Differentially-Private Clustering of Easy Instances
Full Version

Edith Cohen* Haim Kaplan* Yishay Mansour* Uri Stemmer!
Eliad Tsfadia*

June 10, 2021

Abstract

Clustering is a fundamental problem in data analysis. In differentially private clustering,
the goal is to identify k cluster centers without disclosing information on individual data points.
Despite significant research progress, the problem had so far resisted practical solutions. In this
work we aim at providing simple implementable differentially private clustering algorithms that
provide utility when the data is ”easy,” e.g., when there exists a significant separation between
the clusters.

We propose a framework that allows us to apply non-private clustering algorithms to the easy
instances and privately combine the results. We are able to get improved sample complexity
bounds in some cases of Gaussian mixtures and k-means. We complement our theoretical
analysis with an empirical evaluation on synthetic data.
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1 Introduction

Differential privacy [DMNSO06] is a mathematical definition of privacy, that aims to enable statistical
analyses of databases while providing strong guarantees that individual-level information does not
leak. Privacy is achieved in differentially private algorithms through randomization and the intro-
duction of “noise” to obscure the effect of each individual, and thus differentially private algorithms
can be less accurate than their non-private analogues. In most cases, this loss in accuracy is studied
theoretically, using asymptotic tools. As a result, there is currently a significant gap between what
is known to be possible theoretically and what can be done in practice with differential privacy. In
this work we take an important step towards bridging this gap in the context of clustering related
tasks.

The construction of differentially private clustering algorithms has attracted a lot of attention
over the last decade, and many different algorithms have been suggested.! However, to the best of
our knowledge, none of these algorithms have been implemented: They are not particularly simple
and suffer from large hidden constants that translate to a significant loss in utility, compared to
non-private implementations.

Question 1.1. How hard is it to cluster privately with a practical implementation?

We take an important step in this direction using the following approach. Instead of directly
tackling “standard” clustering tasks, such as k-means clustering, we begin by identifying a very
simple clustering problem that still seems to capture many of the challenges of practical imple-
mentations (we remark that this problem is completely trivial without privacy requirements). We
then design effective (private) algorithms for this simple problem. Finally, we reduce “standard”
clustering tasks to this simple problem, thereby obtaining private algorithms for other tasks.

In more detail, we introduce the following problem, called the k-tuple clustering problem.

Definition 1.2 (informal, revised in Definition 3.7). An instance of the k-tuple clustering problem. is
a collection of k-tuples. Assuming that the input tuples can be partitioned into k “obvious clusters”,
each consisting of one point of each tuple, then the goal is to report k “cluster-centers” that correctly
partition the input tuples into clusters. If this assumption on the input structure does not hold, then
the outcome is not restricted.

Remark 1.3.

1. By “obuvious clusters” we mean clusters which are far away from each other.

2. The input tuples are unordered. This means, e.g., that the “correct” clustering might place
the first point of one tuple with the fifth point of another tuple.

3. Of course, we want to solve this problem while guaranteeing differential privacy. Intuitively,
this means that the outcome of our algorithm should not be significantly effected when arbi-
trarily modifying one of the input tuples.

Observe that without the privacy requirement this task is trivial: We can just take one arbitrary
input tuple (z1, ..., zx) and report it. With the privacy requirement, this task turns out to be non-
trivial. It’s not that this problem cannot be solved with differential privacy. It can. It’s not even

![BDMNO5a; NRS07; FFKN09; McS09; GLM+10; MTS+12; WWS15; NCBN16; SCL+16; NSV16; FXZRI1T;
BDL+17; NS18; HL18b; KS18; Ste20; SSS20; GKM20; Ngu20)]



that the problem requires large amounts of data asymptotically. It does not. However, it turns out
that designing an implementation with a practical privacy-utility tradeoff, that is effective on finite
datasets (of reasonable size), is quite challenging.

1.1 Our algorithms for the k-tuple problem

We present two (differentially private) algorithms for the k-tuple clustering problem, which we call
PrivatekAverages and PrivatekNoisyCenters. Both algorithms first privately test if indeed the in-
put is partitioned into k obvious clusters and quit otherwise. They differ by the way they compute
the centers in case this test passes. Algorithm PrivatekAverages privately averages each identi-
fied cluster. Algorithm PrivatekNoisyCenters, on the other hand, does not operate by averaging
clusters. Instead, it selects one of the input k-tuples, and then adds a (relatively small) Gaussian
noise to every point in this tuple. We prove that this is private if indeed there are k obvious clus-
ters in the input. We evaluate these two algorithms empirically, and show that, while algorithm
PrivatekAverages is “better in theory”, algorithm PrivatekNoisyCenters is much more practical for
some interesting regimes of parameters.

We now give a simplified overview of the ideas behind our algorithms. For concreteness, we
focus here on PrivatekAverages. Recall that in the k-tuple clustering problem, we are only required
to produce a good output assuming the data is “nice” in the sense that the input tuples can be
clustered into k “far clusters” such that every cluster contains exactly one point from every tuple.
However, with differential privacy we are “forced” to produce good outputs even when this niceness
assumption does not hold. This happens because if the input data is “almost nice” (in the sense
that modifying a small number of tuples makes it nice) then differential privacy states that the
outcome of the computation should be close to what it is when the input data is nice.

So, the definition of differential privacy forces us to cope with “almost nice” datasets. Therefore,
the niceness test that we start with has to be a bit clever and “soft” and succeed with some
probability also for data which is “almost nice”. Then, in order to achieve good performances, we
have to utilize the assumption that the data is “almost nice” when we compute the private centers.
To compute these centers, Algorithm PrivatekAverages determines (non-privately) a clustering of
the input tuples, and then averages (with noise) each of the clusters. The conceptual challenge here
is to show that even though the clustering of the data is done non-privately, it is stable enough
such that the outcome of this algorithm still preserves privacy.

1.2 Applications

The significance of algorithms PrivatekAverages and PrivatekNoisyCenters is that many clustering
related tasks can be privately solved by a reduction to the k-tuple clustering problem. In this
work we explore two important use-cases: (1) Privately approximating the k-means under stability
assumption, and (2) Privately learning the parameters of a mixture of well-separated Gaussians.

k-Means Clustering

In k-means clustering, we are given a database P of n input points in R? and the goal is to
identify a set C of k centers in R? that minimizes the sum of squared distances from each input point
to its nearest center. This problem is NP-hard to solve exactly, and even NP-hard to approximate
to within a multiplicative factor smaller than 1.0013 [LSW17]. The current (non-private) state-of-
the-art algorithm achieves a multiplicative error of 6.357 [ANFSW19].



One avenue that has been very fruitful in obtaining more accurate algorithms (non-privately)
is to look beyond worst-case analysis [ORSS12; ABS10; ABS12; BBG09; BL12; KK10]. In more
details, instead of constructing algorithms which are guaranteed to produce an approximate clus-
tering for any instance, works in this vain give stronger accuracy guarantees by focusing only on
instances that adhere to certain “nice” properties (sometimes called stability assumptions or sep-
aration conditions). The above mentioned works showed that such “nice” inputs can be clustered
much better than what is possible in the worst-case (i.e., without assumptions on the data).

Given the success of non-private stability-based clustering, it is not surprising that such stability
assumptions were also utilized in the privacy literature, specifically by Nissim, Raskhodnikova, and
Smith [NRS07], Wang, Wang, and Singh [WWS15], Huang and Liu [HL18b], and Shechner, Sheffet,
and Stemmer [SSS20]. While several interesting concepts arise from these four works, none of their
algorithms have been implemented, their algorithms are relatively complex, and their practicability
on finite datasets is not clear.

We show that the problem of stability-based clustering (with privacy) can be reduced to the

k-tuple clustering problem. Instantiating this reduction with our algorithms for the k-tuple clus-
tering problem, we obtain a simple and practical algorithm for clustering “nice” k-means instances
privately.
Learning Mixtures of Gaussians. Consider the task of privately learning the parameters of
an unknown mixtures of Gaussians given i.i.d. samples from it. By now, there are various private
algorithms that learn the parameters of a single Gaussian [KV18; KLSU19; CWZ19; BS19; KSU20;
BDKU20]. Recently, [KSSU19] presented a private algorithm for learning mixtures of well-separated
(and bounded) Gaussians. We remark, however, that besides the result of [BDKU20], which is a
practical algorithm for learning a single Gaussian, all the other results are primarily theoretical.

By a reduction to the k-tuples clustering problem, we present a simple algorithm that privately
learns the parameters of a separated (and bounded) mixzture of k Gaussians. From a practical
perspective, compared with the construction of the main algorithm of [KSSU19], our algorithm is
simple and implementable. From a theoretical perspective, our algorithm offers reduced sample
complexity, weaker separation assumption, and modularity. See Section 6.4 for the full comparison.

1.3 Other Related Work

The work of Nissim, Raskhodnikova, and Smith [NRSO7] presented the sample-and-aggregate
method to convert a non-private algorithm into a private algorithm, and applied it to easy clus-
tering problems. However, their results are far from being tight, and they did not explore certain
considerations (e.g., how to minimize the impact of a large domain in learning mixture of Gaus-
sians).

Another work by Bun et al. [BKSW21] provides a general method to convert from a cover of
a class of distributions to a private learning algorithm for the same class. The work gets a near-
optimal sample complexity, but the algorithms have exponential running time in both k£ and d and
their learning guarantees are incomparable to ours (they perform proper learning, while we provide
clustering and parameter estimation).

In the work of [KSSU19], they presented an alternative algorithm for learning mixtures of
Gaussians, which optimizes the sample-and-aggregate approach of [NRS07], and is somewhat similar
to our approach. That is, their algorithm executes a non-private algorithm several times, each time
for obtaining a new “k-tuple” of means estimations, and then aggregates the findings by privately
determine a new k-tuple of means estimation. But their approach has two drawbacks. First,



in order to privately do that, their algorithm ignores the special k-tuples structure, and apply a
more wasteful and complicated “minimal enclosing ball” algorithm from [NS17; NSV16]. Second,
in contrast to them, for creating a k-tuple, our algorithm only applies a non-private algorithm
for separating the samples in the mixture (i.e., for determine which samples belong to the same
Gaussian), and not for estimating their parameters. This yields that we need less samples per
invocation of the non-private algorithm for creating a single k-tuple, which results with an improved
sample complexity (each k-tuple in our case is just the averages of each set of samples, which
might not necessarily be very close to the true means, but is close enough for our setting where the
Gaussians are well-separated). Finally, given a private separation of the sample, we just apply some
private algorithm for estimating the parameters of each (single) Gaussian (e.g., [KV18; KLSU19;
CWZ19; BS19; KSU20; BDKU20]). For more details about our construction, see Section 6.

Furthermore, there are many differentially-private algorithms that are related to learning mix-
ture of Gaussians (notably PCA) [BDMNO05b; KT13; CSS13; DTTZ14], and differentially-private
algorithms for clustering [NRS07; GLM+10; NSV16; NS17; BDL+17; KS18; HL18b; GKM20]. We
remark that for the learning Gaussians mixtures problem, applying these algorithms naively would
introduce a polynomial dependence on the range of the data, which we seek to avoid.

2 Preliminaries

2.1 Notation

In this work, a k-tuple X = {x1,...,%} is an unordered set of k vectors x; € R%. For x € R?, we
denote by ||x|| the ¢2 norm of x. For ¢ € R and r > 0, we denote B(c,r) := {x € R?: ||x — || <
r}. For a multiset P € (RY)* we denote by Avg(P) := ﬁ - Y _xep X the average of all points
in P. Throughout this work, a database D is a multiset. For two multisets D = {x1,...,2,}
and D' = {z,...,2],}, we let DU D be the multiset {z1,...,2,,2],...,2,}. For a multiset
D ={x1,...,z,} and a set S, we let M N S be the multiset {x;},cz where Z = {i € [n]: z; € S}.
say that X is a k-tuple, if X is a multiset of size k (i.e., an unordered tuple). All logarithms
considered here are natural logarithms (i.e., in base e).

2.2 Indistinguishability and Differential Privacy

Definition 2.1 (Neighboring databases). Let D = {z1,...,2,} and D' = {z},...,2),} be two
databases over a domain X. We say that D and D' are neighboring if there is exactly one index
i € [n] with x; # ).

Definition 2.2 ((g, §)-indistinguishable). Two random variable X, X" over a domain X are called
(e, 0)-indistinguishable, iff for any event T C X, it holds that Pr[X € T| < e -Pr[X' € T|+ 9. If
0 =0, we say that X and X' are e-indistinguishable.

Definition 2.3 ((e, §)-differential privacy [DMNS06]). An algorithm A is called (e, §)-differentially
private, if for any two neighboring databases D, D" it holds that A(D) and A(D') are (e, §)-indistinguishable.
If 6 =0 (i.e., pure privacy), we say that A is e-differentially private.

Lemma 2.4 ([BS16]). Two random variable X, X' over a domain X are (e,)-indistinguishable,
iff there exist events E, E' C X with Pr[X € E|,Pr[X' € E'] > 1 — 6 such that X|g and X'|g are
e-indistinguishable.



2.2.1 Basic Facts

The following fact is a corollary of Lemma 2.4.

Fact 2.5. Let X, X’ be two random variables over a domain X, and let E, E' C X be two events.
If X|g and X'|g are (g, 61)-indistinguishable and Pr[X € E],Pr[X’ € E'] > 1— 02, then X and X'
are (g,01 + d2)-indistinguishable.

Proof. Since X|g and X'|pr are (g, §1)-indistinguishable, we deduce by Lemma 2.4 that there exists
events FF C E and F' C E' with Pr[X € F | E|,Pr[X' € F' | E'] > 1 — ¢; such that X|p and X'|p
are (e,0)-indistinguishable. In addition, note that

Pr[X € F]=Pr[X € E] - PrlX € F | E] > (1= 6)(1— &) > 1 — (61 + ).

Similarly, it holds that Pr[X’ € F'] > 1— (81 +d2). Therefore, by applying the opposite direction of
Lemma 2.4 on the events F' and F’, we deduce that X and X' are (e, ; 4 d2)-indistinguishable. [

In addition, we use the following facts.

Fact 2.6. Let X, X' be two e-indistinguishable random variables over a domain X, and let E, E' C
X be two events with Pr[X € E|,Pr[X' € E'] > 1 -6 for 6 < 1/2. Then X|g and X'|p are
(e + 20)-indistinguishable.

Proof. Compute

Pr[X = z] < et - Pr[X' = z]
Pr[E] — 1-9

PriX =z]|E] < < st py (X' =z],

where the last inequality holds since 1 — § > e 2 for 5§ <1 /2. ]

Fact 2.7. Let X, X' be two random variables over a domain X. Assume there exist events E, E' C
X such that the following holds:

e Pr[X € E] € e** - Pr[X’' € E'], and
o X|g and X'|g are (¢*,§)-indistinguishable, and
o X|_g and X'|_ g are (e*,)-indistinguishable.
Then X, X' are (e + €*, 0e°)-indistinguishable.
Proof. Fix an event T'C X and compute
Pr[X € T] = Pr[X € T | E] - Pr[X € E] + Pr[X € T | ~E] - Pr[X ¢ E]
< (e Pe[X €T | B]+06) - Pr[X € ] + (¢ - Pr[X € T| ~E] +4) ¢ - Pr[X' ¢ F']
= e Pr[X' € T| + 6¢°.



2.2.2 Group Privacy and Post-Processing

Fact 2.8 (Group Privacy). If A is (e, d)-differentially private, then for all pairs of databases S and
S’ that differ by k points it holds that A(S) and A(S') are (ke, ke¥§)-indistinguishable.

Fact 2.9 (Post-processing). If A is (¢, 0)-differentially private, then for every (randomized) function
F it holds that F o A is (g,0)-differentially private.

2.2.3 Composition

Theorem 2.10 (Basic composition, adaptive case [DRV10]). If Ay and Ay satisfy (e1,01) and
(e9,02) differential privacy (respectively), then any algorithm that adaptively uses Ay and As (and
does not access the database otherwise) ensures (1 + €2, 01 + d2)-differential privacy.

