is by definition. O

We are now ready to prove the per-instance upper bound for Algorithm 2]

Theorem G.6 (DP “Sampling Twice” Algorithm). The estimator A given by Algorithm[2]is e-DP
and satisfies the following error bound for any fixed p € A(d).

> 1
; 1
E KL )1 1 i€EL L#0
x~Poi(n,p) (p”A( :| < <Zp ) n * min{l, E} ZiGL np; * nmin{l, E}

i€L
(257)
1 1
— 258
+ _ Zl p; n?min{e, 1}2> (258)
11p12m
where L = { x; + Lap (O ) < m} is as defined in Algorithm
Proof. By the definition of Algorithm 2] we compute that
E[KL(p, A(z))] (259)
=E Zplln pl/ZJEij sz In ZeLpl —&—szln Pi + In 4% L i
Tif D> icr Tj T (1-a)n
i€l JeL=a i€L (- a)n i¢L (I-a)n
<IE szln pZ/ZJELpJ sz ln(ZiGL(1~_ 04)an> + 6_21EL(1_a)npi
ieL Tif Xjer Tj el c 1—a)n
(260)

+E

E (pz In ((1 _xai)npi> z; —(1(1 —aa)r)bnpi)] 261)
i¢ L -
©)
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where the last inequality is by In(¢) < ¢ — 1 for any ¢ > 0. We first analyze @ By applying
Lemma[G.3] we prove that

_ Y1
i 1 1
@ <O | E (sz') In|1+ €L + Z <OZTL + M)

min{l,e} >, ., anp;

| \ieL 9> ek
(262)
_ Z ! 1 1
<o|E[[Yp)m|1+—— € + (+)
L (EZL > mln{17 E} ZieL np; iiPi>7§ir}w n ﬂ2€2pi
(263)

where (263) is by a = 0.5 in Algorithm We then analyze @ By the independence between L
and ¢ in Algorithm [2[(due to independent sampling of datasets = and z’), conditioned on fixed L, we
apply Lemma [B.10[under setting m = (1 — a)n, p = Y_,c; pi» ¢1 = —00, €2 = +00,b = 1 and

c= and prove that

Y 8 B

1 —a)nmin{l, e} nmin{l, e}

1
min{l,e}

where (264) is by setting & = 0.5 in Algorithm [2} We finally analyze @ By definition of Z; for
i ¢ L, we compute that

ORI (pi o - (265)
i¢L max {i‘“ rnin%e,l} } + max {f;’ min%e,l} }
max {572‘, ﬁ} + max {5&2, ﬁ} —np;
+ el el (266)
n
) max {a@,ﬁ} —anp;
<a-E Z (pi In aNp; i {e.1} >‘|
e max{ii,m} an
~ 1
1— . max{xé,m} — (1 - a)np;
+(1=a)-E|Y piln 1= ejnp + i”
igL max {‘%;’ min%s,l}} ( B Oé)n
(267)
<0 > 1. 1 n Linin i< ey (268)
- ‘ L p; n?min{e, 1}2 nmin{e, 1}
ZiPiZm
1 1 Pr[L # 0]
<0 — - 269
- ‘ >22 p; n?min{e, 1}? + nmin{e, 1} (269)
YPiZ wmin{e, 11

where (267) is by the joint convexity of the function z In <§) with regard to arguments x,y > 0;

([268) is by applying Lemma [G.4] and Lemma [G.5] under setting « = 0.5 and 7 = 41Ind as in
Algorithm and (269) is by Pr[i € L] > Q(1) for p; < m under « = 0.5 and 7 = 4Ind

in Algorithm (by applying Lemmaunder setting @ = anp;, b = é and ¢ = W{ls})' By

plugging our proved bound (263), (264) and 269) for (1), (2), and (3) into (261), we prove the
O

bound in the statement.
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G.2 Proof for Matching Lower and Upper Bound
Corollary G.7. Let A be the estimator given by Algorzthmla Let Nstar, N<t, : N 1 , N.t bethe

— ne

additive neighborhoods defined in (I37), (I36), (6) respectively. Then for any mand any p'€ A(d),

E [KL(pHA(a:))] <O<lower (p,m, Nstar) + lower (p, n, NS%)

x~Poi(n,p)

Non-DP Per-instance Lower Bound

+ lower, s (pm, NL) + lower, s <p7n, NSL) ) (270)

DP Per-instance Lower Bound

under choosing neighborhood size t = 67 for 7 = 4Ind.

