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Abstract

We study the accuracy of differentially private mechanisms in the continual release model. A continual
release mechanism receives a sensitive dataset as a stream of T" inputs and produces, after receiving each
input, an accurate output on the obtained inputs. In contrast, a batch algorithm receives the data as
one batch and produces a single output.

We provide the first strong lower bounds on the error of continual release mechanisms. In particular,
for two fundamental problems that are widely studied and used in the batch model, we show that
the worst case error of every continual release algorithm is Q(Tl/ 3) times larger than that of the best
batch algorithm. Previous work shows only a polylogarithimic (in T") gap between the worst case error
achievable in these two models; further, for many problems, including the summation of binary attributes,
the polylogarithmic gap is tight (Dwork et al., 2010; Chan et al., 2010). Our results show that problems
closely related to summation—specifically, those that require selecting the largest of a set of sums—are
fundamentally harder in the continual release model than in the batch model.

Our lower bounds assume only that privacy holds for streams fixed in advance (the “nonadaptive”
setting). However, we provide matching upper bounds that hold in a model where privacy is required
even for adaptively selected streams. This model may be of independent interest.
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1 Introduction

In fields ranging from healthcare to criminal justice, sensitive data is being analyzed to identify patterns
and draw population-level conclusions. Differentially private (DP) data analysis [10] studies the design
of algorithms that publish such aggregate statistics about input datasets while preserving the privacy of
individuals whose data they contain. Differential privacy has been extensively studied and DP algorithms
have been deployed in both industry and government. Current government deployments, notably at the US
Census Bureau [6], operate in the batch model: that is, they collect their input all at once and produce a
single output. However, in many situations, the data are collected over time, and the published statistics
need to be updated regularly. An example of such a statistic is the number of COVID-19 cases. To investigate
privacy in these situations, Dwork et al. [IT] and Chan et al. [§] introduced the continual release model. In
this model, a mechanism receives a sensitive dataset as a stream of T' input records and produces, after
receiving each record, an accurate output on the obtained inputs. Intuitively, the mechanism is differentially
private if releasing the entire vector of T outputs satisfies differential privacy. The main challenge for privacy
is that each individual record contributes to outputs at multiple time steps.

Dwork et al. [I1] and Chan et al. [§] considered the problem of computing summation in the continual
release model when each record consists of one bit. They designed a continual release mechanism, called
the binary tree mechanism, that achieves (additive) error O(log® T') for this problem. Dwork et al. [IT] also
showed that an error of Q(logT) is necessary to privately release all running sums. (Further related work is

discussed in Section [1.2})

1.1 Owur Contributions

We ask what price differentially private algorithms must pay in accuracy to solve a problem in the continual
release model instead of the batch model. The largest previously known gap in accuracy between the two
models is logarithmic in T', exhibited by the result of [I1] on summation. We show that for two fundamental
problems, which are related to summation and widely studied in the batch model, the gap is exponentially
larger.

In the first problem, called MaxSum, each input consists of d binary attributes and the goal is to approx-
imate the maximum of the attribute sums. We define the error of a mechanism as the maximum error over
all the time steps. For MaxSum, the error at each time step is the absolute value of the difference between
the true answer and the output of the mechanism at that time step. The second problem, SumSelect, is
the “argmax” version of MaxSum: the goal is to find the index of the largest attribute sum. The error at a
particular time step for this problem is the absolute difference between the maximum sum and the attribute
sum at the index returned by the mechanism at that time step. Both problems are abstractions of practically
relevant tasks. For instance, if the data collected by a public health agency (e.g., the US CDC) consists of
records indicating which of d medical conditions each person suffers from, then MaxSum corresponds to the
number of cases of the most common condition that occurred so far, and SumSelect corresponds to the name
of this condition. Algorithms for these tasks are key ingredients in differentially private solutions to more
complex problems such as synthetic data generation [I6] and high-dimensional optimization [27]. We prove
tight bounds on the error for these two problems in the continual release model in terms of the parameters
T, called the time horizon, and d, called the dimension, discussed above, as well as the privacy parameter ¢.

To provide a comparison to the continual release model, we assume here that algorithms in the batch
model get input datasets of size T. Intuitively, a batch algorithm A is (g, §)-differentially private if, for all
datasets x and x’ that differ in one record, all events under the distributions .A(x) and A(x’) have similar
probabilities. In the case of § = 0 (also referred to as pure differential privacy), these probabilities differ
by at most a factor of e®. In the case of § > 0 (referred to as approzimate differential privacy), if these
probabilities are p and p’, they must satisfy p < e®-p’ 4 . (See Definition . To give a meaningful privacy
guarantee, the parameter § has to be small: in our case, § = o(¢/T'). For continual release mechanisms, we
study event-level privacy, where each user’s data appears in a single record, as opposed to user-level privacy,
where a user’s data could be distributed over multiple records. (See [I1I] for the discussion of these two
variants.)



y | Approximate DP (5 > 0) | Pure DP (6 =0) | Reference |
L a(en {yE ) 6 (i {/Z. 2.7}) Thun .1
( { \“"/? Vi polvlog(T) T}) O(mm{\ﬁ dP01V‘°g<T> T}) Cor. ;E[E
| (i e ) 6 (min { /2222, 4,71) Th 1
O (i { {/Fi, YL eostont®) 1) | G sy { /T2, otviosrs 1Y | cor

Table 1: Our results on the error of (g, §)-DP mechanisms in the continual release model. The corresponding
upper and lower bounds differ only in the polylog(T') terms, highlighted in blue. For approximate differential
privacy, the lower bounds apply when § = o(¢/T), and the upper bounds apply when § > poly(%).

We demonstrate a strong separation between the continual release and the batch models. For approximate
differential privacy, we show that when d is sufficiently large, MaxSum, and SumSelect, require Q(7/3) and

Q((&)l/ 3) error blowup, respectively, in the continual release model compared to the batch setting. For

pure differential privacy, the blowup (when d is large) is Q(T"/2) for MaxSum and Q( S172 d) for SumSelect.

Our results are summarized in Table [Il To put our bounds in context, observe that for both problems
we consider, there is a trivial algorithm that ignores its data, always outputs the same value and has error
at most T (since each attribute sum is an integer between 0 and T'). Our bounds on the error should be
contrasted with the error achievable by (,0)-differentially private algorithms in the batch model: O(1) for

MaxSum, and O (%) for SumSelect. The former is obtained by an instantiation of the Laplace mechanism

from [10] and the latter—Dby an instantiation of the exponential mechanism of McSherry and Talwar [22].