Theorem 2.11 (Advanced composition [DRV10]). Let 0 < eo,8" < 1, and let 6y € [0,1]. An
algorithm that adaptively uses k algorithms that preserve (g, do)-differential privacy (and does not

access the database otherwise) ensures (¢, 8)-differential privacy, where ¢ = \/2k1In(1/8) -eo + 2ked
and 6 = kdg + &'.

2.2.4 The Laplace Mechanism

Definition 2.12 (Laplace distribution). For o > 0, let Lap(o) be the Laplace distribution over R

with probability density function p(z) = % exp(— ‘Z|>.

Fact 2.13. Let € > 0. If X ~ Lap(1/e) then for allt >0: Pr[|X]|>t/e] <e*.

Definition 2.14 (Sensitivity). We say that a function f: U™ — R has sensitivity \ if for all
neigboring databases S,S’ it holds that |f(S) — f(S")] < A

Theorem 2.15 (The Laplace Mechanism [DMNSO06]). Let ¢ > 0, and assume f: U™ — R has
sensitivity A. Then the mechanism that on input S € U™ outputs f(S)+Lap(\/e) is e-differentially
private.

2.2.5 The Gaussian Mechanism

Definition 2.16 (Gaussian distribution). For u € R and o > 0, let N'(u,0?) be the Gaussian

distribution over R with probability density function p(z) = \/%7 exp(—(ZQ_O_‘;P).

Fact 2.17. Let X = (X1,...,Xy), where the X;’s are i.i.d. random variables, distributed according

to N(0,0%). Then for all § >0 Pr[|X| < (Vd+/21og(1/B)) 0] > 1- 5.

Definition 2.18 (fo-sensitivity). We say that a function f: U™ — R? has la-sensitivity X if for all
neigboring databases S,S’ it holds that || f(S) — f(S)| < .

Theorem 2.19 (The Gaussian Mechanism [DKM+06)). Let ¢,6 € (0,1), and assume f: U™ — R?
has {2-sensitivity X. Let o > %\/QIOg(l.QS/(S). Then the mechanism that on input S € U™ outputs

f(8) + (N0, 02))d is (g, 0)-differentially private.



Observation 2.20. For the case that S € (RY)" and f(S) = Avg(S), if we are promised that each
coordinate of the points is bounded by a segment of length A, then the sensitivity is bounded by A =
A/n, and therefore, by taking o = O(% log(1/9)) we get by Fact 2.17 that with probability 1 — f3,

the resulting point z of the mechanism satisfies ||z — Avg(S)|| <4 log Ay/108(1.25/0) (\f +v/2log(1/5) )

Remark 2.21. Theorem 2.19 guarantees differential-privacy whenever two neighboring databases
have equal size. However, it can be easily extended to a more general case in which the privacy
guarantee also holds in cases of addition and deletion of a point, with essentially the same noise
magnitude (e.g., see Appendix A in [NSV16]).

The following proposition states the following: Assume that X ~ p + (N(0,02))¢ for some
p € R% and let y € R? such that ||y — p|| is “large enough” (i.e., larger than Q(a\/log(l/ﬁ))).
Then with probability 1 — 8 (over X) it holds that ||X — pu| < ||[X —y||. Note that such an
argument is trivial when ||y — p|| is at least Q(o+/dlog(1/f3)), but using a standard projection
argument, we can avoid the dependency in d. The proof appears at Appendix B.3 as a special case
of Proposition B.6.

Proposition 2.22. Let X ~ p+ (N(0,02))? and let y € R? with ||y — p|| > 2, /2log<%) 0. Then
with probability 1 — B (over the choice of X), it holds that || X — ul|| < [|X —y|

2.2.6 Estimating the Average of Points

As mentioned in Observation 2.20, the Gaussian mechanism (Theorem 2.19) allows for privately

estimating the average of points in B(0,A) C R? within ¢, error of ~ Ae—‘ﬁ. In some cases, we could
relax the dependency on A. For example, using the following proposition.

Proposition 2.23 (Estimating the Average of Bounded Points in R?%). Let ¢ € (0,1), d,A > 0
and let rmin € [0,A]. There exists an efficient (e, 0)-differentially private algorithm that takes an
n-size database S of points inside the ball B(0,A) in R and satisfy the following utility guarantee:
Let r > 0 be the minimal radius of a d-dimensional ball that contains all points in S. Then with
probability 1 — 3, the algorithm outputs & € R% such that

la — Avg(S)| < O <max{7‘, Tamin} d‘/@ <\/10g(d/5) log(d/) + log(rﬁjﬁ») '

The algorithm runs in time O(dn) (ignoring logarithmic factors).

Proposition 2.23 can be seen as a simplified variant of [NSV16]’s private average algorithm.
The main difference is that [NSV16] first uses the Johnson Lindenstrauss (JL) transform [JL84]
to randomly embed the input points in R? for d’ &~ logn, and then estimates the average of the
points in each axis of R?. As a result, they manage to save a factor of v/d upon Proposition 2.23
(at the cost of paying a factor of logn instead). However, for simplifying the construction and the
implementation, we chose to omit the JL transform step, and we directly estimate the average along
each axis of R?. For completeness, we present the full details of Proposition 2.23 in Appendix A.1.3.



2.2.7 Sub-Sampling

Lemma 2.24 ([BKN10; KLN+11]). Let A be an (*,5*)-differentially private algorithm operating
on databases of size m. Fir e < 1, and denote n = (3 + exp(c*)). Construct an algorithm B
that on an input database D = (z;)_, uniformly at random selects a subset T C [n] of size m, and
executes A on the multiset Dz = (2;)iez. Then B is (¢, 0)-differentially private, where § = g - 6.

The following lemma states that switching between sampling with replacement and without
replacement has only a small effect on privacy.

Lemma 2.25 ([BNSV15]). Fize <1 and let A be an (g, 9)-differentially private algorithm operating
on databases of size m. For n > 2m, construct an algorithm A’ that on input a database D of size
n, subsamples (with replacement) m rows from D, and runs A on the result. Then A’ is (¢',§')-
differentially private for e’ = 6em/n and 6’ = exp(6em/n) - 47"”” -d.

2.3 Concentration Bounds

Fact 2.26 (Hoeffding’s inequality). Let Xi,..., X, be independent random variables, each X; is
strictly bounded by the interval [a;, b;], and let X = %Z?:l X;. Then for everyt > 0:

_ _ n2 2
Pr[|X —E[X]|>1] < zexp<—m>

Fact 2.27 ([CO13, Theorem 5.3]). Let X ~ Bin(n,p), then for all t > 0:

2
1. Pr{X > BIX] + 1] < exp(~ sy ).

2. PriX <E[X]—t] < exp(—%).

3 k-Tuples Clustering

We first introduce a new property of a collection of (unordered) k-tuples {xi,...,x;} € (R%)*,
which we call partitioned by A-far balls.

Definition 3.1 (A-far balls). A set of k balls B = {B; = B(c;,7:)}F_, over R? is called A-far
balls, if for every i € [k] it holds that ||c; — c;|| > A - max{r;,r;} (i.e., the balls are relatively far
from each other).

Definition 3.2 (partitioned by A-far balls). A tuple X € (R is partitioned by a given set of
k A-far balls B = {Bi,..., By}, if for every i € [k] it holds that | X N B;| = 1. A multiset of
k-tuples T € (RHF)* is partitioned by B, if all X € T are partitioned by B. We say that T is
partitioned by A-far balls if such a set B of k A-far balls exists.

In some cases we want to use a notion of almost partitioned property of a database of k-tuples
T. This is defined below using the additional parameter £.

Definition 3.3 (f-nearly partitioned by A-far balls). A multiset T € ((RY)F)* is (-nearly par-
titioned by a given set of A-far balls B = {Bu,..., By}, if there are at most £ tuples in T that
are not partitioned by B. We say that T is £-nearly partitioned by A-far balls if such a set of
A-far balls B={B1,..., By} exists.



For a database of k-tuples 7 € ((R%)¥)", we let Points(7) be the collection of all the points in
all the k-tuples in 7.

Definition 3.4 (The points in a collection of k-tuples). For T = {{Xl,j};‘?:l, . -,{Xn,j};?:l} €
(RH*)™, we define Points(T) = {Xijtiem) el € (RE)km,

The following proposition states that if 7 is partitioned by A-far balls for A > 2, then each
choice of A-far balls that partitions 7 induces the same partition.

Proposition 3.5. Let T € (R))*)* be a multiset that is partitioned by a set of A-far balls B =
{Bi,...,By} for A > 2. Then for every k-tuple X = {x1,...,xx} € T and for every i € [k], there
exists a ball in B (call it B;), such that Points(T)NB; = {x € Points(T): i = argmin,cpy[x — x;[}-

Proof. Let X = {x1,...,xx} € T, and for every ¢ € [k] let B; = B(c;, ;) € B be the ball that
contains x;. We prove the proposition by showing that for every i and every x € Points(7) N B;,
it holds that i = argmin,cpy[[x — x;||.

In the following, fix x € Points(7 )N B;. On the one hand, since x € B;, it holds that ||x — x;|| <
r;. On the other hand, for any j # ¢ it holds that

1% = x| = llxi = x| =[x = x| > 2ri —ri =73,

where the strict inequality holds since B;, Bj are A-far balls for A > 2. Namely, we deduce that
|x — xi]| < ||x — x|, as required. O

We next define Partition(7) of a database T € ((R%)*)* which is partitioned by A-far balls for
A> 2.

Definition 3.6 (Partition(7")). Given a multiset T € ((R%)*)* which is partitioned by A-far balls
for A > 2 we define the partition of T, which we denote by Partition(7T) = {P1,...,Pr}, by
fixzing an (arbitrary) k-tuple X = {x1,...,xx} € T and setting P; = {x € Points(T): i =
argmin,e |[x — x| }.

Note that by Proposition 3.5, the partition is unique (i.e., is independent of the choice of the
k-tuple X).
We now define the k-tuple clustering problem.

Definition 3.7 (k-tuple clustering). The input to the problem is a database T € (RY)¥)" and a
parameter A > 2. The goal is to output a k-tuple Y = {y1,...,yr} € (R))* such that the following
holds: If T is partitioned by A-far balls, then for every i € [k|, there exists a cluster in Partition(7)
(call it P;) such that P; = {x € Points(T): i = argmin;cpy[Ix — y;ll}-

Namely, in the k-tuple clustering problem, the goal is to output a k-tuple Y that partitions 7
correctly. We remark that for applications, we are also interested in the quality of the solution.
Namely, how small is the distance between y; and P;, compared to the other clusters in Partition(7).
We also remark that without privacy, the problem is completely trivial, since any k-tuple X € T
is a good solution by definition.

We next prove that if 7 is partitioned by A-far balls for A > 6, and B partitions at least one
tuple in T, then by partitioning the points in Points(7") using a single Lloyd step w.r.t. the centers
of the balls in B, we obtain exactly Partition(7).



Proposition 3.8. Let B = {B; = B(c;,ri)}%_, and B' = {B! = B(c},r))}t_, be two sets of A-far

balls for A > 6 s.t. for every i € [k] it holds that B; N Bl # (). Then for every i € [k] and every
X € B; N Bj, it holds that i = argmin ¢ [|x — ;.

Proof. Fix i € [k] and x € B;NB;. If x € B;, the proof trivially follows. Therefore, in the following
we assume that x ¢ B;, and therefore, x € B..
Note that on the one hand, it holds that

Ix —cill < |[x—ci|| + [|c; —ci|| < 7i+ (ri+ 7)) =2r] + 75 (1)
On the other hand, fix j # 4, and note that
Ix —cjll = llei — ¢l = lIx —cil (2)
> 6 max{r;,r;} — (2r; + ;)

> 5max{r;, r;} — 27,

where the second inequality holds by Equation (1) along with the fact that B are A-far balls for
A > 6. Therefore, if max{r;,r;} > r;, we deduce by Equations (1) and (2) that ||x — ¢;|| < [|x — ¢;]|.
Otherwise (i.e., max{r;,r;} < %), note that

I — ¢l > [|ef — €5l =[x —eif| = [|<f — ] (3)
> 6max{rz'-,r;} — 1= (i + )
> 3.

Hence, we deduce by Equations (1) and (3) that ||x —c¢;|| < [[x —c;|| also in this case, which
concludes the proof of the proposition. O

Proposition 3.9. Let T € (RY)*)" be a multiset that is partitioned by A-far balls for A > 6, let
B ={DBi,...,Bx} be a set of far balls that partitions at least one k-tuple of T, and let cq, ..., ck be
the centers of By, ..., By, respectively. In addition, for every i € [k] let Q; = {x € Points(T): i =
argmin, ey Ix — ¢;l|}. Then {Qu, ..., Qx} = Partition(T).

Proof. Let X = {x1,...,x;x} € T be the assumed k-tuple that is partitioned by B, let B* =
{Bj,...,B}} be aset of A-far balls that partitions (all of) 7, and assume w.l.o.g. that x; € B;NB;
for every i € [k]. Proposition 3.8 yields that for every i € [k] and x € B; it holds that x € Q;,
yielding that B} N Points(7) C Q;. Since both sets {B;}*_; and {Q;}¥ | consist of disjoints sets
that cover all the points in Points(7), we conclude that {Q;, ..., Qi } = Partition(7). O

4 QOwur Algorithms

In this section we present two (g,¢)-differentially private algorithms for the k-tuple clustering
problem: PrivatekAverages and PrivatekNoisyCenters. Algorithm PrivatekAverages attempts to
solve the problem by determining the clusters in Partition(7) and then privately estimating the
average of each cluster using the algorithm from Proposition 2.23. Algorithm PrivatekNoisyCenters,
on the other hand, does not operate by averaging clusters. Instead, it first selects one of the input
tuples X € T (in a special way), and then adds a (relatively small) Gaussian noise to this tuple.?

2We remind that all the tuples in this work are unordered, and indeed the privacy analysis of our algorithms relies
on it (i.e., the domain of outputs is all the unordered k-tuples, and (e, §)-indistinguishability holds for each subset of
this domain).
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Both algorithms share the same first step, which is to call Algorithm PrivateTestPartition
(Figure 2) that privately decides whether 7 is f-nearly partitioned by A-far balls or not (for
small ), and if so, determines (non-privately) a set of A-far balls B = {Bjy,..., By} that ¢-nearly
partitions 7. In Section 4.1 we describe Algorithm PrivateTestCloseTuples, which is the main
component of PrivateTestPartition. In Section 4.2 we describe PrivateTestPartition and state its
properties. Then, in Section 4.3 we describe PrivatekAverages and prove its guarantees, and in
Section 4.4 we describe PrivatekNoisyCenters and prove its guarantees.

4.1 Algorithm PrivateTestCloseTuples

In this section we describe Algorithm PrivateTestCloseTuples, which given two multisets of k-tuples
T1 and 7Ts, privately checks whether the tuples in 77 are close to the tuples in 75. The algorithm is
described in Figure 1.

Algorithm PrivateTestCloseTuples

Input: Multisets 71 € (RY)*)™ and T3 € ((R%)*)", a privacy parameter 1 € (0,1] for 77,
a privacy parameters €9 € (0, 1] for 72, a confidence parameter g € (0, 1], and a separation
parameter A > 6.

1. For each X = {x1,...,x3} € T1:
(a) Let Bx = {B{* = B(x;,r{)}f_,, where ;¥ = % - min;||x; — x;].
(b) Let £x = |{Y € T2: Y is not partitioned by Bx}|.
(c) Let EX =/Ulx —i—Lap(g).

1 Ix < g -log(%)

0 otherwise

(d) Set passy = {

2. Let s =y, passx and compute § < s + Lap( )

1
€1
3. Ifs<m— é log<%>, set Status = ”Failure”. Otherwise, set Status = ”Success”.

4. If Status = ”Success” and passy = 1 for at least one X € T, let X* be the first tuple
in 77 with passy« = 1 and set B = Bx~. Otherwise, set B to be a set of k empty balls.