Proof. We will use the upper bound given by Theorem [G.6] Observe that for any ¢ > 0,
>1

‘€L dsma (L) — —
min{l,afZiEan < min{l,a}nlgisma”(L)’ where dsmall(L) - - E 1 and psmall(L) =
1 pi<

3 p;. Thus the first term in Theorem satisfies

t
anmin{e,1}

—an mm{a 1}
1€L:p; <

1 1
(ZPi)ln 1+—— <L 4L 271)

icL min{1,¢e} ZieL np; nmin{l,e}

SE[psmau(L)~ln<1+ __demat(L) (L>>]+ > p¢~ln<1+f)~Pr[z‘6L}

Il'lln{ 1; E}’n‘psmall

©Pi> e T
(272)
LE ].mmleL pz_m I Z PI‘[i S L] 273)
nmin{e, 1} , . nmin{e, 1}
Ui 2 i (e 1T
dsma”(L) In (1 + dsmall(L)) In d67% + 67%
<E |psmau(L)1 : - 0 5
- [p u(L)In (psma”(L) -nmin{l, ¢} nmin{e, 1} * 4 >Zf n?min{1,e}%p;
VP2 w1}
(274)
dsmall(L/) In (1 + dsmall(L/)) 1
< sma L1 @ TS 1 19
_quca[};} (p u(l) In (psma”(L’) -nmin{l,¢e} nmin{e, 1} + , >Zt n? min{l,e}?p;
Pi> eIy
(275)
=0 (Theorem [D.3]+ Theorem [E2]+ Theorem [D.4/+ Theorem [E)) (276)
2! dumet (L)
. t€L sma
where (272) is by min{l,efzi@nm < min{l)s}n;ma”(m, for any ¢ > 0 and dgmau(L) =
> 1 and psman(L) = > pi: @) is Pr[lL # 0] <
iEL?PiSm iEL:piSm

anmin{e,1}

Pr {mi{l pi < .t] + > Pr[¢ € L] (ensured by union bound); (274) is by
1€ .
P>

ot
Z anmin{s, 1}

1 <In|1l+ > 1| = In(1 4+ dsmanu(L)), and by applying

min;er, pbgianlnln{s 1}} -
i€L:p; <

S armmleTy
Lemma|[G.2|under setting m = an and choosing ¢ = 67; and (273) is by setting 7 = 4 In d as defined
in Algorithm 2] and (276) is by deﬁmtlon Addltlonally, observe that by definition, the second term

in Theorem (G.6is 3 1 - m < O (Theorem [D.4] + Theorem[ET]). Combining
p; > nomin{l,e}
this with (276) suffice to prove the bound in the statement. O
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G.3 Discussions on the Neighborhood Size

Lemma G.8 (Generalized Packing Argument). Let d > 16 € N and let O be an output space. Let
err : O x O — R be an error function. Given p*,--- ,p? € O. Fori € [d], denote S(p*) as the
distribution of histogram sampled from distribution p*. Assume that

1. foranyi,j € [d],
E@an [z —2'[h] £ — 277)
for a coupling (x,z") between the distributions S(p*) and S(p’);
2. forany q € O and any S C [d] such that |S| > d'/*, it holds that

1 s Ind
5 Z err (p',q) > 1 (278)
€S
Then for any (g, d)-DP algorithm A with § < 77—, we have
i Ind
IgleajiEsz(pi) lerr (p*, A(z))] > Tc (279)

Proof. We will prove the lemma by contradiction. Consider a bipartite graph (V, E) on V = [d] x O,

; : : i Ind
where (i,v) € E if and only if err(p’, ) < 4*. Then

Forany v € O, degree(v) < d4 (280)
Otherwise the set of neighbors Nbr(v) = {i € [d] : (i,v) € E} violates (278).
Suppose that (Z79) does not hold, then
Ind

Foranyi € [d], E.vsq [err (0, A(@)] < 3¢ (281)

Denote the neighbor set Nbr(i) = {v € O : (i,v) € E}. Then by Markov’s inequality

. i Ind Ez~$( ) [GI’I‘ (pl,A(x))]
P MA@ eNor)] = 1= Prfer (5, Aw) 2 57 2 1 S = >
(282)

where the last equality is by 28T).