We obtain our lower bounds by reductions from problems in the batch model. The key is to consider
tasks for which multiple instances of the same base problem on one dataset need to be solved. For MaxSum,
the corresponding task in the batch model is to output all marginals. Each marginal can be thought of
as an instance of computing the (appropriately rescaled) sum of values in the corresponding coordinate.
For SumSelect, the task in the batch model is based on solving independent instances of finding the largest
marginal, each on its own subset of coordinates. We use the lower bounds for batch algorithms for these
problems by Bun et al. [5], Hardt and Talwar [I7], and Steinke and Ullman [26].

Each of our lower bounds is the minimum of three terms, corresponding to different parameter regimes.
Our lower bounds are matched (up to polylogarithmic factors in 7" and 1/6), in each regime, by two simple
mechanisms and one trivial mechanism. The trivial mechanism always outputs an arbitrary value in the right
range. The first simple mechanism is based on recomputing the value of the desired statistic (e.g., MaxSum) at
regular intervals and providing the same answer until it is recomputed again. The second simple mechanism
uses the binary tree mechanism to track all d coordinates separately and takes the maximum (or, in the case
of SumSelect, argmax) of the noisy values. The guarantees of these mechanisms for MaxSum, SumSelect, and
general functions of sensitivity 1 are stated in Section [5] Together, our mechanisms and our lower bounds
characterize the error for MaxSum and SumSelect up to polylogarithmic factors in T and 1/¢ in all regimes.

Our lower bounds apply to the original continual release model of Dwork et al. [II] and Chan et al. [g].
In this model, which we refer to as the nonadaptive setting, privacy is defined for streams fixed in advance.
However, our matching upper bounds hold even when privacy and accuracy are required for adaptively
selected streams. In the adaptive version of the model, each record in the stream is chosen by an adversary
after it sees all the answers of the mechanism from the prior time steps. This model gives more power to the
adversary and therefore places more stringent requirements on privacy and accuracy. This model may be of
independent interest.



1.2 Further Related Work

Event-level privacy Bolot et al. [3] and Perrier et al. [23] extended the tree mechanism of Dwork et
al. [I1I] to work for weighted sums with exponentially decaying coeflicients and for sums of bounded real
values, respectively. Song et al. [25] generalized the model to graph data and obtained a continual release
mechanism for graph statistics, such as the degree distribution and subgraph counts, on bounded degree
graphs. Fichtenberger et al. [14] studied a variety of other graph problems in the continual release setting,
including minimum cut and densest subgraph. Differentially private online learning is investigated in a
sequence of works [19, [T5] 1] that use the summation primitive developed by Dwork et al. to obtain sublinear
regret guarantees for many hypothesis classes. The adaptive continual release model arises implicitly in those
works, but to our knowledge it was not formulated explicitly. Cardoso and Rogers [7] study, among other
problems, SumSelect (called top-1 selection with unrestricted £y sensitivity in their work) in the continual
release model. Their focus is on empirical performance on streams that arise in practice, in which the index
of the largest sum changes seldom. The recomputation-based algorithm we present for SumSelect can be seen
as a special case of their KnownBase algorithm. They evaluate the accuracy of the algorithm empirically
whereas our work provides theoretical bounds on the error. One of the contributions of [7] is making the
algorithms work in a more restrictive computational model, in which the algorithm only stores the current
values of the sums at any given time step and the seed of a pseudorandom function. The algorithms we
present here can also be implemented in their model using the techniques in their paper.

User-level differential privacy User-level privacy in the continual release model was first studied by
Dwork et al. [T1] and Chan et al. [8]. User-level privacy is more stringent than event-level privacy, so the
lower bounds in our paper apply directly to that model. Even though, in general, event-level privacy does
not imply user-level privacy, the recomputation technique used in some of our algorithms gives user-level
privacy whenever the mechanism employed for the recomputations is user-level private.

Pan-Privacy Pan-privacy, defined by Dwork et al. [12], is a model that protects against intrusions into
the memory of the algorithm as it processes a stream. In pan-privacy, as in continual release, the input is
presented as a stream. However, the requirement of pan-privacy is orthogonal to that of continual release;
see [12] for details.

2 Definitions

2.1 Preliminaries on Differential Privacy

We first introduce the notion of (e, §)-indistinguishability.

Definition 2.1 ((e, ¢)-Indistinguishability). Random variables Ry and Ra over the same outcome space Y
are (e, 0)-indistinguishable (denoted Ry ~. s Rz) if for all subsets S C Y, the following hold:

Pr[R; € S] < e® Pr[Ry € S] + 0;

PY[RQ € S] <ef PI‘[R1 S S] + 4.
A dataset x = (z1,...,%,) € X™ is a vector of elements, called records, from a universe X. Two datasets
are neighbors if they differ in one record (i.e., one coordinate). Informally, differential privacy requires that

an algorithm’s output distributions are similar on all pairs of neighboring datasets. In the batch model, the
algorithm receives datasets as one batch as opposed to in an online fashion.

Definition 2.2 (Differential Privacy in Batch Model [10, O]). A randomized algorithm A : X" — Y is
(e, 6)-differentially private (DP) if for every pair of neighboring datasets x,x’ € X™,

A(x) ~e 5 A(X').



The case 6 = 0 is referred to as pure differential privacy, whereas the case 6 > 0 is called approximate
differential privacy.

Differential privacy protects groups of individuals.
Lemma 2.3 (Group Privacy [10]). Every (g,0)-DP algorithm A is (¢e,0")-DP for groups of size ¢, where

§ = 6<"=L: that is, for all datasets x,x such that Ix —x'|jo <,

es—1"7

A(x) ~2pe 50 AX).
Differential privacy is closed under post-processing.

Lemma 2.4 (Post-Processing [I0, @]). If A is an (g,9)-DP algorithm with output space Y and B is a
randomized map from Y to Z, then the algorithm Bo A is (g,6)-DP.

Definition 2.5 (Sensitivity). Let f: X™ — R™ be a function. Its {1-sensitivity is

fx) = f&)]a-

ax
neighbors x,x' €X"

To define £5-sensitivity, we replace the £1 norm with the €y norm.
Our algorithms use the standard Laplace mechanism to ensure differential privacy.

Definition 2.6 (Laplace Distribution). The Laplace distribution with parameter b and mean 0, denoted

Lap(b), has probability density
1 s
h(r) = %67% for allr € R.
Lemma 2.7 (Laplace Mechanism). Let f : X™ — R™ be a function with {1-sensitivity at most Ay. Then

the Laplace mechanism is algorithm
Ap(x) = f(x) + (21, ..., Zm),
where Z; ~ Lap (&1). Algorithm Ay is (¢,0)-DP.