5. Output (Status, B).

Figure 1: Algorithm PrivateTestCloseTuples for privately checking if A-far balls around each
k-tuples in 77 partitions the tuples in 7s.
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4.1.1 Properties of PrivateTestCloseTuples

The properties of PrivateTestCloseTuples are summarized by the following claims.

Claim 4.1 (Correctness). Assume that T = Ty U Ty is partitioned by (2A + 2)-far balls. Then with
probability 1 — B, when executing PrivateTestCloseTuples on input Ti,7T2,€1,2, 5,4, it outputs
(“Success”, B), where B is a set of A-far balls that partitions T .

Proof. We first prove that for every X € Ti, the set of balls Bx = {BX = B(x;, ) le from
Step la is a set of A-far balls that partitions 73. Fix X = {x1,...,xx} € T1, let B = {B; =
B(ci,7:)}¥_, be a set of (2A + 2)-far balls that partitions 7 (such a set exists by assumption),
and assume w.lo.g. that Vi € [k]: x; € B;. In addition, recall that 7 = & - minj|/x; — x/]|
(Step la), and therefore, by definition it holds that Bx is a set of A-far balls. It is left to prove
that it partitions 7. Note that for every ¢ # j it holds that

Ixi = x5l > llei — 5l = [lxi = cill = [Ix; — <5l
> (2A + 2) . max{m, T’j} — T =Ty
> 2A - max{r;,r;}
Therefore, for every i € [k], X = % - minj4||x; — x;j|| > 2 ;. Since x; € B;, we conclude that
B; C B, which yields that Bx partitions 7.

Therefore, for every X = {x1,...,xx} € 71 it holds that £x, the value from Step 1b, is 0. Hence,
by Fact 2.13 and the union bound, with probability 1 —g it holds that VX € 7; : passy = 1, which
yields that s = m (where m = |T1]). When s = m, we obtain by Fact 2.13 that with probability
1- g it holds that § > s — % log(1/8) = m — é log(1/p3), i.e., Status = “Success”. This concludes

the proof of the claim. O

Claim 4.2 (Status is e;-DP w.r.t. T1). Let T1,7T{ € ((RH*)™ be two neighboring databases,
let To € ((RHF™, and consider two independent executions PrivateTestCloseTuples(71,72) and
PrivateTestCloseTuples(7{,72) (with the same parameters 1,e9,3,A). Let Status and Status'
be the status outcomes of the two executions (respectively). Then Status and Status’ are e1-
indistinguishable.

Proof. Note that each k-tuple X € 77 can affect only the bit passy. Therefore, by the properties
of the Laplace mechanism (Theorem 2.15) and post-processing (Fact 2.9), it holds that Status and
Status’ are e1-indistinguishable. O

Claim 4.3 (Status is e2-DP w.r.t. T3). Let T2, 75 € ((RY)F)™ be two neighboring databases,
let T € (RH*Y™, and consider two independent executions PrivateTestCloseTuples(71,72) and
PrivateTestCloseTuples(T1,7Ty) (with the same parameters €1,2,8). Let Status and Status’ be the
status outcomes of the two executions (respectively). Then Status and Status’ are eo-indistinguishable.

Proof. For each X € Ti, let {x,passy and ly,pass’y be the values computed in the loop 1

in the two executions (respectively). Since [{x —¢y| < 1, we obtain by the properties of the

Laplace mechanism, along with post-processing, that passy and pass’y are 2-indistinguishable.

Hence, by basic composition (Theorem 2.10) we deduce that {passy } xe7; and {passy } xe7; are e2-

indistinguishable, and we conclude by post-processing that Status and Status’ are eo-indistinguishable.
O
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The following claim states that when PrivateTestCloseTuples(7;,72) outputs (“Success”, B),
then with high probability, 75 is almost partitioned by B.

Claim 4.4 (On success, B almost partitions 73). Let § > 0, let T; € (R)F)™ and T; € ((RY)F)™,
and assume that m > % - (2log(1/6) 4+ log(1/5)). Consider a random execution of

PrivateTestCloseTuples(71, T2, €1,¢€2, 8), and let (Status, B) be the outcome of the execution. Let S
be the event that Status = "Success”, and let E C S be the event that Ty is {-nearly partitioned by

B, where £ = 22 'log(%). Then the following holds: If Pr[S] > §, then Pr[E | S] > 1 — 6.

Proof. Let {passy } xe7; be the values from Figure 2 in the execution PrivateTestCloseTuples(71, 72,1, €2, 8),
and let W be the event that there exists X € 77 with passy = 1. Note that

prgs | -] _ Pr[Lap(1/en) > 2 los ()]
S 1=W] _
PI“[S] - 5

52
< =<
20

l\D\Oﬂ

PI‘[—\W ‘ S] S

where the second inequality holds since Pr[S] > ¢ and since m — é log<%) > % . log(%), and the
third one holds by Fact 2.13. Therefore, in the following we prove the claim by showing that

Pr[E]W/\S]Zl—g (4)

Let X™* be the tuple from Step 4 (it exists when W A S occurs), and recall that B = Bx- and that
lx~ is the minimal value such that 73 is ¢x+-nearly partitioned by B. Since passy. = 1, it holds

that {x+ = {x+ + Lap(m/ey) < o -log<%>. Equation (4) now follows by the following calculation.

Pi[E | W A S] = P{@X* > m log<ﬁ5> | e < g .1Og<’g>]
1
< Pr {Lap(m/sg) < —g log<6>}

<77
-2

where the last inequality holds by Fact 2.13. ]

(o9

4.2 Algorithm PrivateTestPartition

In this section we describe PrivateTestPartition and state its properties. The algorithm is de-
scribed in Figure 2. In the following, we define m and e; (functions of n,e,d, ) that are used by
PrivateTestPartition.

Definition 4.5. Let m = m(n, ¢, 9, 3) be the smallest integer that satisfies m > é(2 log(1/6) + log(1/5)),
where £1 = log(5- — 3).

The dependence between m and e for Algorithm PrivateTestPartition is due to the choice of
T1 as an m-size random sample of 7. A smaller m allows for a larger value of &1 for the same
overall privacy, by a sub-sampling argument (e.g., Lemma 2.24). We note that for n > 1/e and

B,0 > poly( j, We have 1 = ©(logn), which yields that m = O(1). For smaller values of J, we
— O loe1/0)
obtain that m = O(W) .
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Algorithm PrivateTestPartition

Input: A multiset 7 € ((RY)*)?, privacy parameters ¢,6 € (0,1], confidence parameter
B € (0,1], and separation parameter A > 6.

1. Let m and &7 be the values from Definition 4.5 w.r.t. n,e,0, 3, and let eg = ¢/2.
2. Let 77 be a uniform sample of m k-tuples from 7 (without replacement), and let 72 = T .

3. Output (Status,B) = PrivateTestCloseTuples(71, T2, €1, €2, 5, A).

Figure 2: Algorithm PrivateTestPartition for privately checking if A-far balls around each k-tuples
in 7 partitions the tuples in 7s.

4.2.1 Properties of PrivateTestPartition
The following claim is an immediate corollary of Claim 4.1

Claim 4.6 (Correctness). Assume that T is partitioned by (2A+2)-far balls. Then with probability
1—f, when executing PrivateTestCloseTuples on input T, ,6, 8, A, it outputs ( “Success”, B), where
B is a set of A-far balls that partitions T .

The following claim is a corollary of Claims 4.2 and 4.3.

Claim 4.7 (Status is private). Let T and T’ be two neighboring databases, and consider two
independent executions PrivateTestPartition(7) and PrivateTestPartition(7") (with the same pa-
rameters €, 9, 3). Let Status and Status’ be the status outcomes of the two executions (respectively).
Then Status and Status’ are e-indistinguishable.

Proof. As a first step, assume that we have two (different) copies of T, call them 7; and T3, where
71 is chosen from the copy 71, and 73 is chosen from the copy 73, and let ( ~1’ , 7'2’ ) be a neighboring
database of (71,73). If T and TJ are neighboring (and 7; = 7;), we obtain by Claim 4.3 that
Status and Status’ are e/2-indistinguishable. Therefore, assume that 71 and 7~'1’ are neighboring
(and Ts = 7;’ ). By Claim 4.2, Status and Status’ are e1-indistinguishable if the resulting samples
71 and 7{ in the two executions are neighboring. Since 7; is just an m-size sample from 71, and
since €1 = log($% — 3), we obtain by subsampling argument (Lemma 2.24) that Status and Status’
are ¢/2-indistinguishable also in this case.

Finally, going back to our case where 7; = 75 = T, we deduce by the above analysis along with
group privacy (of 2) that Status and Status’ are e-indistinguishable. O

The following claim is an immediate corollary of Claim 4.4. It states that when the tests succeed,
then w.h.p., T is £-nearly partitioned by B, for the value of ¢ defined below.
Definition 4.8. Let ¢ = {(n,e,0,0) = 277” : log<%>, where m = m(n,e,d, ) is the value from
Definition 4.5.

We note that ¢ = O(lOgQ(l/(s)). When 3,8 > 1/poly(n), we have that £ = O(2logn).

elogn
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Claim 4.9 (On success, B almost partitions 7). Let T € ((RY)*)" and § > 0. Consider a random
execution of PrivateTestPartition(T, ¢, d, 8, A), and let (Status, B) be the outcome of the execution.
Let S be the event that Status = ”Success”, and let E C S be the event that T is £-nearly partitioned
by B, where £ = l(n,e,d, ) is the value from Definition 4.8. Then the following holds: If Pr[S] > ¢,
then Pr[E | S]>1—4.

Proof. Immediately holds by Claim 4.4 since ¢ = % . log<%), and since it holds that m > é .
(21log(1/0) + log(1/5)) (by definition), as required by Claim 4.4. O

Recall that Algorithm PrivateTestPartition has two outputs: A bit Status and a set of balls B.
As we stated in Claim 4.7, the bit Status preserves privacy. The set of balls B, however, does not.
Still, in the following sections we use Algorithm PrivateTestPartition as a subroutine in our two
main algorithms PrivatekAverages and PrivatekNoisyCenters. To argue about the privacy proper-
ties of these algorithms, we rely on the following key property of algorithm PrivateTestPartition.

Claim 4.10. Let A* be an algorithm that gets as input a multiset T € (RY)F)™ and a set of balls
B = {Bi,...,By}, and let £ = £(n,c/2,6/4,5/2) be the value from Definition 4.8. Assume that
A* has the property that for any neighboring multisets T, 7T’ and any sets of A-far balls B, B’ that
C-nearly partitions T and T’ (respectively), it holds that A*(T,B) and A*(T',B') are (*,6/4)-
indistinguishable. Let A be the algorithm that on input T, does the following steps: (1) Compute
(Status, B) = PrivateTestPartition(T,e/2,0/4,5/2,A), and (2) If Status = “Failure”, output L
and abort, and otherwise output A*(T,B). Then A is (¢/2 + £*, §)-differentially private.

Proof. Let T and T’ be two neighboring multisets of size n. In the following we consider two
independent executions: A(T) and A(7”’). In A(T), let O be the outcome, let S, E be the events
from Claim 4.9 w.r.t. the execution of PrivateTestPartition in step (1), and let (Status,B) be
the resulting output of PrivateTestPartition. Similarly, let O', ', E’, Status’, B’ be the events and
random variables w.r.t. the execution A(7’). Let ¢ = Pr[S] and ¢’ = Pr[S’]. By Claim 4.7 and
by group privacy (Fact 2.8), Status and Status’ are §-indistinguishable. Therefore, ¢ € e*e/2 . ¢
Recall that A outputs L and aborts whenever Status = ”Failure”, and therefore, PrlO=1]=1—¢
and Prj[0'=1] = 1-¢. If ¢ < % then ¢ < e/2 - % < ¢ (recall that ¢ < 1), and therefore,
Pr[O =1],Pr[0" =1] > 1 — §. This means that O and O are (0, d)-indistinguishable in the case
that ¢ < g (by Lemma 2.4). Similarly, it holds that O and O’ are (0, d)-indistinguishable when
q < g. Hence, in the rest of the analysis we assume that ¢, q" > g.

By Fact 2.7, since O|.s = O’|.g (both outcomes equal to L when Status = Status’ =
?Failure”) and since Pr[S] € e**/2 . Pr[$], it is enough to prove that O|g and O'|g are (¢*,3)-
indistinguishable. Furthermore, since Pr[E | S],Pr[E’ | S'] > 1 — £ (by Claim 4.9), we deduce by
Fact 2.5 that it is enough to prove that O|g and O'|gs are (¥, g)—indistinguishable, meaning that
we only need to prove indistinguishability in the case that 7 and 77 are f-nearly partitioned by
B and B, respectively. The proof of the claim now follows since A*(T,B)|g and A*(T",B')|g: are

(e*,/4)-indistinguishable by the assumption on the algorithm A*. O

Remark 4.11. Note that PrivateTestPartition runs in time O(mdk?*n) = O(dk?n) since for each
iteration X € Ty in PrivateTestCloseTuples, Step 1a takes O(dk?) time, and Step 1b takes O(dk?n)
times.
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4.3 Algorithm PrivatekAverages

In this section we describe and state the properties of Algorithm PrivatekAverages which is our
first algorithm for k-tuple clustering. The algorithm is described in Figure 3.

Algorithm PrivatekAverages

Input: A multiset 7 € (B(0,A))" C (R?)¥), privacy parameters ¢, € (0,1], a confidence
parameter 3 € (0, 1], and a lower bound on the radii rmin € [0, Al.

1. Compute (Status,B = {Bi,...,Br}) = PrivateTestPartition(7,e/2,/4,5/2,A) for
A=T.

2. If Status = ”Failure”, output L and abort.

3. Let cy,...,ck be the centers of By,..., By (respectively), and let
Q; = {x € Points(7): i = argmin,cpy[Ix — c;||}-

4. Let £ ={(n,e/2,5/4,3/2) be the value from Definition 4.8.

5. Fori=1 to k:

(a) Compute a noisy average a; of Q; by executing the algorithm from Proposition 2.23
with parameters A, roin, 8 = %,é = 4k(§+1) , 0

_ )
~ 8kexp(e/2)(¢+1)"

6. Output A = {a1,...,a,}.

Figure 3: Algorithm PrivatekAverages for privately finding the k centers.

4.3.1 Properties of PrivatekAverages

The properties of PrivatekAverages are given in the following theorems.

Theorem 4.12 (Utility of PrivatekAverages). Let d,k,A > 0, rmin € [0,4], &,6,8 € (0,1], and
let T € (B(O,A)k)n C ((RH*). Assume that T is partitioned by A-far balls for A = 16, let
{P1,...,Pr} = Partition(T) (according to Definition 3.6), let r; the radius of the ball that contains
Pi. Then there exists a universal constant A > 0 such that w.p. > 1—f, algorithm Privatek Averages
on inputs T, Tmin, €, 0, k, outputs k points A = {a1,...,a;} such that for any i € [k], there exists a
cluster (call it P;) with

Akl [log (EE A
|lai — Avg(P;)|| < max{r;, rmin} - @ <\/log<dk£> log<dM> + log< dk ))

en ) I5; T'min 3

where £ = £(n, §, g, g) is the value from Definition 4.8.