On the other hand, for any j € [d], let (z, 2’) be the coupling between S(p?) and S(p?) in 277), we
prove that

Ind Ind
Pr [A(z) € Nbr(i)] < Pr [A(z) € Nbr(i) and ||z — 2'||; < — P -2 > —
_Pr A € Nor() < P [Aw) € Nori) and o — s < 2]+ o e = > 2
(283)
n 1 d n IEZDII —a
< e Pr [A@) € Nor(i)] + et 5y Btean [l 2 2]
(z,z") 4e 2—6
(284)
1
=d’*. Pr [A(x) € Nbr(i)] + = (285)
z~S(p?) 2

where (283) is by applying union bound; the first term in (284) is by recursive usage of definition of
(¢,0)-DP to datasets (z, 2’) with hamming distance bounded by 2-2; the second term in (284) is by
applying Markov’s inequality; and (283) is by applying condition and § <

By combining (282)) and (283)), it follows that

R
d'/41nd"
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By summing (286) over all i, we prove that
Pr [A(z) € Nbr(z)] > e (287)

Thus there exists v € O, such that

d J3/4
Z Lyenbe(i) 2 e > /4 (288)
i=1
where the last inequality is by d > 16. This contradicts with (280). O

Theorem G.9. Letn,d >4 €N, e = l;’é‘fl), and 0 < 6 <

local neighborhood as defined in (6) for t = v1nd.

g Forvy < 3. let Ny (p) be the

ne
ip; <

yInd . ~vInd
N, (p) = {q Hgg — il < - forany i € [d] and Z q; < max , Z D

. ~yIlnd ~Ind
i ST e

(289)

Then there exists a set P of distribution instances on A(d), and a per-neighborhood estimator A N, (p)
under neighborhood size vy, such that

max max E [KL(q, ANw(q)(z))] < 48yInd (290)

PEP qEN,(p) x~Poi(ng)

while for any (e, §)-DP estimator A, we have

Ind
E KL >
r]ElEa% x~Poi(np) [ <p’ .A({L‘))] — 16

Thus if v < o(1), then no (e, d)-DP estimator A could satisfy @) (otherwise it contradicts 290) and

@91)).

Proof. Consider the following construction of P.

(291)

P = {pi — 5, fori € [d]} (292)
Then
; Ind Ind
Nyp')=1q:¢s>1—7v-—,q; <y - — f j £ 1 293
+(p") {q G217 — ¢ <7 oranyj#l} (293)
Thus the following construction of per-neighborhood estimator satisfies (290).
1—~- Ind j=1i
An_piy(z); = nds 294
N, () (T) {v'na»l(dd—l) J£i (294)
This is because
max E [KL(q, An,(pi))] <In _ + - Ind. In(d — 1) (295)
4N (1) ampoitngy @O S T T T e
Ind Ind)?
<oy L e g (296)
ne ne

where (296) is by 7 - 24 < 1 under v < & and by e = 24

n 2n °
Below we focus on proving (291) by applying Lemma[G.8] We only need to validate that the two
conditions of Lemma hold.

d

.. o In
1. The first condition 277) holds by e = <.
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2. The second condition of (278) holds by convexity of the function In(}) on ¢ > 0, which
ensures that for any S C [d] with |S| > d'/* and any ¢ € A(d), we have

1 1
€S 1t

i€s i€S [S|

where the second-to-last inequality is by D, ¢ ¢; < 1, and the last inequality is by |[S| >

d/s,
O

G.4 Additional Experiments on More Datasets
In this section, we further evaluate on more data distributions: power law distributions p; oc - for

B = 1.5, 2 in Figure 3] and [} Enron-email corpus in Figure[5} and MMLU corpus in Figure

’ —e— Add-constant (DP) —e— Good-Turing Our Algorithm/[I] Our Algorithm 2] (DP) ‘
AL HHH/H\ TTTTTT LLLLLU N ALALLL AL AL 4 [T T T T
L 6 : 4l ] _
24l - . - -
= —_ 2l - 20 o=
§2ni | -
0 (ool i:r\_ﬁmﬁ 0 mmm\ L \\\\\\\\Trm\_i [ Sta— Vi B ——

107t 10° 101
Specified ¢

102 103 10* 10°
Data dimension d

102 10% 10* 10°
Dataset size n

(a) d = 50000, ¢ = 1 (b)n = 2000, ¢ = 1 (¢) n = 1000, d = 10000

Figure 3: (Power law distribution p; o 1.1%) KL error versus dataset size n, distribution dimension d, and DP
guarantee ¢ for our methods compared with the simple minimax optimal Add-constant (DP) baseline, and the
strongest non-DP baseline of prior (near) instance-optimal Good-Turing estimator.