Lemma 2.8 (Exponential Mechanism [22]). Let L be a set of outputs and g : L x X™ — R be a function
that measures the quality of each output on a dataset. Assume that for every m € L, the function g(m,.)
has £1-sensitivity at most A. Then, for all e,n > 0 and for all datasets y € X™, there exists an (g,0)-DP
mechanism that outputs an element m € L such that, for all a > 0, we have

<e “

In|L
Pr|maxg(i,y) — g(m,y) > 2AM
i€[L] 15

Definition 2.9 (Gaussian Distribution). The Gaussian distribution with parameter o and mean 0, denoted
N(0,0?%), has probability density
1 .2
h(r) = e 252 forallr € R.

oV 2w

2.2 Preliminaries on p-zCDP

This section contains preliminaries about “zero-concentrated differential privacy” (zCDP). The difference be-
tween zero-concentrated differential privacy and (g, ¢)-differential privacy is that zCDP requires output distri-
butions on all pairs of neighboring datasets to be p-close (Definition instead of (g, §)-indistinguishable.
In Section [5| we analyse the privacy of our upper bounds in terms of zCDP and then use the fact that zCDP
implies (g, §)-differential privacy (Lemma to compare our upper and lower bounds.



Definition 2.10 (Rényi Divergence [24]). Let Q and Q' be distributions on Y. For & € (1,00), the Rényi
divergence of order & between Q and Q' (also called the £-Rényi Divergence) is defined as

n 1 Q(r) o
DA(@IQ) = £ 1og Q%MQ/(@) D )

Here Q(+) and Q'(-) denote either probability masses (in the discrete case) or probability densities (when they

exist). More generally, one can replace g,((‘.)) with the the Radon-Nikodym derivative of Q with respect to Q'.

Definition 2.11 (p-Closeness). Random variables Ry and Ry over the same outcome space Y are p-close
(denoted Ry ~, Ry) if for all § € (1,00),

De(Rq[|R2) < &p and De(Rz||Ry) < &p,
where De(R1||R2) is the §-Rényi divergence between the distributions of Ry and Ry.

Definition 2.12 (zCDP in Batch Model [4]). A randomized batch algorithm A : X" — Y is p-zero-
concentrated differentially private (p-zCDP), if, for all neighboring datasets y,y’ € X™,

Aly) =, AY").

One major benefit of using zCDP is that this definition of privacy admits a clean composition result. We
use it when analysing the privacy of the algorithms in Section

Lemma 2.13 (Composition []). Let A: X" =Y and A’ : X" x Y — Z be batch algorithms. Suppose A is
p-2CDP and A’ is p'-2CDP. Define batch algorithm A" : X™ — Y x Z by A'(y) = A'(y, A(y)). Then A" is
(p+p')-zCDP.

The Gaussian mechanism is used in Section It estimates a real-valued function on a database by
adding Gaussian noise to the value of the function.

Lemma 2.14 (Gaussian Mechanism [4]). Let f : X™ — R be a function with {2-sensitivity at most Ay. Let
A be the batch algorithm that, on input y, releases a sample from N'(f(y),02). Then A is (A3/202)-2CDP.

The final lemma in this section relates zero-concentrated differential privacy to (g, §)-differential privacy.

Lemma 2.15 (Conversion from zCDP to DP [4]). For all p,6 > 0, if batch algorithm A is p-zCDP, then A

is p+2\/plog (1/6),6)-DP.

2.3 The Continual Release Model with Nonadaptively Chosen Inputs

A mechanism in the continual release model [I1] ] is an algorithm that receives its input x = (x1,...,27) €
XT as a stream. At each time step t € [T, it gets a record z; and outputs an answer a;. The output stream
(a1,...,ar) is denoted by a. We use xp;) = (x1,...,2;) for t € [T] to denote the first ¢ records in a stream x
(similarly, ap = (a1,...,a:).) The total number of records in the stream, denoted by T, is called the time
horizon. For simplicity, we assume 7" is known to the mechanism.

We consider two variants of the continual release model. In the nonadaptive model of [I1, 8], the input
stream x is fixed before the mechanism runs. The adaptive model, defined in Section[5.1] allows an adversary
to choose each input record z; for ¢t € {2, ..., T} based on the previous outputs ay, ..., a;—; of the mechanism.
The adaptive model gives the adversary more power. Therefore, the nonadaptive model provides weaker
guarantees in terms of both privacy and accuracy. All our lower bounds are for the nonadaptive model and,
consequently, imply the same lower bounds for the adaptive model. In contrast, all our algorithmic results
are for the adaptive model (and, consequently, they also hold in the nonadaptive model).

We refer to standard algorithms that get their input in one batch and produce one output as batch
algorithms. For clarity, we refer to continual release algorithms as mechanisms.



Accuracy We start by defining how well a given output approximates the value of a function. We use a
notion of error that depends on the function. Given a function f : X* — ), a dataset x € X'*, and an answer
a € Y, let ERRf(x,a) be a nonnegative number that quantifies how far off a is from f(x). Specifically, when
Yy =R,

ERRf(X)a) = Hf(x) — 0 - (2)

Later (in ), we define a different notion of error for the optimization problem SumSelect. Intuitively, the
error for an optimization problem corresponds to the deficit in the objective function.

Definition 2.16 (Accuracy of a Mechanism). In the nonadaptive continual release model, a mechanism M
is (o, T')-accurate for f if, for all fized input streams x = (x1,...,xr), the mazvimum error ERRy(xpy, at)
over the outputs ay, ...,ar of mechanism M is bounded by o with high probability, that is,

2
coinfgf/\/l ?El?ﬁERRf(X[t] at) a2 g

Privacy Finally, we define privacy in the nonadaptive continual release model.

Definition 2.17 (Privacy of a Mechanism). Given a mechanism M, define Arq to be the batch model
algorithm that receives an input dataset x, runs M on stream x, and returns the output stream a of M.

The mechanism M is (e, d)-differentially private (DP) in the nonadaptive continual release model if Apq is
(e,9)-DP in the batch model.

Definition refers to event-level privacy, where each user’s data appears in a single record, as opposed
to user-level privacy, where a user’s data could be distributed over multiple records.

2.4 Problem Definitions

We consider two functions on datasets, where each record consists of d binary attributes. The first function,
MaxSumy, returns the maximum attribute sum for the input records. The second function, SumSelecty,
returns the index of such a maximum sum.