16



We note that when min{r;} > rmyin, 8 = O(1) and 6 >
Viogn+og (A

e2n

pol poly(n)? it holds that £ = O(é log n), and

min )) -r;. For smaller values of 4, it holds that

dk-logQ-s(l/é)(mﬂog(ﬁ» ) s

X - [ dkloghn(
therefore, ||a; — Avg(P;)|| < O

elogn e2nlogn

(= O(1°g2(1/5)>, and we obtain that ||a; — Avg(P;)|| < O(
Proof. Consider a random execution of PrivatekAverages(T ¢, d, 8), and let B = g be the value from
Step 1. Since T is partitioned by (2 -7+ 2)-far balls, Claim 4.6 yield that with probability 1 — 3/2,
the set B = {Bi,..., B} (computed in Step 1) partitions 7. In the following we assume that this
event occurs. Let {Q,..., Qx} be the clusters that were computed in Step 3 of PrivatekAverages.
By Proposition 3.9, it holds that {P1,...,Pr} = {Q1,..., Qx}. Now let r; be the radius of the ball
that contains P;. The proof now follows by the utility guarantee of Proposition 2.23 for each i € [k]
with the parameters defined in Step 5a of the algorithm. O

Theorem 4.13 (Privacy of PrivatekAverages). Let d,k, A > 0, ryin € [0,A], £,0,8 € (0,1]. Then
for any integer n > 2-4(n,e/2,0/4,3/2)+2 (where £ is the function from Definition 4.8), algorithm
PrivatekAverages(-, €, 0, 8, Tmin) 45 (€,0)-differentially private for databases T € (B(0,A)*)" C
(Y)Y,

Proof. Let T and T’ be two neighboring multisets of size n. In the following we consider two inde-
pendent executions: PrivatekAverages(7) and PrivatekAverages(7”) (both with the same parame-
ters rmin, €, 0, 8). In PrivatekAverages(7), let O be the output, and let B = {Bj,...,Bx}, Q1,..., Ok
be the values from Figure 3. Similarly, we let O, B’ = {Bj,..., B}, Q},..., Q) be the these values
w.r.t. the execution PrivatekAverages(7’). By Claim 4.10, 1f we treat Step 3 to 6 as algorithm A*
of the claim, it is enough to prove that O = A and O’ = A’ are (¢/2, §/4)-indistinguishable only
in the case that 7 and 7’ are f-nearly partitioned by B and B’, respectively. In addition, note
that since 7 and 7" are neighboring, and since n > 2¢ + 2, there exists at least one k-tuple that
is partitioned by both B and B, yielding that for each ball B; € B, there exists a balls in B’ (call
it Bl), such that B; N B] # (. Since B and B’ are sets of A-far balls for A = 7, Proposition 3.8
yields that for every x € B; (or B;), it holds that i = argmin;cy|/x — ¢;|| = argmin;¢ Hx - c;H
Therefore, in the two executions, {Q1,...,Qx} and {Q],..., Q;} agree on all the points of all the
common (n — 1) k-tuples of 7 and 7’ that are partitioned by B or B’. Since there are at least
k- (n —1 —¢) such points, we deduce that there are at most k(¢ + 1) points that the partitions
{Q1,...,Qr} and {Q],..., Q) } disagree on.

In the following, let s; be the number of points that the multisets Q; and Q) differ by. Note
that each point that the partitions disagree on contributes at most 1 to at most two of the s;’s.
Hence, Zle si <2k(0+1).

By the privacy guarantee of Proposition 2.23 (see Remark A.8) along with group privacy
(Fact 2.8), for each i € [k], the resulting noisy averages &; of the execution PrivatekAverages(P),
and the resulting &/ of the execution PrivatekAverages(P’), which computed in Step 5a, are

( 4k(‘€; Ty Sk?e +1)) -indistinguishable. Thus, by basic composition (Theorem 2.10) we deduce that
ko ko
{a1,...,a;} and {&]...,a}} are (64%&111‘;’, 68%:(2111‘;’) = (£, 9)-indistinguishable, as required.

O
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Remark 4.14 (Run time of PrivatekAverages). Step I of PrivatekAverages takes ON(dk:?n) time
(see Remark j.11). By Proposition 2.23, the k executions of Step 5a takes time Ele O(|Ti|) =

O(dkn) (ignoring logarithmic factors). Overall, the running time of PrivatekAverages is O(dk?n).

4.3.2 Reducing the dependency in the dimension d

When the dimension d is large, algorithm PrivatekAverages estimates the average of each cluster P;
with radius r; up to an additive error of O (% : ri) (ignoring poly(k, 1/¢) and polylog(n, d, 8, A, 1/Tmin)
factors). This means that if we want an additive error which is much smaller than r;, we must take
n > d, and in some settings, such a dependency in the dimension might be expensive. Yet, we can
easily reduce the d into v/d by replacing in Step 5a the average algorithm of Proposition 2.23 by
the average algorithm of [NSV16] that uses the JL transform for saving a factor of v/d (see the last
paragraph in Section 2.2.6 for more details).

4.4 Algorithm PrivatekNoisyCenters

In this section we describe Algorithm PrivatekNoisyCenters which is our second algorithm for
k-tuple clustering. The algorithm is described in Figure 4.

Algorithm PrivatekNoisyCenters

Input: A multiset 7 € ((R?)*)", privacy parameters ¢ € (0,1], § € (0,1/2], confidence
parameter 3 € (0, 1], and a separation parameter A > 6.

1. Compute (Status,B = {Bi,..., By}) = PrivateTestPartition(7,¢/2,d/4, /2, A).

2. If Status = ”Failure”, output L and abort.

3. Let cy,...,ck be the centers of By, ..., By (respectively).

4. Fori=1to k:
(a) Let A; = %(147;) minjllc; — ;]| where ; = 125+ (Lap(4k/c) + % log(4k/5) + 1).
(b) Let & = ¢; + (N(0,02))?, where o; = #2i /210g(10k/5).

5. Output C' = {&y,...,¢}.

Figure 4: Algorithm PrivatekNoisyCenters for privately finding the k centers.

4.4.1 Properties of PrivatekNoisyCenters

The properties of PrivatekNoisyCenters are given in the following theorems.
Theorem 4.15 (Utility of PrivatekNoisyCenters). Let d,k > 0, ¢,8,6 € (0,1] with 6 < 3, let
T € (RH*)", and assume that T is partitioned by (2A+2)-far balls, for A = § (klog(k/(s) ¥ log(k/ﬁ)) .

£
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Then when executing PrivatekNoisyCenters(T e, 0, 3, A), with probability 1 — 3, the output C =
{€1,..., ¢k} satisfy for every i and j # i that ||¢; — c;|| < [|€; — ;.

We remark that the k factor in the A in Theorem 4.15, comes from applying basic composition
(Theorem 2.10) over the k noisy centers C'. This however can be reduced to O(Vk) factor by
applying advanced composition (Theorem 2.11).

Proof. By the union bound on all the choices of ;, w.p. 1 —§/8 > 1— 3/8, for each i € [k] it holds
that min;;||c; — c;f| > Q(\/log(k/ﬂ)> -0;. Therefore, for every ¢ # j we can apply Proposition 2.22
with 4 = ¢; and y = c¢; to obtain that with proper choices of the constants in A, with probability

1-— % it holds that ||¢; — c;|| < [|¢; — ¢;||. By the union bound over all i # j we deduce that with
probability 1 — 8/2 this holds for every i # j, as required. O

Theorem 4.16 (Privacy of PrivatekNoisyCenters). Let d,k >0, ¢,3 € (0,1], 6 € (0,1/2], A > 6.
Then for any integer n > 2 -{(n,e/2,0/4,8/2) + 2 (where £ is the function from Definition 4.8),
PrivatekNoisyCenters(-, e, d, 8, A) is (¢ + /4, 0)-differentially private for databases T € ((RE)F)™.

Proof. Let T and T’ be two neighboring multisets of size n. In the following we consider two
independent executions: PrivatekNoisyCenters(7) and PrivatekNoisyCenters(7”) (both with the
same parameters Tmin, £, 0, 3). In PrivatekNoisyCenters(T ), let O be the output, and let B {B; =
B(c;,m:)}F_; be the A-far balls from Figure 3. Similarly, we let O, B’ = {B! = B(c},7})}¥_; be the
these values w.r.t. the execution PrivatekNoisyCenters(7”). By Claim 4.10, it is enough to prove
that the resulting outputs O = C' and O’ = C" of Steps 3 to 5 are (¢/2+ /4, § /4)-indistinguishable
only in the case that 7 and 7" are f-nearly partitioned by B and B’, respectively. Since 2¢ < n — 2
and since 7 and T’ are neighboring, there must exists a k-tuple X = {x31,...,x;} € T that is
partitioned by both B and B’. In the rest of the analysis we assume (w.l.o.g.) that x; € B; N B, for
every i € [k].

In the following, we prove that for every ¢ € [k] it holds that minj4|lc; — c;| is close to

min;;||c; c; . For every i # j it holds that
lei — ¢l < [lei = cif| + |[e; — jl| + [[ei = <
< lei = xill + [le; = xil| + lle; — xjll + [|ef — x| + [|ei — ]|
<ritridry g+ fle -l
2 2
< Fles =il + Fllek =<l + i = <l
Therefore,

A+2 4
loi el < 3ol =il = (1+ 55 ) ek =<

Now let i € [k], and let s = argmin;_;|c; — ¢;|| and ¢ = argmin;, . We deduce that

C—C

. 4 4
minles = = s —cul < e — il = (14 55 ) —ell| = (14 5 ) -minllel <]
5)
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/
J
of the laplace mechanism, we deduce that for each i, the values of A; and A} are jz-indistinguishable,
and by basic composition we deduce that {\;}¥_, and {\/}%_, are all together ¢/4-indistinguishable.

In the following, let L be the event that Vi € [k] : v > A4 5, and L' be the event that
Vi€ [k] : 7; > 5. By Fact 2.13 and the union bound, it holds that Pr[L], Pr[L’] < 6/8. Therefore,

by Fact 2.5, it is enough to prove that C|r, and C’|1 are (/2 + §/4, 5/8)-indistinguishable.

First, by Fact 2.6, we deduce that {\;}%_,|, and {N;}}_,|;/ are (¢/4 + §/4)-indistinguishable.
We now continue with the analysis assuming that A\; = X, for all ¢ € [k]. Note that for every ¢ it
holds that

Similarly, it holds that min;;||lc; — ¢

< (1 + ﬁ) ‘min;;||c; — ¢j||. Therefore, by the properties

lei = €ill < fles = xill + [|e; = xi
<7+

1 .
Z . (rﬁglﬂcz cjll + mlan — C]H>
i,

IN

where the last inequality holds by Equation (5) (assuming that L occurs). Therefore, by the
properties of the Gaussian Mechanism (Theorem 2.19), we deduce that for each i, ¢; and ¢, are
(457:7 %)—indistinguishable, and by basic composition (Theorem 2.10) we deduce that C' and ¢’ are
(5 ) indistinguishable (assuming that \; = X; for all i € [k]). Finally, recall that {\;}*_,|. and
{NYE_ | are (e/4 + 6/4)- 1ndlst1ngulshable and therefore, we conclude by adaptive composition
(Theorem 2.10) that C and C" are (¢/2 + 6/4, §/8)-indistinguishable. O

Remark 4.17 (Run time of PrivatekNoisyCenters). Step 1 of PrivatekNoisyCenters takes O(dk?n)
time (see Remark 4.11). The foor-loop in Step 4 only takes O(dkn) time. QOwerall, the running
time of PrivatekNoisyCenters is O(dk?n).

5 k-Means Clustering

In this section we present our first application of k-tuples clustering, which is an (e, 0)-differentially
private k-means approximation algorithm PrivatekMeans with utility guarantee that holds when
the input is stable in the sense that we will define. We first start with preliminaries about k-means
clustering.

5.1 Preliminaries

For a multiset P € (R%)* and a k-tuple of centers C' = {cy,...,cx} € (RY)¥, we denote COSTp(C) :=
> xep Minie(y|[x — ci||* and denote OPT(P) := minge rays COSTp(C).

The following proposition states that given a multiset P € (R4)" and a w-approximation algo-
rithm A for k-means, then when sampling m i.i.d. points from P and executing A on these points,
then with probability 1 — 8 we obtain k centers with cost ~ wOPTy(P) (up to a small additive
error that depends on m and (). The proof appears at Appendix B.1.

Proposition 5.1. Let P be a multiset of n points in B(0, A) C R? and let A be an w-approzvimation
algorithm for k-means. Consider the following random execution: (1) Construct a multiset S of s
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i.i.d. samples from P, (2) Compute C = A(S,k). Then for every 8 > 0, with probability 1 — § it
holds that

COSTp(C) < w- OPT(P) + (s, B),

where &(s, f) = 4<M(s,ﬂ) +/M(s,B) -wOPTk(P)) for M(s,3) := 25A2kd log(%fl) - I

The following proposition states that given a multiset of points P and given two k-tuples of
centers C' = {c1,...,¢c;} and C’ = {c],...,c}} such that each c is relatively close to a unique
center ¢; in C, then by clustering the points according to C’ and performing a single Lloyd step
we get new centers whose k-means cost is almost bounded by COSTp(C). The proof appears at
Appendix B.2.

Proposition 5.2. Let k € N and v € [0,1/8]. Let P € (R)*, let C = {c1,...,c;} and C' =
{c},...,c}} be two k-tuples of centers in R? such that for everyi € [k] it holds that ||c, — ¢;|| < v-D;,
where D; = minj4;||c; — c;||. In addition, for every i € [k] let P; be the multiset of all points in P
that ¢} is closest to them in C'. Then

k
Y " OPT(P;) < (1+32y)COSTp(C).
i=1

5.2 Private k-Means Under Stability Assumption

In this section we describe our private algorithm PrivatekMeans for approximation the k-means
when the input is stable in the sense that we will define next. The idea is the following: Fix a
database P € (R%)", parameters s,¢ € N and a (non-private) k-means approximation algorithm
A. Now execute A on s i.i.d. samples from P, and repeat this process ¢ times. Consider the event
(over this process) that all the t sets of k centers are almost located at the same positions. More
formally, consider a random execution of GenCenters(P,k,s,t; A) (Figure 5). For a k-tuple of
centers C = {c1,...,c,} € (RY)* and a small stability parameter v > 0 (say, v = 0.01), let E}, be
the event that is defined below.

Definition 5.3 (Event E/, over a random sampling of GenCenters). Let E/, be the event that for

(:g —ci|| < v - D;, where

every j € [t] and i € [k], there exists a center in C; (call it 6{) such that
D; = mingyillc; — cj|.

Namely, event £/, implies that the output C € (RH*)! of GenCenters is partitioned by A-far
balls for A = 1/, where Partition(é) (according to Definition 3.6) is exactly {{6{ }3-:1, ce {6i}§=1}
(i.e., for each i € [k], the centers {ég 3»:1 are very close to each other, compared to the distance from
the other centers). Then in this section, we show how to construct an (e, §)-differentially private
algorithm PrivatekMeans that invokes GenCenters with suitable choices for T and m, such that
it achieves the following utility guarantee: For any k-centers C' and a small enough ~, when the
event Eg occurs over GenCenters(P, k, s,t), then with probability 1 — 3, algorithm PrivatekMeans
outputs C' = {&1,...,¢&} with COST»(C) < (1+0(7))COSTp(C) (plus some small additive error).
Algorithm PrivatekMeans is described in Figure 6 and its properties are proven in Section 5.3. In
Section 5.4 we show that a variant of the separation assumption in [ORSS12] implies that event
E/.. holds with high probability, where C* are the optimal k means for P.

In the following we define the parameter ¢ used in Step 1 of Algorithm PrivatekMeans.
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Procedure GenCenters

Input: A multiset P of points in B(0,A) C R?, parameters k,s,t € N, and a (non-private)
k-means algorithm A.

1. For each j € [t]:

(a) Let S; be a database containing s i.i.d. samples from P (with replacement).
(b) Compute the k-tuple of centers C; = A(S;, k).

2. Output 7 = {C4,...,Cy}.

Figure 5: A procedure for generating t k-tuples of centers in R

Algorithm PrivatekMeans

Input: A multiset P of n points in B(0,A) C R?, parameter k¥ € N, privacy parameters
g,0 € (0,1], confidence parameter 3 € (0,1], and a stability parameter vy > 0.
Additional input: A (non-private) k-means algorithm .A.

1. Let t be value from Definition 5.4 , and let s = L%J

2. Generate a t-size multiset of k-tuples T = GenCenters(P, k, m, t; A).

3. Execute PrivatekAverages (Figure 3) over 7 with input parameters
Ano=t,fmn = 1,6 = %,5 = %, B = g Let {aj,...,a;} be the outcome of the
execution.