’ —e— Add-constant (DP) —e— Good-Turing Our Algorithm[] Our Algorithm 2] (DP) ‘
3 6 LQ.\:H\:ZHHHH\ HHH/H\ TTTTTT ] 4 JHH‘ T T T T T T \HL\H\ gy 4L ‘_‘“““\ T T TTTT ]
Eal - 1 - -
o - 9l - 9l ————]
2 2f - =

0 Tﬁ%ﬁ?ﬁ 0 Ll ﬁﬂ; col vl 0 R T E—

102 10° 10* 10° 102 10° 10* 10° 0=t 10° 10
Dataset size n Data dimension d Specified ¢

(a) d = 50000, =1

(b)y n =2000,e =1

(c) n = 1000, d = 10000

Figure 4: (Power law distribution p; i%) KL error versus dataset size n, distribution dimension d, and DP
guarantee € for our methods compared with the simple minimax optimal Add-constant (DP) baseline, and the
strongest non-DP baseline of prior (near) instance-optimal Good-Turing estimator.

G.5 Instance Optimality of Gaussian Variant of Our Algorithm

Below we present a Gaussian variant of our algorithm, and prove that it is near instance optimal up to
alog(1/4) factor.
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Figure 5: (Enron-emails Token Distribution Estimation) KL error versus dataset size n, distribution dimension d,
and DP guarantee € for our methods compared with the simple minimax optimal Add-constant (DP) baseline,
and the strongest non-DP baseline of prior (near) instance-optimal Good-Turing estimator.

—e— Add-constant (DP) —e— Good-Turing Our Algorithm Our Algorithm 2] (DP) ‘
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Figure 6: (MMLU Token Distribution Estimation) KL error versus dataset size n, distribution dimension d, and
DP guarantee ¢ for our methods compared with the simple minimax optimal Add-constant (DP) baseline, and
the strongest non-DP baseline of prior (near) instance-optimal Good-Turing estimator.

Algorithm 3 (¢, §)-DP “Sampling Twice” (Instance-Optimal)

Inputs: Data partition ratio « = 0.5. Independently sampled datasets  ~ Poi(a - np) and
' ~ Poi((1 — a) - np) s.t.  + 2’ ~ Poi(np). Threshold 7 = 4Ind. Noise magnitude
_ /In(1/5)
L=0 °
for symboli =1,--- ;ddo
Private Thresholding: If 7; = ; + 2z < T2 o 0 A7 (0,02), add i to L

min{e,1}
end for
Estimate small symbols’ combined mass: &= max {Z e T +N(0,07), m}

Estimate individual large symbols: fori € [d] \ L, &} = @ + 2| for 2] ~ N (0, 0?)
_ \/2In(1.25/3)

Truncation: Ti = max | I, ey for « € Ly z = (1 -
) (max {gﬁi, M} —l—max{j:;, W}) forie[d]\ L

1 ~ .
. N : = S L ~
Return A(z) with A(z); = ];7 ¢ T Z . where N =¢+ 3 ..,
N
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Theorem G.10. The estimator A given by Algorithm is (£,0)-DP and satisfies the following error
bound for any fixed p € A(d).

>l
; 1
E |KL(p|lA <21n(1.25/8) - O| E |1 ek L7
@~Poi(n,p) (vl (m))} <21n(1.25/9) ( (ZEZLP> s min{1,e} > .o, npi + nmin{l, e}
(298)
1 1
— 299
* ‘ Zl p; n?min{e, 1}2> (299
UPi 2 i (1T

where L is the randomized set as defined in Algorithm|3]

Proof. The (g,0)-DP guarantee follows by observing that the ¢s-sensitivity of vector release
(1, ,xq,2},--- ,2/) is one, and by applying the (e,d)-DP guarantee for Gaussian mecha-
nism in [27, Theorem A.1]. The KL error bound follows identically as Appendix [G.1] after re-
placing all Laplace Tail bounds under Lap(1/e) with Gaussian Tail bounds under N(0, o2) for

_4/21n(1.25/5) 0

S
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