Definition 2.18. Let d € N and X = {0,1}¢. For a dataset x € X* and j € [d], the j'* attribute of record
x; 1S 1ts jt coordinate, denoted x;[j]. Let t € N and X[y € Xt. The function MaxSumg : X* — N is

MaxSum djmax( x;ilJ
a(xiq) = mex Z

The function SumSelecty : X* — [d] is

SumSeIectd(x[t]) = arg max ( Z x;[j
J€ld] i€[t]

If multiple indices j attain the mazimum sum, the function value is defined to be the smallest such indez.

We study the accuracy of differentially private algorithms for computing these two functions. Our ac-
curacy goal, stated in Definition uses the notion ERRy. We define the error ERRmaxsum as in . For
SumSelect, it is defined by:

ERRSumSeIect (X[t] 5 at) = Maxsumd(x[t]) - Z Z; [at]~ (3)
1€[t]



3 Lower Bounds for MaxSum

In this section, we prove Theorem that provides strong lower bounds on the accuracy parameter a for
any accurate mechanism for MaxSumy in the nonadaptive continual release model. Our lower bounds match
the upper bounds from Section [f] for MaxSum, in the adaptive continual release model up to logarithmic
factors in the time horizon T" and the number of coordinates d.

Theorem 3.1. For alle € (0,1],6 € [0,1),a > 0,d € N, sufficiently large T € N, and mechanisms M in the
nonadaptive continual release model that are (g,0)-differentially private and («,T)-accurate for MaxSumg,
the following statements hold.

1. If § >0 and § = o(e/T), then o = Q(min{ 2 Vd T})

£2/3 logz/S(ET)7 elogd’
2. If 6 =0, then a = Q(min{\/g, g,T}).

MaxSumg can be released in the batch model with @ = O(1/¢) via the Laplace mechanism [10]. Hence,
Theorem shows a strong separation between the batch model of differential privacy and the continual
release model.

3.1 1-way Marginal Queries in Batch Model

To prove our lower bounds for MaxSum, we reduce from the problem of approximating 1-way marginals
in the batch model. The function Marginals; : X* — [0,1]¢ maps a dataset y of any size n to a vector
(q1(y),---.qa(y)), where g;, called the j'* marginal, is defined as ¢;(y) = = 37, y[j]. The error ERRmarginals
is defined as in . Next, we define accuracy for batch algorithms.

Definition 3.2 (Accuracy of Batch Algorithms). Let~y € [0,1], n,d € N, and X = {0,1}¢. Let f : X" — R?
be a function on datasets. Batch algorithm A is (y,n)-accurate for f if for all datasets y € X™,

Pr  [ERR;(y, A(y)) <v] >

coins of A

Wl o

We use the lower bounds from [5] [I7] for the problem of estimating Marginals; in the batch model. They
are stated in Items 1 and 2 of Lemma [3.3] for approximate differential privacy and pure differential privacy,
respectively. Item 2 in Lemma is a slight modification of the lower bound from [I7] and follows from a
simple packing argument.

Lemma 3.3. For alle € (0,1], 6 € [0,1], v € (0,1), d,n € N, and algorithms A that are (¢,d)-differentially
private and (v, n)-accurate for Marginals,, the following statements hold.

1 ([B]). If § > 0 and § = o(1/n), then n = Q (WE\@gd)
2 (7). If 6 =0, then n = Q (i)

Y€

3.2 Proof of Theorem [3.1]

Let M be an (g,9)-DP and (a, T)-accurate mechanism for MaxSumg in the nonadaptive continual release
model. We use M to construct an (g,0)-DP batch algorithm A that is (&, n)-accurate for Marginals;. The
main idea in the construction, presented in Algorithm (1}, is to force M to output an estimate of the sum for
one attribute at a time by making the sum in that attribute the largest. First, A streams its own dataset y
to M. Then it sends n additional records with 1 in the first attribute and 0 everywhere else. After this, the
first attribute sum is the largest, and the answer produced by M at this point can be used to estimate the
first marginal. Then A equalizes the number of extraneous 1’s for each attribute by sending n additional
records with 0 in the first attribute and 1 everywhere else. It repeats this for each attribute, collecting the
answers from M, and then outputs its estimates for the marginals.



Algorithm 1 Algorithm A for estimating all 1-way marginals

Input: y = (y1,...,yn) € X", where X = {0,1}?, and black-box access to mechanism M.
Output: b = (by,...,bg) € R4

1: Let e; be a vector of length d with 1 in coordinate j and 0 everywhere else; let €5 < (1) — e;.

2: Construct a stream x <=y o (e1)" o (€1)" o --- 0 (eg_1)" o (€4-1)" o (eq)™ with 2dn records.

3: for t € [T] do

4: Send z; to M and get the corresponding output a;.

5: for j € [d] do

6: bjea%n/nfj.

7: Output b + (b1,...,bq).

For vectors u = (uy,...,up) and v = (v1,...,0m), let uov = (uy,...,up,v1,...,0y). For a vector v, let

v"™ denote the vector v ovo---ov representing n concatenated copies of v.

Lemma 3.4. Let A be Algorithm , For alle > 0,6 > 0, € RT and d,n,T € N, where T > 2dn, if
mechanism M is (,8)-DP and («,T)-accurate for MaxSumgy in the nonadaptive continual release model,
then batch algorithm A is (e,6)-DP and (%, n)-accurate for Marginals,,.

Proof. We start by reasoning about privacy. Fix neighboring datasets y and y’ that are inputs to algo-
rithm A. Let x and x’ be the streams constructed in Step of A when it is run on y and y’, respectively. By
construction, x and x’ are neighbors. Since M is (¢,6)-DP, and A only post-processes the outputs received
from M, Lemma [2.4] implies that A is (g,0)-DP.

Now we reason about accuracy. Let x = (x1,...,%a4n) be the input stream provided to M when A is run
on dataset y. By construction of x, the marginals ¢;(y) for all j € [d] and MaxSumg are related as follows:

5) =+ S ull= (X @l in) = - MaxSuma(xizu) — (4)
i€[n]

n\ . “ n
i€[2jn]

The attribute with the largest sum in Xy, is j because (e1)" o (€1)" o --- o (e;_1)" o (€5_-1)" o (e;)"
contributes jn ones to this attribute and (j — 1)n ones to each attribute in [n]/{j}, whereas the maximum
sum of any attribute in y is n.