4. For each i € [k] :

e Let P; be the points in P that a; is the closest point to them among {ai,...,a;}.

e Use the Gaussian Mechanism (2.19) with parameters d,A,é = %,5 = 8‘25,8 = %
to compute a noisy average ¢; of P;.

Q>
E

5. Output {¢y,...,Cx}.

Figure 6: A private k-means approximation algorithm PrivatekMeans under stability assumption.
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Definition 5.4. Let t = t(n,d,k,3,7,¢,0) be the smallest integer that satisfies

6Adk(y /log (15 12dk¢ 2k 12Adkn
t > log| —— | log +log| ———
1) B oy

where £ = (0 = t,d, k, {5, 1665, g) is the value from Definition 4.8, and X\ is the constant from
Theorem 4.12.

™

We note that when = O(1) and § >

m, it holds that £ = O(lsolg(f;) < O(llog*n). This

dk log?-®(n)-log (%)
22

yields that t = O( ) in this case. This means that for large enough n, we obtain

that t = polylog(n).

5.3 Properties of PrivatekMeans

The following theorem captures the privacy guarantee of PrivatekMeans.

Theorem 5.5 (Privacy of Algorithm PrivatekMeans). For every d,k > 0, every f3,,d,v € (0, 1]
and every algorithm A, Algorithm PrivatekMeans(-, k, «, 5,7;.A) is (g, 0)-differentially private for
databases P over B(0,A) C R9.

Proof. The proof builds on the fact that switching between sampling with replacement and without
replacement has only a small effect on the privacy, as stated in Lemma 2.25.

Consider a different variant GenCenters of the procedure GenCenters, in which the sampling
of the =~ n/2 points in all the iterations of Step la (s = [n/(2t)] points in T iterations) is done
without replacement, and consider a variant PrivatekMeans of PrivatekMeans in which it executes
GenCenters in Step 2 rather than GenCenters. Let P = {x1,...,x,} and P’ = {x],...,x}}
be two neighboring databases of points. In the following we consider two independent executions
PrivatekMeans(P) and PrivatekMeans(P’) (both with the same parameters k, ¢, §, 3, A). For j € [t]
let J; C [n] be the s chosen indices of the points S; in Step la of GenCenters (i.e., Sj = {xitieg;),
and let jj' be the same indices in the execution PAriJXIatekMeans(P’ ). Since J; and jj’ only depend
on n and not on the content of P and P’, it is enough to prove that the output of both executions
is (e, 6)-indistinguishable conditioned on the event that J; = J; ! for every j € [t]. In the following,
we assume that this event occurs.

Since P and P’ are neighboring, there exists at most one index ] € [t] such that S; of the execu-
tion PrlvatekMeans(P) is different than the corresponding set in PrlvatekMeans(P’), and therefore,
the outputs C of GenCenters are different by at most one k-tuple. Therefore, by Theorem 4.13, we
deduce that the outcome of Step 3 is (£,0) = (& 465) -differentially private.

In the following, we prove that for any fixing of k averages ai,...,ax, Step 4 is (£

e 0

e 67 4ec )
differentially private. Given that, we deduce that PrivatekMeans is (£, 2e€) differentially private
by (adaptive) composition of Steps 3 and 4 (Theorem 2.10). Hence, we conclude that the original
algorithm PrivatekMeans, that chooses the points with replacement, is (e, d)-differentially private

by applying Lemma 2.25 with m = n/2, £

’ 3 265 .
It is left to prove the privacy guarantee of Step 4. For that, fix k averages A = {ay,...,a;},
let Pi, ..., Py be the k multisets in Step 4 w.r.t P and A, and let P{,..., P, be the same multisets
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w.r.t P and A. Since P and P’ are neighboring, there exist at most two indices i € [k] such
that P; # P/, and for each one of them, P; and P/ are neighboring. Therefore, by the privacy
guarantee of the Gaussian mechanism along with basic composition (Theorem 2.10), Step 4 is
(2-5,2- ) differentially private, as required.

O

The following theorem, which captures the utility guarantee of PrivatekMeans, states that when
event E, (Definition 5.3) occurs by GenBalancedSamples in Step 2, then with probability at least

1—2, the output C' = {&,,...,¢&;} has COSTp(C) < (1+O(7))COSTP(C)+O<A2dk log(la/f) log(k/ﬁ)>-

Theorem 5.6 (Utility of Algorithm PrivatekMeans). Let d,k > 0, let B,e,0 € (0,1], let P
be a multiset of n points in B(0,A) C R? and let A be an algorithm. In addition, let C =
{c1,...,ci} € (R with min;4j||c; — cj|| = 1/n and let v € (0, 35]. Consider a random execution
of PrivatekMeans(P, k, ¢, d, 3,7;.A) conditioned that the event Eg occurs by GenBalancedSamples
in Step 2 of the execution. Then with probability 1 — 3 (over the above conditioned execution), the

output C = {€1,...,¢,} of PrivatekMeans satisfies that

COSTp({&1,...,&}) < (14 647)COSTH(C) + 0<A2k1°g(1/5) g(zd il log(’“/ﬁ)))

Proof. Consider a random execution of PrivatekMeans(P, k, ¢, d, 3,7; A) conditioned on the event
El. For j € [t], let C; = {¢],...,¢].} be the value from Step 1b of the j’th iteration of

GenCenters, where we denote by 6{ the center that is close to c;, i.e., ‘éi —ci‘ < ~- D,
where D; = minjl|c; —cj| (such center exists by event El). In addition, for i € [k], let
= Avg({¢{}}_;) and note that
1
Vi€ [k]: |lai —cf| = ;Z : (6)
j=1
t
1
<> |
7=1
<7v-Di.

Now, let C be the output of GenCenters in Step 2 of Algorithm PrivatekMeans, and note that C is
evenly-partitioned by the set of balls {B(c;,r; = 2vD; )}¥_, which are also A-far balls for A = 16

since v < 45, and Partition(C ) = {{01}] Lo .,{ck}jzl}. Therefore, when executing Algorithm
PrivatekAverages in Step 3, we obtain by Theorem 4.12 a set of k points {ai,...,a;} such that
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with probability 1 — & > 1 — 2 it holds that
Vie k] fla;i —a (7)

k¢
_ Adkt 1°g< 5 ) dk¢ dke Adk
< max{ri,Tmin} - ——=—— log( — ) log| — | + log
En 1) ﬁ rmm(s
6Adkly /log (12k4) 12dke 2kt 12Adkn
=~D; - log log +log| ———
et 0 I} Oy

< ’yDlv

where ¢ = {(n,d, k,é/2,5/4, 5/2) is the value from Definition 4.8, and X is the constant from
Theorem 4.12. In the second inequality we used the fact that r; < D, and that 7y, = % < ~D;,
and the last inequality holds by the definition of ¢ (Definition 5.4). Therefore, we deduce by
Equations (6) and (7) that with probability 1 — g it holds that

Vi€ k] :||a; — ¢l <2y D (8)

Let Pi,...,Pr be the clusters from Step 4 of the algorithm. If Equation (8) occurs, then by
Proposition 5.2 we get that

k
D> lx = Avg(P)|? < (14 649)COSTp(C). (9)
i=1 x€P;
Since the algorithm computes a noisy estimation ¢; of each Avg(P;), we get by the properties
of the Gaussian mechanism (see Observation 2.20) and the union bound that with probability
1 — kB =1-15 it holds that

A+/log(1/0)
Vielk: [é&—Ave(P|l < o( v Ti |/ (Vd+ /1og(k/B) )) (10)
Finally, since Equation (9) occurs with probability 1 — £ and Equation (10) occurs with prob-

ability 1 — g, we conculde that with probability 1 — £ both of them occurs, which implies that
COSTP({élu s 7ék})

k
<Y x-al?

i=1 xeP;

Z > (lIx = Avg(P)I> + & — Ave(Po)|> + 2lx — Ave(P)]| - [& — Ave(Py)])

i=1 xeP;
< (1+ 647)COSTp(C) + O (Azkl‘ﬁ(lm(d + 10g(kz/ﬂ))> +20-0 (Avlogg(l/‘” (x/& + \/log(k/ﬁ))>

2
— (14 649)COSTH(C) + O (“l‘ﬁ(”‘”(d n 1og<k//3>>>,

where in the last term of the second inequality we used the fact that ||x — Avg(P;)|| < A for all
i € [k] and x € P;. -
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Remark 5.7 (Run time of PrivatekMeans). The algorithm calls the non-private algorithm A t-
times (where t < polylog(n)), each time over a collection of points of size s = O(n/t). Then, the
most expensive step is executing Privatek Averages, which takes O(dk?n) time.

5.4 Private k-Means under Separation Assumption

In this section we show that our stability assumption holds with high probability when the multiset
P is separated according to Ostrovsky et al. [ORSS12]. Formally, a multiset of points P is ¢-
separated for k-means if OPTy(P) < ¢?OPTy_1(P). In Definition 5.8 we strength this definition
of [ORSS12] to include also an additive separating term ¢&.

Definition 5.8 ((¢,&)-separated). A multiset P € (R?)* is (¢, &)-separated for k-means if
OPTk(P) + & < ¢? - OPTy_1(P). Note that P is ¢-separated iff it is (¢,0)-separated.

We use the following theorem from [ORSS12] which states that when P is ¢-separated for k-
means for sufficiently small ¢, then any set of k£ centers that well approximate the k& means cost,
must have the property that each of its centers is relatively close to an optimal center.

Theorem 5.9 ([ORSS12]). 3 Let v and ¢ be such that ’f_“ii < %. Suppose that P € (RY)*

is ¢-separated for k-means. Let C* = {c},...,ci} be a set of optimal centers for P, and let
C = {cy,...,cx} be centers such that COSTp(C) < v-OPTy_1(P). Then for each c; there is a

* *
CZ-—CJ- .

distinct optimal center, call it ¢}, such that ||c; — c}|| < 2- 'Ifg - D;, where D; = min;;

The following lemma states that for suitable choices of ¢ and A, if P is (¢, \)-separated for
k-means, then with high probability, the event Egv over a random execution of PrivatekMeans
(Definition 5.3) occurs, where C* is the optimal k-means for P
Lemma 5.10 (Bounding the stability probability). Lete,d,3,¢ € (0,1), v € [0, %], ,d,k,n €N, let
t=t(n,d,k,B,7,&,0) be the value from Definition 5.4, let A be a (non-private) w-approzimation
algorithm for k-means, let P € (B(0,A))" and let C* = {c%,...,c;} € (R))* be the optimal k-means
for P. If the following holds:

o P is (¢,&)-separated for k-means, where

= gQ;‘tJ : f) - O(A%kdlog(nt/ﬁ) + A\/thdlog(n/B) - woka(P))

is the function from Proposition 5.1, and

1 2
° (fr_w(;f < %, and
2
i 722“)%_;(1)7

then when ezecuting PrivatekMeans on inputs P, k,e,0, (3,7, A, the event El. (Definition 5.3)
occurs with probability at least 1 — .

3The statement of this theorem was taken from [SSS20].
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Proof. For j € [t], let S; and C'j be the k-tuple in the execution of PrivatekMeans in steps 1la and 1b
of GenCenters (respectively). Note that by Proposition 5.1 and the union bound, with probability
at least 1 — 8 it holds that

Viet]: COSTp(C)) <w-OPTR(P) + A < wp?OPTy_4(P), (11)

where the last inequality holds by the assumption that P is (¢, A)-separated for k-means and that
w > 1. In the following, assume that (11) occurs. Since P is (in particular) ¢-separated, and since
the conditions of Theorem 5.9 hold with v = w¢?, we obtain from Theorem 5.9 that for every i € [k]

and j € [t], there exists 6{ € C; such that ’
required. O

J
%

c; — ¢;|| < vD;, meaning that event Eg occurs, as

As a corollary of Theorem 5.6 and Lemma 5.10, we obtain our main application of algorithm
PrivatekMeans.

Corollary 5.11. Let £,6,5 € (0,1) and let ¢, P, A,w,vy as in Lemma 5.10. Then when execut-
ing PrivatekMeans on inputs P, k,e,9, 3, A, with probability 1 — 23, the resulting centers C =
{€1,...,¢,} satisfy

COSTp(C) < (1 + 647)OPT(P) + O (A“’k‘lzg(l/@

(d+10g(k/ﬁ))>

Proof. The proof almost immediately holds by Theorem 5.6 and Lemma 5.10 when applying them
to the optimal k-means of P, which we denote by C* = {cf,...,c;}. The only missing requirement
> 1/n, as required by Theorem 5.6. For proving this, note
that on the one hand it holds that OPTy_;(P) < D*n+OPTy(P), and on the other hand, since we

assume that P is (¢, A)-separated for ¢ < 1 and A > 1 then it holds that OPTy(P)+1 < OPTy_1(P).
From the two inequalities we conclude that D* > 1/n and the corollary follows. t

is to show that D* := min#ch;* — cj ‘

6 Mixture of Gaussians

In this section we present our second application of k-tuple clustering, which is an (g, §)-differentially
private algorithm PrivatekGaussians for learning a mixture of well separated and bounded k Gaus-
sians. We first start with relevant preliminaries for this section.

6.1 Preliminaries

The total variation distance between two distributions P and @ over a universe U is defined
by drv(P,Q) = supscy|P(S) — Q(S)|. Given a matrix A = (a;;); je[a) € R, we let [|A] =
Sup|x||=1/|Ax|| be its {2 norm.

6.1.1 Gaussians

Let N (0,1) be the standard Gaussian distribution over R with probability density function p(z) =
22

\/%677. In R%, let N/ (0,I4%q) be the standard multivariate Gaussian distribution. That is, if

Z ~ N(0,I4xq) then Z = (Zy,...,Z4) where Z,...,Z; are i.i.d. according to N(0,1). Other
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Gaussian distributions over R arise by applying (invertible) linear maps on N(0,I;y4). That
is, the distribution X ~ N(u, X = AAT) for u € RY and (invertible) A € R%*? is defined by
X = AZ + p, where Z ~ N(0,Ijxq), and it holds that E[X] =y and Cov(X) = (Cov(X;, X)), ;
(the covariance matrix) equals to X. The contours of equal density are ellipsoids around u: {x €
RY: (x — p)TE"Y(x — p) = r2}. We let G(d) be the family of all d-dimensional Gaussian — that
is, the set of all distribution N (1, %) where u € R? and ¥ is a d x d positive semidefinite (PSD)

matrix.

Definition 6.1 (Bounded Gaussian). For R, 0max,Omin > 0, a Gaussian G = N(u,X) € G(d) is
(R, Omaxs Omin)-bounded if ||| < R and 02, < ||Z]|y < 020

We next define the properties of a general algorithm that privately learns a the parameters of
a (single) bounded Gaussian.

Definition 6.2 (Private Algorithm for Learning a Bounded Gaussian). Let A be an algorithm that
gets as input a database P € (RY* and parameters d, e, 6, o, B, R, Omax, Omin, and outputs (fi, i])
Let s = s(d,e,0,, 8, R, Omax, Omin) be a function. We say that A is a private algorithm for
learning a bounded Gaussian with sample complexity v if given the above parameters, A is
an (g,0)-differentially private algorithm that satisfy the following utility guarantee: If N'(u,X) is a
(R, Omax, Omin)-bounded Gaussian, and P consists of at least v i.i.d. samples from N (u,%), then

~

with probability at least 1 — B it holds that dry (N (i, 2), N (1, X)) < a.

The best known examples for such algorithms are the constructions of [KLSU19] and [BDKU20],

which have sample complexity v = O i—z + & -log(1/5) |. We re-

[5(e% 3

mark that without privacy, the required sample complexity is @(W) , which means that

privacy comes almost for free unless %, Imax or R are quite large.
min

6.1.2 Gaussian Mixtures

The class of Gaussian k-mixtures in R? is

k

k
G(d, k) :={>_wiGi: G1,..., Gy € G(d),wr, ..., w, >0, ) w; =1}
=1 =1

A Gaussian mixture can be specified by a set of k tuples: {(u1,%1,w1),. .., (U, Xk, wk) }, where
each tuple represents the mean, covariance matrix, and mixing weight of one of its components.

Definition 6.3 (Bounded Mixture of Gaussians). For R, 0max, Omin, Wmin > 0, a Gaussian mizture
D= {(p1, 21, w1)y -y (g, 2, wi) } € G(d, k) is (R, Omax, Omin, Wmin )-bounded if for all i € [k], the
Gaussian N (i, %;) i (R, Omax, Omin)-bounded and w; > Wi .

Definition 6.4 (Separated Mixture of Gaussians). Let D = {(u1, X1, w1), ..., (ug, Xk, wg)} be a
mizture of k Gauusians over RY, for i € [k] let 0 = ||Zi|ly, and let h > 0. We say that D is
h-separated if

Vi<i<j<k: || —ujH > h-max{ai,aj}.
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We next define a labeling algorithm for a mixture D.

Definition 6.5 (Labeling Algorithm for a Mixture of Gaussians). Let n,k € N, g € (0,1) and
let D= {(u1,X1,w1),-.., (g, Xk, wi) } be a mizture of k Gaussians. We say that an Algorithm A
is an (n,B)-labeling algorithm for the mixture D if with probability 1 — B, when sampling a
database P of n i.i.d. samples from D, Algorithm A on inputs P,d, k, 5, outputs a labeling function
L: P — [k] such that for all x,x' € P: L(x) = L(x') <= x and X' were drawn from the same
Gaussian.

There are various examples of non-private algorithms that learns the parameters of mixtures of
Gaussian under different separations assumptions, and most of them can be easily converted into
a labeling algorithm. For instance, [DS00; SK01] showed how to learn mixtures with separation
that is only proportional to d*/4. Moreover, there is a wide line of works that show how to handle
mixtures with separation that is independent of d: Separation that is proportional to vk [AMO5],
k4 [VWO04], k¢ [HL18a; KSS18; DKS18], or even y/logk [RV17]. In Section 6.2 we show that our
algorithm can transform each such non-private algorithm into a private one, as long as we are given
n points from a mixture that is at least Q(logn)—separated.

6.1.3 Concentration Bounds

Fact 6.6 (One-dimensional Gaussian). Let X ~ N(0,02). Then for any 8 > 0 it holds that

Pr[X > a\/m} < 8.

Fact 6.7 (follows by the Hanson-Wright inequality [HW71]). If X ~ N (u, X)) then with probability
at least 1 — B it holds that

IX — ull < (Vd+ 210g(1/8)) - V/I=I)

The following fact is an immediate corollary of Fact 6.7.

Fact 6.8. Let Xi,...,X,, be i.i.d. random variables distributed according to a d-dimensional
Gaussian N (1, X), and let 0® = ||S||. Then with 1 — 3 it holds that

AV ) — i < YOS

Proof. Follows by Fact 6.7 since Avg(Xj,..., X,,) is distributed according to N(u, = - ¥). O

6.2 Algorithm PrivatekGaussians

In this section we describe our algorithm PrivatekGaussians that privately learns a mixture of
separated and bounded k Gaussians D = {(u1, 21, w1),. .., (4K, Xk, wk)}. The formal description
of the algorithm appear at Figure 8.

In the following we define the parameter ¢ used in Step 2 of Algorithm PrivatekGaussians.
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Algorithm CollectEmpiricalMeans

Input: A database P/ = {x1,...,x,} and parameters k, s,t € N, where n > st.
Additional inputs: a (non-private) labeling algorithm A for a mixture of Gaussians.

1. For each j € [t]:

(a) Let S] = {X(j—l)s—l-l’ Ce ,st}.

(b) Execute A on inputs P = S,k = k, and let L;: S; — [k] be the resulting labeling
function.

(¢) For each i € [k] :
e Compute fij; = Avg({x € §;: L;j(x) = i}).
(d) Set MJ = {ﬂj,la st 7/1]',]6} € (Rd)k

2. Output 7 = {My, ..., M;} € (R)F)L.

Figure 7: A procedure for generating T balanced k-tuples from a mixture of k Gaussians.

Definition 6.9. Let t = t(n,d,k,3,7,¢,0, R, 0max, Omin) be the smallest integer that satisfies

Akl /log (kL
. () o[ P 1o (ATREY o [ HUGR + Fhomas)
I 1) 6 76h0—min

where h = 24 /210g<%”), 0 =1{(t,d k,e/2,0/4,3/8) is the value from Definition 4.8, and X is the

constant from Theorem 4.12.

Assuming that 5,7 = O(1), we obtain that ¢ = lofio% < O(% log®(1/4)), which yields that
5 (dkz tog>(1/6) (/10a(1/0) +1og ( femax ) )
g2 )

t =

6.2.1 Properties of PrivatekGaussians
The following theorem summarizes the privacy guarantee of PrivatekGaussians.

Theorem 6.10 (Privacy of Algorithm PrivatekGaussians). Let A" be a private algorithm for learn-
ing a (single) bounded Gaussian according to Definition 6.2. Then for every d, k, R, 0max, Omin, Wmin >
0, every «, B,e,d,v € (0,1) and every algorithm A, Algorithm

PrivatekGaussians(-, k, «, 8, ¢, 0, R, 0max; Omin; A, A’) 1s (g, 0)-differentially private for databases P €
(RY)".

Proof. Assume for simplicity (and without loss of generality) that the input algorithm A is deter-
ministic, let P, P € (Rd) > be two neigboring databases, and consider two independent executions
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Algorithm PrivatekGaussians

Input: A database P = {x1,...,Xon} € (]Rd)Qn, parameter k£ € N, an accuracy parameter
a > 0, a confidence parameter 8 > 0, privacy parameters €, € (0, 1), separating parameter
~v > 0, and bounding parameters R, 0max, Omin > 0.

Additional inputs: A (non-private) labeling algorithm A (according to Definition 6.5),
and a private algorithm A" for learning the parameters of a (single) Gaussian (according to
Definition 6.2).

1. Let P' ={x1,...,x,} and P" = {xp41,...,Xon}
2. Let t = t(n,d, k, B,7,€,0, R, Omax, Omin) be the value from Definition 6.9.

3. Let s = L%J

4. Compute T = CollectEmpiricalMeans(P’, k, s, t, %; A).

5. Let h = 21/210g(%") and let A =R+ %L - Omax-

6. If T ¢ (B(0,A)¥)!, fail and abort.

7. Execute PrivatekAverages (Figure 3) on the database 7 with input parameters

A:Aaﬁ:tﬂfmin:%'Umin7€~:€,(§:575~:§_
Let {aj,...,a,} be the outcome of the execution.

8. For each i € [k] :

(a) Let P/ be the points in P” that &; is the closest point to them among {ay,...,ax}.

(b) Execute A" on input P} with bounding parameters R, 0max, Omin, Privacy parame-

ters € = £,0 = %, accuracy parameter & = § and confidence parameter § = %.

Let (fi;, %) be the outcome of this execution.
(c) Let n; < |P/| 4+ Lap(4/¢).

9. Foreach i € [k] :  Set w; = Zmn
P

10. Output 'ZA) = {(,&17 21,’[131), ey (/:Lk,ik,ﬁ}k)}

Figure 8: Algorithm PrivatekGaussians for privately learning a mixture of k& Gaussians.

PrivatekGaussians(P) and PrivatekGaussians(P) (both with the same other input parameters),
let P’, P”, T be the multisets from the execution PrivatekGaussians(7P), and let P, P", T be
the corresponding multisets in the execution PrivatekGaussians(P). If P’ # P’ (and therefore,
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neighboring), then 7 and 7" differ by at most 1 k-tuple. Therefore, by the privacy guarantee of
PrivatekAverages (Theorem 4.13) along with group privacy (Fact 2.8) we obtain that the result-
ing outcome {4y, ...,4a;} in Step 7 of both executions is (g,d)-indistinguishable. Since P’ # P’
implies that P” = P”, we conclude by post-processing (Fact 2.9) that the final outcome D is also
(e, 0)-indistinguishable.

In the rest of the analysis we focus on the case that P’ = P’ and P” # P” (i.e., neighboring).

In this case, the values of {a1,...,a;} in Step 7 is identical in both executions. Let PYy,..., P}
be the multisets from Step 8a in the execution PrivatekGaussians(P), and let Py, ..., P} be these

multisets in the execution PrivatekGaussians(ﬁ). Since P” and P” are neighboring, there exists
at most two values i,j € [k] such that P! # P/ and Pi # 75]” , and in both cases the multisets are
neighboring (in the other indices the multisets are equal). By the properties of the private algorithm
A’ and basic composition (Theorem 2.10), the values of ((fi1, 1), ..., (fix, 2%)) in Step 8b of both
executions is (2- 5,2 g)-indistinguishable. Moreover, by the properties of the Laplace Mechanism
along with basic composition, the values of (7g,...,7g) is (2- §,0)-indistinguishable. By applying
again basic composition we deduce that all these values together are (e, d)-indistinguishable, and
therefore we conclude by post-processing (Fact 2.9) that the resulting D in both execution is (g, §)-
indistinguishable. O

The following theorem summarizes the utility guarantee of PrivatekGaussians.

Theorem 6.11 (Utility of Algorithm PrivatekGaussians). Let n,d, k, R, 0max, Omins Wmin, ¥ > 0, let
a,fB,e,0 € (0,1), let t = t(n,d, k,B,v,€,0, R, Omax, Omin) be the value from Definition 6.9, and let
D ={(u1,X1,w1), .., (P, Xy wi) } be an (R, Omax, Tmins Wmin ) -bounded (1 + ~)h-separated mizture

of k Gaussians in Rd, for h > ZM. In addition, let A be a (non-private) (L J, é)

labeling algorithm for D (Definition 6.5), and let A’ be a private algorithm for learning a (single)
bounded Gaussian with sample complezity v (Definition 6.2). Assume that

nzmaX{QOOt(d—i-ﬂog(leg“)) o0 W-log<8k>}

+t) )
B
d. £ Jd «

min{450,v2h2} - Wmin Wmin cx
where v = ( 355 59 8k,R Omax, omm). Then with probability 1 — 3, when sampling o database P

of 2n i.i.d. samples from D, Algorzthm PrivatekGaussians on inputs P, k, «, 3, €, 0,7, R, Cmax, Omin, A, A’
outputs D such that drv (D, D) < a.

The proof of the theorem appears at Appendix B.3. Very roughly, the first term in the maximum

is the number of samples that are needed for guaranteeing that with probability at least 1 — %,

the partition {P{,..., P/} in Step 8a of Algorithm PrivatekGaussians is exactly according to the
labels of the points (i.e., two points belong to the same set <= they were sample from the same
Gaussian), and that for each i it holds that |P;| > 5. The second and third terms in the maximum
are the number of Samples that are needed for guaranteelng that with probability 1 — Z? for each
i € [k], the resulting (fi;, ;) in Step 8h satisfy dTv(/\/(ﬂi,?i),/\/’(ui,Ei)) < § and the resulting
w; in Step 9 satisfy [w; —w;| < ¢, which yields that drv(D,D) < a (see Fact B.7). We remark
that regardless of the non-private algorithm A that we are using and its assumption on D, we only

require that D is more than 24 /210g(%”)—separated, which follows by the projection argument in
Proposition B.6.

32



6.3 Remarks

It is tempting to think that our approach, which relies on the algorithm PrivatekAverages for
aggregating the non-private findings by a reduction to k-tuple clustering, requires that the distance
between the means should be proportional to v/d, because this is the distance of the samples from
their means. However, recall that PrivatekGaussians do not set the k-tuple to be some arbitrary
k samples from different Gaussians. Rather, it sets it to the averages of the samples in each set
(See Step 1c in Figure 7), which decreases the distance from the actual means. In particular, when
there are O(d) samples in each such set, the dependency in d is eliminated and the reduction to the
k-tuple clustering follows (even when the distance between the means is much smaller than Vd, as
we consider).

Furthermore, note that our algorithm PrivatekGaussians in Step 8a relies on the fact that the
output {ai,...,a;} of PrivatekAverages separates correctly fresh samples from the mixture. This
might seem strange since even if {aj,...,a;} is very close to the actual means {p1,..., ur}, the
distance of each sample from its mean is proportional to v/d, while the assumed separation between
the means is independent of d. This yields that when d is large, then the samples are much far
from their means compared to the distance between the means. Namely, if x is sampled from the
i’th Gaussian and ||p; — || is independent of d (for large d), then ||x — pl| > || — pj]]- Yet, in
our analysis we use a projection argument (see Proposition B.6) which yields that w.h.p. it holds
that [|x — pi|| < []x — |, even though |lx — psl| > [|ps — p;l-

6.4 Comparison to the Main Algorithm of [KSSU19]

The main private algorithm of [KSSU19] mimics the approach of the (non-private) algorithm of
[AMO5], which is to use PCA to project the data into a low-dimensional space, and then clustering
the data points in that low-dimensional space. This projection enable both algorithms to learn
mixtures that have the following separation

= ) max(aio) (12)

—— | -max{o;, 05},

Wy Wy v
for some constant C' > 0 (albeit that the constant of [KSSU19] is much larger, say C' = 100 instead
of C'= 4 as in [AMO05]). But while [AMO05] use a simple Kruskal-based clustering method, [KSSU19]
developed alternative (and much more complicated) clustering methods that are more amenable
to privacy. Finally, after the clustering phase, [KSSU19] use a variant of the private algorithm of
[KLSU19] to learn the parameters of each Gaussian. Overall, the algorithm of [KSSU19] learns
an (R, 0max, Omin, Wmin)-bounded mixture of Gaussian that is separated as in Equation (12), with
sample complexity

d? d? Iy (k)d3/? dk Royax
n > ( + + 22 y(k) : polylog(aa)

Vi, j: H,U/Z‘—,U/jHZC< klog(nk/B) +

042wmin EQWmin Wmin€ aBedomin
In the following, we compare between [KSSU19]’s algorithm and ours (Algorithm PrivatekGaussians)
in two different aspects: separation assumption and sample complexity.
6.4.1 Separation Assumption
The utility guarantee of PrivatekGaussians (Theorem 6.11) only requires a separation of slightly

more than h = 2,/2log(8n/3). Therefore, our algorithm can transform any non-private algorithm
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(in a modular way) that learns mixtures with separation X into a private algorithm that learns
with separation max{X, h}. In particular, we can use [AMO5] as our non-private labeling algorithm
A to learn mixtures with separation as in Equation (12) (with the small constant C' = 4), and we
can also use any other non-private algorithm (like [VWO04; HL18a; KSS18; DKS18; RV17]) and
inherent their separation assumption. In contrast, the approach of the main algorithm of [KSSU19]
may only be extended to methods that use statistical properties of the data (like PCA), and not to
other algorithmic machineries such as the sum-of-squares that are used for reducing the separation
assumption.

6.4.2 Sample Complexity

The main algorithm of [KSSU19] learns an (R, 0max, Omin, Wmin )-bounded mixture of Gaussians that

is separated as in Equation (12), with sample complexity (roughly) O (# + Ifjfﬁ) (ignoring log-

arithmic factors), where v = v(d, ¢, 0, a, 8, R, Omax, Omin) = O(% + %) is the sample complexity

of [KLSU19] for learning the parameters of a single Gaussian.
. . - A N t-d 4k2 .
By Theorem 6.11, the sample complexity of our algorithm is O(t O+ - ﬁ + E) (ig-
noring logarithmic factors), where ¢ is the sample complexity needed by the non-private algorithm
B

A for labeling correctly the samples with confidence < & (e.g., if we use the algorithm of [AMO5],

then 0 = O (wdk ), and for simplifying the comparison, we assume that this is indeed the algorithm

min

k242 v 4k2

Emein Wmin g ’

that we use). Since t = O(g—’;), we obtain a sample complexity of (roughly) O(

which might me larger than the one of [KSSU19] if d or 1/e are very large (compared to k). Yet,
we can easily improve the dependency in both d and ¢.