Since the transformation from M to A is deterministic, the coins of A are the same as the coins of M.
By and the computation of the estimates for the Marginals; in Step |§| of Algorithm

Q «
. < = — ) _bil< =
ke [ERRMarglnals(YwA(y)) < n} ol bé?;]dq] (y) = b < n}

Pr [ max , ‘MaxSumd(xm) - at’ < a} > Pr [max ‘MaxSumd(xm) - at’ < oz}

coins of M |te{2n,...,2 coins of M |t€[T)
2
= P ax ERR < > =
coins (E‘f M |:{I€1[I)’i MaxSum (X[t]’ at) o O{l -3
where we used that M is (o, T')-accurate for MaxSumg. Thus, A is (¢, n)-accurate for Marginals,. O

Now, we are ready to prove Theorem [3.1]

Proof of Theorem[3.1l Observe that the accuracy parameter « is nondecreasing as a function of d, since a
mechanism M for MaxSumy can be used to approximate MaxSumy for all d’ < d with the same accuracy
and privacy guarantees by padding each length-d’ input record with d — d’ zeroes.

Recall that both lower bounds on « stated in Theorem [3.I] are the minimum of three terms. To prove
them, it suffices to show that, for all ranges of parameters, one of the terms is a lower bound on «a.

First, consider the case when ¢ < % We will show that in this case (for both pure and approximate
differential privacy), a > T/9. Since « is a nondecreasing function of d, it is sufficient to show this for d = 1.
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Suppose for the sake of contradiction that a@ < T/9. Let x = (0)” and x’ = (0)37/%(1)7/4 be datastreams
that differ on 7'/4 records. Let ar and a/- be the final outputs of M on input streams x and x’, respectively.
By accuracy of M, we have Prlar < T/9] > 2/3. Applying Lemma on group privacy with e < 2/T and
¢ =T/4, we get Pr[a}, > T/9] < \/e-Prla; > T/9] + 2 < 2/3 for sufficiently large T', since § = o(¢/T"). But
MaxSumg(x’) = T'/4, so M is not (T'/9,T)-accurate, a contradiction. Hence, o = Q(T').

Now assume € > 2, i.e., T > 2. We start by proving Item 1 (when § = o(¢/T)). Let A be the algorithm
for Marginals,; with black-box access to M, as defined in Algorithm If T"> 2dn and & < 1, then by
Lemma algorithm A is (e, d)-differentially private and (£, n)-accurate for Marginals;. (We require ¢ <1
for the accuracy guarantee on A to be meaningful.) We can then use Lemma to lower bound «.

Case 1: d < (eTlog(eT))?/3. If there exists a dataset size n € (a, -], then by Item 1 of Lemma [3.3
2d

n = Q(ag‘l{gd), and hence o = Q(El\o/gd). If no such n exists, then o + 1 > %, and hence @ =
Q(%) = Q(ﬁ%) Combining the expressions for the two parameter ranges, we get that a =

. /
Q( Tin { g2/3 15;2/3'3(57") ) el\égd })

Case 2: d > (eTlog(eT))?3. Set d' = |(eTlog(eT))?*/?]. Observe that d > 1 because eT" > 2. By

our previous padding argument, a mechanism for MaxSumy can be used to approximate MaxSumgy: for d' =

T3 vz ) _
€2/310g2/3(eT)’ elogd’ -

(¢T)?/3 with the same accuracy and privacy guarantees. Therefore, a = Q (min{
Q (#%) . This completes the proof of Item 1.

The proof of Item 2 (with § = 0) proceeds along the same lines, except that we consider the cases
d <VeT and d > VeT and use Item 2 from Lemma instead of Item 1. If a dataset size n € (a, ] exists,

) 2d
by Item 2 of Lemma we get n = (Z—‘j), and hence a = 2 (g) If no such n exists, then a+1 > 2%, and
hence a = Q(T/d) = Q(\/T/e). If d > VeT, a padding argument gives that o = Q(/T/e). O

4 Lower Bounds for SumSelect

In this section, we prove Theorem [L.1] that provides strong lower bounds on the accuracy parameter a of
any («,T)-accurate algorithm M for SumSelecty in the nonadaptive continual release model. Our lower
bounds match the upper bounds from Section [5| for SumSelecty in the adaptive continual release model up
to logarithmic factors in the time horizon 7" and the number of coordinates d.

Theorem 4.1. For all ¢ € (0,1],6 € [0,1),a > 0, d € N such that d > 1, sufficiently large T € N,
and mechanisms M in the nonadaptive continual release model that are (¢,0)-DP and («, T)-accurate for
SumSelecty, the following statements hold.

1. If0 <6 =o0(%), then a = Q(min{%ﬁz/gd d T})

’ g

2. If§=0, thena—Q(min{ Zlog(2+\/‘i—T>,g,T}) = ~(min{ Tlof(@ﬂ,T}),

4.1 k-Select; Problem in the Batch Model

To prove our lower bounds for SumSelect in the nonadaptive continual release model, we reduce from the
problem called k-Select that solves k disjoint instances of the problem of selecting the index of the largest
marginal in the batch model.

To define the function k-Select, let n,d, k € N, and X = {0, 1}*?. Let y[i : j] denote the dataset y € X™
with each record restricted to the coordinates between (and including) ¢ and j. The function k-Select, :
X" — [d]¥ corresponds to dividing the dataset into k blocks y[1 : d),y[d +1:2d],...,y[(k —1)d+ 1 : kd),
with n records each, and applying SumSelect,; independently on each block. It maps a dataset y of size n to
a vector (hi(y),...,hx(y)), where h, is defined as the SumSelect; function applied to block r:

ho(y) = SumSelecty (y [(r—1)d+1:rd] )
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The accuracy for k-Select is defined as in Definition [3.2] To apply it, we define the error ERRy_gelect. Note
that the error is scaled differently than for SumSelect because the goal is to select the index of the largest
marginal in each block, not of the largest sum. For b = (by,...,b;) € [d]*, define ERRy._select (¥, b)

1

= max ( - ERRsymselect (¥[r(d — 1) + 1 : rd], b,.)> .
relk] \ n

Next, we state lower bounds for (g, §)-differentially private approximation of k-Select in the batch model.

Lemma 4.2. For all e € (0,1], 6 € [0,1], v € [0, 2—10] d,k,n € N, and batch algorithms A that are (g,9)-

differentially private and (v, n)-accurate for k-Selecty, the following statements hold.

1. If § >0 and § = o(1/n), then n = Q(wl@%).

2. If§ =0, thenn = Q (’f'logd).

ey

Item 1 in Lemma follows from Theorem M.3] below.

Theorem 4.3 ([26, 28]). For all ¢ € (0,1],6 € (0,1/n], v € [0, 5], d,n,k € N, if Algorithm A is (e, 6)-
differentially private and (7, n)-accurate for k-Selecty, then n = Q(%&gﬂ)),

Proof Sketch. We are aware of two proofs of this result, both of which were communicated to us by Jonathan
Ullman [28]. The first uses the top-k selection lower bound of Steinke and Ullman [26]. In that problem,
there is a single collection of d coordinates and the goal is to return the indices of & < d coordinates whose
sums are roughly largest.