Using sub-sampling, we can execute Steps 2 to 7 of PrivatekGaussians on an en-size random
subset of P’ (for the small desired ), but now we only need a constant ¢ for these steps. This
immediately reduces the 1/£2 in our sample complexity into 1/e.

In addition, as mentioned in Section 4.3.2, using the average algorithm of [NSV16] in PrivatekAverages
(instead of the average algorithm from Proposition 2.23), we can reduce a factor of V.

For summary, using sub-sampling and the algorithm of [NSV16], we obtain an improved sample
k2d3/2 v

EWmin Wmin

complexity of O( + 45%2), which strictly improves the sample complexity of [KSSU19].

7 Empirical Results

We implemented in Python our two main algorithms for k-tuple clustering: PrivatekAverages and
PrivatekNoisyCenters. We compared the two algorithms in terms of the sample complexity that is
needed to privately separate the samples from a given mixture of Gaussians. Namely, how many
k-tuples we need to sample such that, when executing PrivatekAverages or PrivatekNoisyCenters,
the resulting k-tuple Y = {y1,...,yx} satisfies the following requirement: For every i € [k], there
exists a point in Y (call it y;), such that for every sample x that was drawn from the i’th Gaussian,
it holds that ¢ = argmincp|lx — ;. We perform three tests, where in each test we considered a

uniform mixture of k£ standard spherical Gaussians around the means {R-e;, — R - ei}i-z ?, where e;
is the ¢’th standard basis vector. In all the tests, we generated each k-tuple by running algorithm
k-means++ [AV07] over enough samples.
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Figure 10: The case d =4 and R = 512 - k, for varies k.

In Testl (Figure 9) we examined the sample complexity in the case d = 1, k = 2, for R €
{2526 ... 29}, In Test2 (Figure 10) we examined the case d = 4, R = 512 - k, for k € {2,4,6,8}.
In Test3 (Figure 11) we examined the case k = 2, R = 256v/d, for d € {4,8,12,16}. In all the
experiments we used privacy parameters € = 1 and § = e~ 2%, and used 8 = 0.05. In all the tests
of PrivatekNoisyCenters, we chose A = 12 . klog(k/§)+/log(k/B), the number of k-tuples that we
generated was exactly 3781 (the minimal value that is required for privacy), but the number of
samples per k-tuple varied from test to test. In the tests of Privatek Averages, we chose A = 219.kv/d
and myin = 0.1, we generated each k-tuple using & 15- k samples, but the number of k-tuples varied
from test to test.® All the experiments were tested in a MacBook Pro Laptop with 4-core Intel i7
CPU with 2.8GHz, and with 16GB RAM.

The graphs show the main bottleneck of Algorithm PrivatekAverages in practice. It requires
only O 5(kd) tuples (or Og,g(k‘\/;i) for large values of d) in order to succeed, but the hidden constant
is & 500, 000 for our choice of € and ¢, and this does not improve even when the assumed separation
R is very large. The cause of this large constant is the group privacy of size O(kf) that we do in

Step 5a, where recall that £ = O (M> (Definition 4.8). While in theory this / is relatively small,

elogn
with our choice of parameters we get £ ~ 1000. This means that we need to execute the private
average algorithm with & ~ ;5. Internally, this € is shared between other private algorithms, and
in particular, with an Interior Point algorithm that is one of the internal components of the average
algorithm from Proposition 2.23. This algorithm is implemented using the exponential mechanism
[MTO07], which simply outputs a random noise when the number of points is too small.

“By using Q(kd) samples for creating each k-tuple, in Test3 (Figure 11) we could avoid the dependency of R
in vd (see Section 6.3 for more details). However, since we only used O(k) samples for each k-tuple when testing
PrivatekAverages, then we could not avoid this dependency.
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We remark that prior work on differentially-private clustering, including in ”easy” settings, is
primarily theoretical. In particular, we are not aware of implemented methods that we could use as
a baseline.® As a sanity check, we did consider the following naive baseline: For every sample point,
add a Gaussian noise to make it private. Now, the resulting noisy samples are just samples from
a new Gaussian mixture. Then, run an off-the-shelf non-private method to learn the parameters
of this mixture. We tested this naive method on the simple case d = 1 and k = 2, where we
generated samples from a mixture of standard Gaussians that are separated by R = 512. By the
Gaussian mechanism, the noise magnitude that we need to add to each point for guaranteeing (e, §)-
differential privacy, is o & %\/ log(1/0) > 1 for some A > R, meaning that the resulting mixture
consists of very close Gaussians. We applied GaussianMixture from the package sklearn.mixture to
learn this mixture, but it failed even when we used 100M samples, as this method is not intended
for learning such close Gaussians.We remark that there are other non-private methods that are
designed to learn any mixture of Gaussians (even very weakly separated ones) using enough samples
(e.g., [SOAJ14]). The sample complexity and running time of these methods, however, are much
worse than ours even asymptotically (e.g., the running time of [SOAJ14] is exponential in k), and
moreover, we are not aware of any implementation we could use.%

8 Conclusion

We developed an approach to bridge the gap between the theory and practice of differentially
private clustering methods. For future, we hope to further optimize the ”constants” in the k-
tuple clustering algorithms, making the approach practical for instances with lower separation.
Tangentially, the inherent limitations of private versus non-private clustering suggest exploring
different rigorous notions of privacy in the context of clustering.
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A Additional Preliminaries

A.1 Additional Facts About Differential Privacy

A.1.1 The Exponential Mechanism

We next describe the Exponential Mechanism of McSherry and Talwar [MTO07]. Let X be a domain
and H a set of solutions. Given a database § € X'*, the Exponential Mechanism privately chooses
a “good” solution h out of the possible set of solutions H. This “goodness” is quantified using a
quality function that matches solutions to scores.
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Definition A.1. (Quality function) A quality function is a function q: X* x H +— R that maps a
database S € X* and a solution h € H to a real number, identified as the score of the solution h
w.r.t the database S.

Given a quality function ¢ and a database S, the goal is to chooses a solution h approximately
maximizing ¢(S,h). The Exponential Mechanism chooses a solution probabilistically, where the
probability mass that is assigned to each solution h increases exponentially with its quality ¢(S, h):

Definition A.2. (The Exponential Mechanism) Given input parameter €, finite solution set H,
database S € X™, and a sensitivity 1 quality function q, choose randomly h € H with probability
proportional to exp(e - q(S,h)/2).

Proposition A.3. (Properties of the Exponential Mechanism) (i) The Exponential Mechanism is
e-differentially private. (i) Let é := maxysen{q(S, f)} and A > 0. The Ezponential Mechanism
outputs a solution h such that q(S,h) < é — A with probability at most |H| - exp(—eA/2).

A.1.2 Private Interior Point and Bounding Segment in R

Proposition A.4 (Finding an Interior Point in R). Let ¢ € (0,1), A > 0 and g € [0,A]. There
exists an efficient e-differentially private algorithm that takes an n-size database S of numbers in the
segment [—A, A] and outputs a number z € [—A, A] that with probability 1 —2(A/g+1)-exp(—en/4)
it holds that z € [min(S) — g, max(S) + g]. The algorithm runs in time O(n) (ignoring log(%)
factors).

Proof. Define the grid G = {-A,-A+g¢,...,—A + {%—‘ - g}, and for every z € G let left(z) =

—A+ L%J - g (i.e., the closest grid point to x from the left side) and right(z) = —A + {%—‘ g

(i.e., the closest grid point to x from the right side). Now, apply the exponential mechanism (A.2)
with the quality function

Vye G: q(S,y) =min{|{x € S: left(z) < y}|,|{x € S: right(z) > y}|}

For the utility analysis, let m be the median of S, and note that ¢(S, left(m)), ¢(S, right(m)) > n/2.
Therefore, by Proposition A.3, with probability > 1—|G|-exp(—en/4) > 1—2(A/g+1)-exp(—en/4),
the mechanism outputs a point z with ¢(S,z) > 0, which yields in particular that z € [min(S) —
g, max(8) + g.

For the running time analysis, we implement the sampling as follows: For z € § we let A, =
{left(x) — g, left(z), right(z), right(z) + g}, and let A = UzesA,. Note that for every consecutive
grid points v,y = y + g € G with ¢(S,y) # ¢(S,v’), it holds that y,y’ € A: If ¢(S,y) > ¢(S,v),
there must exist x € S such that x € (y — g,y], yielding that y € [z,2 + g) = y = right(z),y' =
right(z) + g. Otherwise (i.e., ¢(S,y) < q(S,y’)), there must exist € S such that = € [,y + g),
yielding that ¢’ € (x — g, 2] = ¢/ = left(z),y = left(z) — g.

Then, we sort A in time O(n), and let a; < ... < ay, be the sorted elements in A (recall that
m = |A| < 4n). For each i € [m + 1], we compute w(S, a;) = ¢(S, a;) - |G N (a;—1, ai]| (i.e., w(S,a;)
is the the original quality of a; times the number of grid points in (a;—1, a;], where ag = —A — g
and a;m+1 = A+ g), and choose a value a; with probability oc w(S, a;). Note that the computation
of each w(S, a;) can be done in time O(1) using simple binary searches over the (sorted) multisets
Sieft = Uges{left(z)} and Syignt = Uzes{right(z)} (a “multiset” union, that includes duplications).
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Finally, given the chosen a; from the mechanism, it is left to sample a uniform point in G N
(ai—1,a;] (since we know, by the property of A, that all the point there have the same value of
q(S,-)). This can be easily implemented in time O(log|G|) = O(1). O

Proposition A.5 (Finding a Bounding Segment of Points in R). Let 5,e € (0,1), A > 0 and
g € [0,A]. There exists an efficient e-differentially private algorithm that takes an n-size database
S of numbers in the segment [—A, A] and outputs a segment [x,y] such that with probability at least
1 — B the following holds:

e [SN[z,y)|>n—28 log<%> — 2 (i.e., the segment contain most of the points in S), and
o y— 1z < max(S) — min(S) + 4g.

The algorithm runs in time O(n) (ignoring 10g(%) factors).

Proof. In the following assume that n > glog@—%) + 2 (otherwise the proof trivially holds for

any segment [x,z]). Let Sy be the smallest %log(é—g) -+ 1 points in S, and let S; be the largest

%log(é—%) + 1 points in S. For each b € {0,1} apply Proposition A.4 (interior point) on S, for
finding a number z;, € [—A, A] that belongs to [min(Sp) — g, max(Sp) + g] with probability at least
1—=2(A/g+1)-exp(—¢|Sp|/4) > 1 — /2. Therefore, by setting x = 290 — g and y = z1 + ¢
we get that with probability 1 — 8 it holds that: (1) [max(Sp), min(S1)] C [z, y] and that (2)
[z,y] C [min(Sp) — 2¢, max(S1) + 2¢] = [min(S) — 2¢, max(S) + 2¢g]. By (1) we get that all points
in S expect (at most) (|So| — 1) + (|S1] — 1) < glog<%) are inside [z,y], and by (2) we get that
y —x > max(S) — min(S) + 4g, as required.

For the running time analysis, note that by sorting S we can determine Sy and S in time O(n),
and the cost of executing the algorithm from Proposition A.4 on each Sy is O(%) = O(n). O

A.1.3 Estimating the Average of Points

Proposition A.6 (Estimating the Average of Bounded Points in R). Let 8,£,6 € (0,1), A > 0
and Tmin € [0,A]. There exists an efficient (g, 0)-differentially private algorithm that takes an n-
size database S of numbers in the segment [—A,A] and satisfy the following utility guarantee: If

n > ? log( 47 ) + 4, then with probability 1 — 3, the algorithm outputs a number a € R such that

rminB

= ave(s)] < () (o178 og(175) + 10y ) ).

where r = max(S) — min(S). The algorithm runs in time O(n) (ignoring log(rrzfsﬁ> factors).
Proof. The algorithm does the following: (1) Privately find a bounding segment [z, y| using Propo-
sition A.5 with parameters 3/2,¢/2,9 = Tmin, A, let # = y — 2z and let 8’ = SN [z,y] (2) Use

7

the (1-dimensional) Gaussian mechanism (Theorem 2.19) with A = g7 and parameters 3 /2,€/2,6

for computing a noisy average a of &’ (see Observation 2.20). By the properties of the Gaussian
mechanism (see Remark 2.21) along with basic composition it holds that the above algorithm is
(e, ¢)-differentially private. For the utility analysis, note that with probability 1 — 3, the segment
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[x,y] satisfies the conditions of Proposition A.5 and the noise added to the average in the second
step is at most O(ﬁ V/og(1/8)log(1/ B)) In the rest of the analysis we assume that this event
occurs. Now, by definition of r, it holds that

S\S'| 8 2A 2
|Avg(S) — Avg(S)| < ris\ S ‘ rlog( >+r

n ~ en Tmin n

Moreover, it holds that

- Ave(s))| = O gy Vioa(170) 08(1/5) ) < 0 U0} g1/ Tog(175) ).

where the second inequality holds since 7 < r 4 4ry;, and |S’| > n/2 by the assumption on n. The
proof now follow by the above two inequalities.

For the running time analysis, step (1) takes O(n) time (Proposition A.5). Step (2) that executes
the Gaussian Mechanism, takes O(n) time for computing the average, and O(1) for sampling a
number from a single one-dimensional. O

Proposition A.7 (Estimating the Average of Bounded Points in R? (Restatement of Proposi-
tion 2.23)). Lete € (0,1), d,A > 0 and let rmin € [0,A]. There exists an efficient (e, §)-differentially
private algorithm that takes an n-size database S of points inside the ball B(0,A) in R? and satisfy
the following utility guarantee: Letr > 0 be the minimal radius of a d-dimensional ball that contains
all points in S. Then with probability 1 — 3, the algorithm outputs & € R¢ such that

(S < O<max{r,rmm} | W@(mogu/a) o8 (/7) +1g(ﬁdﬁ))>

The algorithm runs in time O(dn) (ignoring logarithmic factors).

Proof. The algorithm does the following: For each i € [d], let S; = {z;: (x1,...,24) € S} and
compute an estimation al of Avg(S ) (in tlme O(n)) by applying Proposition A.6 with parame-

ters rmin, A, € = Q\/W = d, B = E' Finally, output a = (ay,...,aq). It is clear by

advanced composition (Theorem 2.11) that the algorithm is (g, )-differentially private. For the
utility guarantee, note that with probability at least 1 — f3, for every i € [d] it holds that

la; — Avg(S))] < 0( (\/10g 1/4) log(l/ﬁ)“og(rmiﬁ)))
o YD igGaroatar) + os(24)) ).

En

and hence

d
& - Avg(S)]| = J D (s - Ave(S)?
<0

(mW <¢1Og d/o) 1og(d//3)+1°g(rﬁ5>>>
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Remark A.8. The above two algorithms guarantee differential-privacy whenever two neighboring
databases have equal size. However, they can be easily extended to a more general case in which the
privacy guarantee also holds in cases of addition and deletion of a point, by extending the Gaussian
mechanism used in Proposition A.G (see Remark 2.21) with essentially the same noise magnitude.

B Missing Proofs

B.1 Proving Proposition 5.1
In this section we prove Proposition 5.1, restated below

Proposition B.1 (Restatement of Proposition 5.1). Let P be a multiset of n points in B(0,A) C RY
and let A be an w-approximation algorithm for k-means. Consider the following random execution:
(1) Construct a multiset S of s i.i.d. samples from P, (2) Compute C = A(S, k). Then for every
B > 0, with probability 1 — 8 it holds that

COSTp(C) < w-OPTL(P) +£(s, B),

where &(s, f) = 4<M(s,ﬂ) +/M(s,B) 'wOPTk(P)) for M (s, ) == 25A2kdlog<2%fl> S

In the following, fix values of s and 3, let £ = £(s,3) and M = M(s, 3). The following event
and claims are with respect to the random process in Proposition 5.1.

Claim B.2 (Event F [SSS20]). Let E be the event that for every C € B(0,A)*, we have that

% . COSTs(C) — COSTp(C)‘ < /M -COSTp(C) := A(C)

Then it holds that Pr[E] > 1 — 3.
We next prove some useful facts that holds when event E occurs.

Claim B.3. Conditioned on event E, it holds that

COSTp(C) < w - OPTL(P) + A(CH) + A(D),

letting C' be the set from Proposition 5.1, and letting C% be the optimal k-means of P.

Proof. Let C§ be the optimal k-means of S. By the assumption on the algorithm A, the set C

satisfies COSTs(C) < w - OPT(S). The proof follows by the following calculation

COSTp(C) < — - COSTs(C) + A(C)

€ »|3

mn ~

-2 COSTs(C%) + A(C)

IN

. COSTs(C3) + A(C)

IA
S

(% COSTR(CR) + 2 AGR)) +A(C)

w - OPT(P) + A(CH) + A(C),

IA
€
n|3®n 3w

where the third inequality holds by event F, ([l
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We now prove a corollary of Claim B.3.

Corollary B.4. Conditioned on event E, it holds that
A(C) < 2(M + /MwOPT,(P))

Proof. Let @ = A(C) = \/M - COSTp(C). By Claim B.3, it holds that

2

:”M — 2 <w-OPT(P) + /M - OPT(P).

Since x > 0, we conclude that

z < % . (M + \/M2 + 4AMwOPTL(P) + 4M 15 OPTk(P))

< M 4 /MwOPT(P) + M°*™ . OPT,(P)"/* (13)
< 2<M n MwOPTk(P)),

where the second inequality holds by the fact that va+b < /a + Vb for a,b > 0, and the last
inequality holds since the third term in (13) is either smaller than the first term, or smaller than
the second one (recall that M > 1). 0

The proof of Proposition 5.1 now immediately follows by Claim B.3 and Corollary B.4.

B.2 Proving Proposition 5.2

Proposition B.5 (Restatement of Proposition 5.2). Let k € N and v € [0,1/8]. Let P € (R%)*, let
C ={c1,...,ck} and C' = {c,...,c}} be two k-tuples of centers in RY such that for every i € [K]
it holds that ||c; — c;|| < - D;, where D; = minjx;|c; — c;||. In addition, for every i € [k] let P; be
the multiset of all points in P that c is closest to them in C'. Then

k
Y "OPT(P;) < (1+32y)COSTp(C).
=1

Proof. In the following, for x € P let ix = argmin;{||x — ¢;||} (i.e., the index of the closest center
to x in C), and let jx = argmin,{ ‘x — c’~‘ } (i.e., the index of the closest center to x in C’). It

J
holds that

k k
Y OPT(P) <) ) lIx—cill?
=1

i=1 xeP;
2
= > lx - el
xeP
2 2 2
=l = enl?+ D0 (%~ enl® = lx i)
x€P xeP
= COSTR(C) + > (IIx = esell® = l1x — ei. )

xeP
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In the following, fix x € P. We now bound

2 2
1% = il =[x = cill™ = (lIx = ejull = Ix = i NlIx = el + [Ix = ci])

First, since Hx - c;-x ‘ < Hx - c;xH it holds that

I sl < ol — el < x — <f |+ Al — e 1)
Second,
I = el > flx = ci, || = [|ef, — il = [lx = € | = Ylei — el
Therefore
[x = cjll = lIx = cill < 27vllei, — el

Now, ||x — ¢, || < [|x — c;, || and therefore

% = ¢l + lIx = ei ]| < 2[lx — ]|
< 2Hx — chH + 27|ci, — cjll
< 2(llx = el + [lef, — eirl]) +27lleix — il
< 2flx — el + 4yllei — el
where the second inequality holds by Equation (14).
We now like to bound ||c;, — cj, || as a function of ||x — ¢;,||. We first bound ||c;, —c;, || as a
function of ||x —¢f_||.
2lx = el [| 2 fx = ei, [l + fx = <]

/

/
Z Hcix - c]xH

Z ”Cix - CjXH - Hcix - ngH - chx - c./ij
> (1 =29)llei, — sl (15)

In addition
I = i [l <l = eonll + [lei = €| < llx = eirll +Allei — el

Therefore,
2|x — ¢ |l = (1 = 49)lei, — ¢l

We have that
2 2
[x = cjll” = lIx —ei I = (l[x — cjell = lIx — i DUIx — cjll + lIx — cil])

< (e = e D2lx = eidl + 4vllei = esill)

4 8
< (120 e cad ) (@4 120l call)

< 32y[|x — cq, |,

where the least inequality holds since v < 1/8. Now we can get the bound on the summation:

> (% = eaell® = lIx = eiul) < 37 82v]x — ci]]* < 3829COSTR(C)

x€eP xeP
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B.3 Proving Theorem 6.11

In this section we prove the utility guarantee of PrivatekGaussians. We first by proving the following
proposition that states the following: Assume that X ~ A(u, X)) with ||2|| = 02, and let y,z € R?
such that (1) ||y — p|| is “large enough” (larger than Q(O‘ 10g(1/5)) ), and (2) ||z — p|| is “small
enough”. Then with probability 1 — 3 (over X) it holds that || X — z|| < [|X — y||. Note that such
an argument is trivial when ||y — p| is at least Q(o\/dlog(1/3)), but using a standard projection
argument, we can avoid the dependency in d.

Proposition B.6. Let X ~ N(0,%) where |3 = 02, let y € R? with ||y| > 2(1+7) 2log(%) o

for some v > 0, and let z € R? with ||z < C ~ Then with probability 1 — B (over the choice

mHYH-
of X), it holds that | X —z|]| < || X =y

Proof. Let W = z + w(y — z) be the projection of X onto the line between y and z.

lly—z|l
In the following we bound the probability that W < %, which implies that |W —z| <

W —yl, and therefore, | X —z|| < || X —y||. Note that (X,y — z) is distributed according to
the (one dimensional) Gaussian AV (0, (y — z)"X(y — z)) and it holds that (y —z)"X(y — z) <
o?|ly — z||. Therefore, by Fact 6.6 we obtain that with probability 1 — 3 it holds that (X,y —z) <
olly — z||\/2log(1/f3), and in the following we continue with the analysis assuming that this occurs.
The proposition now follows by the following calculation.

X-zy-z) (Xy-z)—(zy—3)
ly — z||? ly — z|)?
olly —zllv/2log(1/8) + ||y — 2|
ly —z|”
ov/2log(1/p) n ﬁ

T (1= gyl s

1 0
< i ——
2(1 + ’Y) <1 — ﬁ) 3(1+7)
1+ %
- —3+2
2(1+7)3054
1
=5
where in the second inequality holds since |y — z|| > ||y|| — ||z] > ( 1+,Y )||y|| and the third
inequality holds by the assumption on ||y]|. O

In addition, we use the following fact.

Fact B.7. Let D = Ele w;D; be a mizture of the k distributions D1,..., Dy, and let D' =
ZZ LwiD; be a mizture of the k distributions Dy, ..., D). Assume that for every i € [k] it holds
that dTV(Dz,Dg) < § and |w; —w;| < ¢. Then drv(D,D) < .
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We now ready to prove Theorem 6.11, stated for convenient below.

Theorem B.8 (Restatement of Theorem 6.11). Let n,d, k, R, 0max, Omin; Wmin, Y > 0, let a, B,e,8 €
(0,1), let t = t(n,d,k,B,7,¢,0, R, Omax, Omin) be the value from Definition 6.9, and let D =
{(u1,21,w1), ..o, (ks Xk, wi) b be an (R, Omax, Omin, Wmin ) -bounded (1 + ~y)h-separated mizture of

k Gaussians in R?, for h > 24 /210g<86") In addition, let A be a (non-private) (L J, 8t> -labeling

algorithm for D (Definition 6.5), and let A" be a private algorithm for learning a (single) bounded
Gaussian with sample complezity v (Definition 6.2). Assume that

16kt
n > max 900t(d+210g( d >) +t, 721] , @ - log %
- min{450,v2h2} - Wiin Winin e B
where v = 'U<d, 5 g, oL 8k,R Omaxs O'mm). Then with probability 1 — 3, when sampling o database P

of 2n i.i.d. samples from D, Algorzthm PrivatekGaussians on inputs P, k, «, 8, €, 0,7, R, Cmax, Omin, A, A’
outputs D such that drv (D, D) < a.

Proof. Let Ev = Njcy ek
CollectEmpiricalMeans contalns at least
ery j € [t] and ¢ € [k], it holds that

Efz where E{z is the event that the a-size set S; in Step la of
%2 gamples from the ¢’th Gaussian. Note that for ev-

Pr [E{] — Pr [Bin(s, w;) >

S’LUZ':|
2
>1—-Pr {Bin(s, Wmin) <

Swmin}
2

Wmin$s

>1—e"

where the last inequality holds by Fact 2.27. Therefore, we obtain that Pr {E{Z} >1- % whenever

8kt

s> —— log( . In particular, since s = L*J the above holds whenever n > = log<8kt) + t.

wmln
Therefore, by the assumption on n and the union bound, we obtain that

Pr[Ey] > 12

- (16)

In the following, assume that event E; occurs. For j € [t] and i € [k] let S’JZ be all the
points in S; that have been drawn from the i’th Gaussian N (;,%;), and let fi;; = Avg (S’;) Let

Ey = Njepticiu E2 , where E]’ is the event that ||f;; — pil| < % - 0. Since fi;; is the average
of at least =2 samples from the Gaussian N (u;,Y;), we obtain by Fact 6.8 that with probability

1-— @ it hOldb that

V2d+2 log<8§t>
e — il < o< g, a7

/w;s — 16
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900 (d+2 log(%kt))
wiy?h?

where the last inequality holds whenever s > Since s = L%J, we obtain that

Equation (17) holds whenever

900t (d +2log (%’“))

n >
72 h? Wmin

+1

which holds by the assumption on n. Therefore, event E%Z occurs with probability at least 1 — %,
and we conclude by the union bound that

PI‘[EQ | El] Z 1-— (18)

el e

Let B3 = /\;:1 Eg, where Eg is the event that the resulting labeling function L; in Step 1b of
the j’th iteration in CollectEmpiricalMeans satisfies:

Vx,x' €S8;: x,x' were drawn from the same Gaussian <= L;(x) = L;(x').

Since Aisa (s = %], %)—labeling algorithm for D, it holds that Pr [Eg)} >1-— % for every j € [t],

and we deduce by the union bound that

Pr[Es] > 1— § (19)

In the rest of the analysis we assume that event F7 A Fo A E3 occurs. This means that for

every j € [t] there exists a permutation 7; over [k] such that for each i € [k], the set of all

points in S; that have been drawn from the i'th Gaussian (which we denoted by S]’) equals to

{x € 8;: Lj(x) =m;(i)}, and assume without loss of generality that for all j € [t], 7; is the identity

(i.e., mj(i) = i). Therefore, for all j € [t] and ¢ € [k] it holds that fi;;, = fi;;, where [i;; is the
empirical mean from Step 1c. Namely, we obtained that

. . _ vh
vielthielk]l: |-l < 4o (20)

and in particular, it holds that
) . _ ~vh
viellhie Kl Al < lujill + - o0 < A (21)

Therefore, we deduce that T from Step 7 of PrivatekGaussians is contained in (B(0,A)%)*, and
is partitioned by the A-far balls B = {B;(u;,r = 1—2 -0;)}¥_, (Definition 3.2) for A = 16, where
Partition(7) is exactly {P1 = {fi,1}5=1,- - P = {fijx}5=1} (note that the balls are indeed A-far
by the separation assumption that ||p; — pjl| > (1 + vy)hmax{o;,0;}). Therefore, by the utility
guarantee of PrivatekAverages (Theorem 4.12) we obtain that with probability 1 — %:
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Vie[k]: ||a — Avg(P)||

kL
) Adkt 1°g< 5 ) Akt dk Adk
< max{ri, Tmin} : T log g log B + log P S

Adkl [log (K
St (%) toi (%Y tog (9K - 1o ( HOSR + 10
16 et 5 6 Yhomin

b
16

< * 04, (22)

where last inequality holds by the assumption on ¢ (Definition 6.9). In the following, we denote by
E4 the event that Equation (22) occurs, where recall that we proved that

PI‘[E4 | E{NEy A Eg] >1- g (23)

In the following, we also assume that event E4 occurs. Recall that by Equation (20), for each
j € [t] and i € [k] it holds that

h
16

and we deduce by Equations (22) and (24) that for all ¢ € [k] it holds that

1,
|Avg(Pi) — pill < ;Hﬂj,z‘ — pi < i, (24)

. 2vh
i = Wil S == - 0i. 2
i -l < 2o (25)
Therefore, for all i # j it holds that
18 = pall > [l — w5l = 185 — psl (26)

> <(1 +7) - ?g) - h - max{o;, 0;}

1
= (1 + 13(?> -h-max{o;,0;}

where the last inequality holds by the separation assumption along with Equation (24). Hence, we
obtain that for each ¢ # j it holds that

29h /

N X~ 0 N
Hai - MZH < 16+1136 ’ ”aj - ,UzH < ’ Haj - IUZH (27)
31 p 3(1+9")

where v/ = 113—3 (the last inequality holds for every v > 0). Since h > 2,/2 log<ﬁ> for B/ = 8%, then
by Proposition B.6 along with Equations (26) and (27), for every i # j, when sampling a point x
from the i’th Gaussian N (y;,0;), then with probability 1 — 8% it holds that ||x — a;| < [|x — a;]].
Therefore, let E5 be the event that for all ¢ € [k] and all x € P” that have been sampled from the

o1



i’th Gaussian N (p;, %), it holds that a; is the closest point to each of them among {aj,...,ax}.
Then by the union bound it holds that

PI‘[E5|E1/\E2/\E3/\E4]21—§ (28)

In the following we also assume that event Fs occurs. Let Eg = /\ie[k] Eé where Eé is the

event that P” contains at least “2" samples from the i’th Gaussian (namely, |P}’| > *2%). Similar

calculation to bounding Pr[E}], it holds that

PI‘[E(;‘El/\.../\E%]Zl—g (29)
provided that n > ﬁ log<%k), which holds by the assumption on n.
In the following we assume that event Eg occurs, and let E; = AY Bl where El is the

~

event that the output (f;, ;) of the private algorithm A’ in Step 8b of the i’th iteration satisfies
Aoy (N (i, 24), N (fis, 25)) < 2. By the assumption on algorithm A’, we obtain that Pr[E%] > 1— 8%
whenever |P/| > s, which holds when n > i—‘j Therefore, since n > % by assumption, we obtain
by the union bound that

Pr[E7|E1/\.../\E6]21—§. (30)
In the following, for i € [k] let L; be the value of the Laplace noise in Step 8c of the i’th
iteration, let Eé be the event that |L;| < %log(ﬂ), and let Fg = A§,1E§- By Fact 2.13, for any

5 ~
fixing of ¢ € [k] it holds that Pr[E{] > 1 — %, and therefore, by the union bound it holds that
B
PriBs) > 1- . (31)

In the following we also assume that Fg occurs. It is left to show that when event E1 A ... A Eg
occurs, for every ¢ € [k] it holds that

Vielk]: | —wi <2 (32)

Indeed, given Equation (32) and event E7, we deduce by Fact B.7 that dpy (D, D) < «, which holds
with probability at least Pr[Ey A... A Eg] > 1 — § (holds by Equation (16) to Equation (31)).

We now prove that Equation (32) holds when Ej A...A Eg occurs. Fix i € [k], let L = 25:1 Lj,
and compute

s — | = | = M| o |t
! ’ N n n—+ L n
_|nLi—n;L| (n_ni)Li_niijéiLj
Inn+L)| n(n+ L)
2k 8k
Elog(ﬂ)
n—i’ﬂog(%)
Q
<7a
~ k
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where the first inequality holds by event Eg, and the last one holds whenever n > 45%2 . log<%k>,

which holds by the assumption on n.
O
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