For the specific distribution over instances that arises in the lower bound of [26], if one divides the
coordinates into k equal groups, there is a constant probability that the collection of coordinates with the
largest sum in each group is a good approximate solution for the top-k selection problem. An algorithm for
k-Selecty can thus be used to solve the top-k selection (out of dk coordinates) problem for such instances
with roughly the same error and privacy parameter. The lower bound of [26] on n then applies.

Another approach is to use the composition framework of Bun, Ullman and Vadhan [5]. One can use a
folklore result that selection among d > 2" coordinates can be used to mount a reconstruction attack on
an appropriate dataset of size m. Composed with the lower bound for 1-way marginals in [5], one obtains a
lower bound for k-Selecty. O

To complete the proof of Lemma [.2] we prove Item 2 via a standard packing argument.

Proof of Item 2 in Lemma[{.2 For u € [d]*, define y}; € {0,1}% to be the record where each block r € [k]
of d coordinates has a 1 in coordinate u, and all zeros everywhere else. Let y, be the dataset that consists of
2+n copies of ¥ and (1 — 2v)n copies of the all-zero record (assuming, for simplicity, that 2yn is an integer).
Since A isk(% n)-accurate, Preoins of A [ERRk-select (Yu, A(yu)) < 7] > % for all u € [d]*. This means that for
all u € [d]¥,

2

P =u| > -.
coins Ef A [A(yu) U] -3

For all u,u’ € [d], by group privacy, A(yu) (yen,0) A(yu), which implies that
2
Pr[A(ys) =u'] > e 7" Pr[A(yw) = U] > ge_"m. (5)

Since the probability of any event is at most 1,

2
1> Pr > Ze e (dk —
_comsof.A[ yu 7511 ZPI‘ ]_ 36 (d 1)7
u’#u
where the last inequality holds by . We get that e7¢™ > % . %, and thus n = Q) (%) . O
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4.2 Proof of Theorem 4.1

Let M be an (g,0)-DP and («, T)-accurate mechanism for SumSelect in the nonadaptive continual release
model. We use M to construct an (g,0)-DP algorithm A that is ({,n)-accurate for k-Selecty in the batch
model. We motivate our approach by first discussing an idea that doesn’t quite work. Let M be an accurate
mechanism for SumSelect,; in the nonadaptive continual release model and y be a dataset with n records
from {0,1}9%. A naive approach to solving k-Selecty in the batch model is to run k instantiations of M for
n time steps each, one on each block of d coordinates, to select the coordinate with the maximum sum in
that block. However, running k instantiations of M, as described, would result in a significant degradation
of privacy, because every datapoint is used k£ times, once for each instantiation of M. We instead reduce to
SumSelecty, and run a single instantiation of M for about nk time steps, where each datapoint in y is sent
to M only once. This approach doesn’t suffer from privacy degradation.

Algorithm A proceeds in k stages; the rt" stage is dedicated to selecting the coordinate with the maximum
sum in the " block. In the first stage, A streams y to M. In order to select the coordinate with the
maximum sum from the first block, A then sends 2n records of the form (1¢0%...0%) to M. Then the sums
of the coordinates in the first block of y become much larger than the sums in the other blocks. This ensures
that at the end of the first stage, M selects the coordinate with the maximum sum in the first block. In
the second stage, A sends 2n records of the form (091¢...1%) to M in order to balance out the number of
extraneous 1’s for each coordinate. In order to select the coordinate with the maximum sum from the second
block, A sends 2n records of the form (091¢0¢...0%) to M. At the end of the second stage, M selects the
coordinate with the maximum sum in the second block. Algorithm A proceeds similarly for every block.

The details of the algorithm appear in Algorithm For ease of indexing, A sends all-zero records in
time steps n 4+ 1 to 2n in Line [2| of Algorithm [2| to ensure that all stages have 4n time steps.

Algorithm 2 Batch algorithm A for k-Select

Input: &,y = (y1,...,yn) € X", where X = {0,1}% and black-box access to mechanism M.
Output: b = (by,...,bs) € [d]*.
1: Let v; be a vector of length dk with d ones in coordinates [dj] \ [d(j — 1)] and 0 everywhere else; let
V7j — ].dk —Vj.
Construct a stream x < y o (09%) o (v1)?" o (V)" 0 - -+ 0 (vj_1)?" 0 (V5—1)*" o (v} )?" with 4kn records.
for t € [T] do
Send the record x; to M and get the corresponding output a;.
for r € [k] do
by < a4rn —d(r —1). If b, & [d], then b, <+ 1.
Output b < (b1,...,bx).

LA o

Lemma 4.4. Let A be Algorithm @ Foralle > 0,6 >0, o € RY, and T,d,k,n € N, where T > 4kn, if
mechanism M is (g, §)-differentially private and («, T)-accurate for SumSelectyy, in the nonadaptive continual
release model, then batch algorithm A is (g, )-differentially private and (%,n)-accurate for k-Selecty.

Proof. We start by reasoning about privacy. Fix neighboring datasets y and y’ that are inputs to algo-
rithm A. Let x and x’ be the streams constructed in Step [2| of A when it is run on y and y’, respectively.
By construction, x and x’ are neighboring streams. Since M is (g,6)-DP, and A only post-processes the
outputs received from M, Lemma implies that A is (e, d)-DP.

Next, we reason about accuracy. Fix a dataset y and the corresponding data stream x sent to M.
Consider a setting 7 of the random coins of A. Since the transformation from M to A is deterministic, they
correspond to coins used by M when A runs it as a subroutine. Let «, be the realized error of M with
coins 7, that is,

Qr = tg[lﬁ:fl] (ERRSumSelectdk (X[t],at)) ,
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where a; are the answers with coins 7. Similarly, let v, be the realized error of A with coins 7, that is,

Yr = ERRk-SeIectdk (Ya b)
1

= — - max (ERRsymselect, (¥Y[(r — 1)d + 1 : d], b)),
n  relk]

where b = (by,...,bx) is the output of A run with coins 7.

The main observation in the accuracy analysis is that if «, is small, so is 7,. Note that if « > n, the
accuracy guarantee for A is vacuous. Now assume a < n. For all blocks r € [k], the sums in X4 =
yo (09 o (v1)?" o (¥1)?" 00 (v,_1)?" o (V,—1)?" o (v,)?" of all coordinates not in block r are smaller than
the sums of coordinates in block r by at least n. Consider coins 7 with a, < «a. Since a, < n, the index
a4rn returned by M is in block r for all » € [k]. Moreover, the error for each block is at most %=, Therefore,
vy < &2 < & Considering the probability of this event over all coins 7, we get

-_ n — n

2
Pr [w<l]>  Pro hr<alzi,

coins 7 of A n coins 7 of M
where the last inequality holds because M is (a, T')-accurate. We conclude that A is (&, n)-accurate. O
Finally, we prove Theorem

Proof of Theorem[].1} This proof’s structure resembles that of Theorem [3.1} First, for the case of € < %,
we prove that a = Q(T'). Let e; be a record of length d with 1 in coordinate j and 0 everywhere else. Let
x = (e1)T/* 0 (0%)3T/4 and x’ = (e2)"/* o (09)3T/%. Proceeding as in the proof of Theorem h (using group
privacy and the error associated with selection) yields o = Q(T).

For all other values of ¢, we reduce from k-Select, relying on the lower bounds for k-Select from Lemmal4.2
Fix T,d,e. Given an integer k, the reduction of Lemma [£.4] maps a batch instance of k-Selecty of size n
to an instance of SumSelecty with d = d’k and T = 4nk. The reduction applies as long as d’' = % > 2 and
n = % > 1 are integers. We will ignore the integrality requirement (which can be addressed by appropriate

padding) and allow any k between 1 and min(g, %)
When 6§ > 0, the reduction leads to a lower bound on the error of min (Q(@L‘;gkd,),n) when k and

d' are sufficiently large constants. In our setting, this translates to a lower bound of Q(ay) for ap =

min (%, %) (We add 2 inside the logarithms to avoid 0 or subconstant log terms; this does not
change the asymptotics.) Our goal is to select the value of k € [1, min(%, %)] that maximizes ay. For fixed

T,d,e, let k* = k*(T,d,e) = max(1, k') where k' denotes the largest value of k& where the two terms defining
ay, equalize (that is, k" satisfies &'vVE log(2 + d/k')/log(2 + k') = £T). We use two basic facts about ay:
first, for d > 15,000, the function «y is increasing on [1, k*) and decreasing on (k*, 00). Second, its maximum
value o+ is Q(%)

We consider four regimes for the triple (T, d, ¢):

(a) k*(T,d,e) = 1: In this case, oy is maximized at k = 1 and we obtain a lower bound of Q(T'/k) = Q(T).

(b) k*(T,d,e) > min(%,Z) and 2d < T: In this case, we set k = d/2 and get a lower bound of oy, =
Vklog(2+d/k) (since k < k*), which is € = Q(@)

i)
elog(2+k) elog(2+d)

(¢) k*(T,d,e) > min(<, L) and 2d > T: This case is not possible for large T'. For it to occur, we must have

204
= U3 o2/
k* > T/4, which implies that oy < 4. Since ap« = Q(%), we get that e > 1 (for sufficiently

large T'), contradicting our assumptions.

(d) k*(T,d,e) € [1,min(%, L)]: In this case, we set k = k* and obtain a lower bound of - = Q(%)
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Thus, for all possible relationships between T, d and &, we obtain a lower bound that is one of three terms
in the theorem statement.
The setting in which 6 = 0 is similar. For a given k € [1,min(%, Z)], we obtain a lower bound of Q(ov)

. klog(2+4 - .
for ap = min (M, %) The remaining calculations parallel the case where § > 0, except that now

Qfe* :@(\/%). D

5 Adaptive Upper Bounds

In this section, we define the adaptive continual release model and describe differentially private mechanisms
for two types of problems in this model: SumSelecty and approximating functions with bounded sensitivity
(€5 sensitivity in the case of approximate differential privacy and ¢; sensitivity in the case of pure DP). Our
mechanisms are (a, T)-accurate, where the upper bounds for o match the lower bounds obtained in previous
sections in the nonadaptive continual release model up to logarithmic factors in the time horizon T, the
number of coordinates d, and the inverse of the privacy parameter %.

5.1 Adaptive Continual Release

In the adaptive continual release model, the input stream given to a mechanism M is chosen adversarially.
That is, M interacts with a randomized adversarial process Adv that runs for 7T timesteps; at timestep
t € [T), the process Adv receives a; from M, updates its internal state, and produces input record ;1 that
is sent to M at timestep ¢ + 1. Process Adv can choose z;y1 based on the previous input records xp;) and
M’s previous outputs af;). We make no assumptions on Adv regarding running time or complexity; its only
limitation is that it does not see the internal coins of M.

Definition 5.1. A mechanism M is («,T)-accurate for a function f in the adaptive continual release model
if for all processes Adv, the error of M with respect to Adv is at most o with high probability, that is,

2
coins o]})I.}VLAdv ?El[a’izi ERRf(at7X[t]) N E g

A similar notion of accuracy was considered in work on adversarial streaming [2, [I8, 20], though those
articles do not directly address privacy.

Next, we define (event-level) privacy in the adaptive continual release model , which is trickier than in
the nonadaptive continual release model . This concept is implicit in [I5], but to our knowledge has not
been previously defined. Privacy is defined with respect to the game Il 440, described in Algorithm |§|7
between mechanism M and an adversary Adv. In all timesteps except one, Adv outputs a single input record
which ITaq a4y simply forwards to M. However, there is a special challenge timestep t* € [T, selected by

Adv, in which Adv provides two records xif) and mﬁﬁ). The game comes in two versions, specified by its

input parameter side € {L, R} which is not known to Adv or M: in one version, the record ng) is handed
to M at timestep t*; in the other, the record ng{) is handed to M instead. The mechanism is private if
the distributions on the adversary’s view, which consists of its internal randomness and the transcript of
messages it sends and receives, are close in the two versions of the game.

When the adversary decides in advance on all T'+ 1 records that it outputs over the course of the game,
the resulting definition is equivalent to the nonadaptive version (Definition . The version we give here
captures a richer class of settings.

Intuitively, we may think of ng) as the data of person t*, and of a:g') as a dummy value (say, all 0’s).
The parameter side then controls whether the data of person t* is included in the computation or not. The
privacy requirement is that an outside attacker cannot tell whether ¢*’s data was used, even if the attacker has
full knowledge of the process generating the data stream. The adversary Adv combines the data generation
process and the attack itself in one entity, so that our model allows for an arbitrary relationship between

them.
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Algorithm 3 Privacy game Il 44, for the adaptive continual release model
Input: time horizon T € N, side € {L, R} (not known to Adv).
1: fort=1to T do
Adv outputs type, € {challenge, regular}, where challenge is chosen once during the game.
if type, = regular then
Adv outputs z; € X which is sent to M.
if type, = challenge then
"t
Adv outputs (:ng), :EER)) € X2
J;&S'de) is sent to M.

M outputs a; which is given to Adv.

© P DT D

Definition 5.2. The view of Adv in privacy game Ilxq aqp consists of Adv’s internal randomness and the

V(side)

transcript of messages it sends and receives. Let Vy, 0, denote Adv’s view at the end of the game run with

input side € {L, R}.

One could also define the adversary’s view as its internal state at the end of the game. The version we
define contains enough information to compute that internal state, but is simpler to work with.

In addition to (g,0)-DP, we consider a related notion, called zCDP [4]. See Appendix [2.2]for background
on zCDP and the notion of p-closeness of random variables (=,).

Definition 5.3. A mechanism M is (g,)-DP in the adaptive continual release model if, for all adver-
saries Adv,
L) (R)
VM,Adv el VM,Adv-

A mechanism M is p-zCDP in the adaptive continual release model if for all adversaries Adv,

L R
V./S/l ,).Adv =p V./E/l,)Adu .

The symbol ~, denotes p-closeness (Definition m

5.2 Statements of Adaptive Upper Bounds

In this subsection, we state theorems that summarize the performance guarantees of our mechanisms for
MaxSum, and SumSelect;. We prove these theorems in the following subsections. The upper bounds in
these theorems are attained by two simple mechanisms: one uses the binary tree mechanism and the other
recomputes the target function at regular intervals. We first state results for the binary-tree-based approach.

Theorem 5.4 (zCDP, Binary-Tree-Based Mechanisms). For all p € (0,1], d € N, and sufficiently large
T > 0, there exist p-zCDP mechanisms M, M’ in the adaptive continual release model such that M is

(o, T)-accurate for MaxSumg and M’ is (o, T)-accurate for SumSelecty, where oo = O (\/Z“Ogﬂ:[ ”plog(dT)>.

The next theorem uses the idea of recomputing at regular intervals, which applies quite generally. Item
1 of Theorem applies for general sensitivity-1 functions (which include MaxSumg); a similar result holds
for bounded-sensitivity functions with output space R<.

Theorem 5.5 (zCDP, Mechanisms via Recomputing at Regular Intervals). For all p € (0,1], d € N,
sufficiently large T > 0, and all functions f : X* — R with {y-sensitivity at most 1, there exist p-zCDP
mechanisms M and M’ in the adaptive continual release model such that

1. Mechanism M is («, T)-accurate for f for o = O (min { ¢/ &pgT,T}) ;
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/3 1052/
2. Mechanism M’ is (a, T)-accurate for SumSelecty for o = O (min M,T )
p /

Combining Theorems using the conversion from zCDP to (g,0)-DP from Lemma and sub-
stituting p = m, we get the following corollary.

Corollary 5.6. For all ¢ € (0,1], § € (0, %}, d € N, and sufficiently large T > 0, there exist (g,6)-DP
mechanisms M and M’ in the adaptive continual release model such that

3
(1) M is (a, T)-accurate for MaxSum, for a = O (min{ YT loi(zl/éé) IOgT, v/dlog(dT) log(1/%) logT,T}> ;

€

15 €

3
(2) M’ is (o, T)-accurate for SumSelecty for o = O (min{ \/TlogZ(gs) log(l/é), v/ d1og(d47) 108(1/5) logT, T}) .

Simple variants of our mechanisms can be used to get the following theorems for (g, 0)-differential privacy.

Theorem 5.7 (Pure DP, Binary-Tree-Based Mechanisms). For all ¢ € (0,1], d € N, and sufficiently large

T > 0, there exist (¢,0)-DP mechanisms M and M’ in the adaptive continual release model such that M is
3
(a, T)-accurate for MaxSumy and M’ is (o, T')-accurate for SumSelecty for « = O (w),

Theorem 5.8 (Pure DP, Mechanisms via Recomputing at Regular Intervals). For all € € (0,1], d € N,
sufficiently large T > 0, and all functions f : X* — R with ¢1-sensitivity at most 1, there exist (¢,0)-DP
mechanisms M and M’ in the adaptive continual release model such that

1. Mechanism M is («, T)-accurate for f for a = O (min {\/ TlZgT, T }) ;

2. Mechanism M’ is («, T)-accurate for SumSelecty for o = O <min {\/Tloi(dT), T}) .

Theorems 5.8] yield the following corollary.

Corollary 5.9. For all e € (0,1], d € N, and sufficiently large T > 0, there exist (¢,0)-DP mechanisms M
and M’ in the adaptive continual release model such that

1. M is (o, T)-accurate for MaxSumy for a = O (min {\/ Tl‘ng, T, d(logdilogsT }) ;

€

2. Mechanism M’ is («, T)-accurate for SumSelecty for o = O (min{ TlogdT) ' dllog dg log” T })

5.3 Algorithms based on the Binary Tree Mechanism

In this section, we prove Theoremfor SumSelecty. Theoremfor MaxSumy follows from the same anal-
ysis by considering the binary tree mechanism that outputs the highest noisy sum instead of the coordinate
that achieves it.

In order to approximate SumSelecty on a dataset with d attributes, we use the binary tree mechanism
from [8, [11] to privately sum each of the attributes of the records x[; received so far, and then choose the
attribute with the highest sum. For simplicity of exposition, in this section, we assume that T is a power
of 2. In general, we can work with the smallest power of 2 greater than T. Throughout this section, [i : j],
where i, j € N, denotes the set of natural numbers {i,...,j}.

At the high level, the binary tree mechanism constructs a complete binary tree with 7" leaves. The
leaves correspond to the input records xp), where each record w; € {0, 1}4. Each internal node in the tree
corresponds to the sum of all the leaves in its subtree. Each node stores the noisy version of the corresponding

sum computed by adding a noise vector drawn from N (0, 0219%?) with o = / d(l%z;ﬂ). The algorithm that

releases the noisy sum is log%_ZCDP' Since each z; participates in only logy 7'+ 1 sums in the tree, by
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Algorithm 4 Mechanism M for SumSelect; in adaptive continual release model

Input: time horizon T € N, privacy parameter p, stream x = (21,...,27) € X7, where X = {0, 1}<.
Output: stream (ay,...,ar) € [d]T.

1: Initialization: Construct a complete binary tree with T leaves labeled vjy.1},...,v7.7. Label every
internal node vy, if the subtree rooted at that node has leaves vjp.¢, . .., v, Initialize the partial sum

(o] < 0¢ for each node Vjg:; In the tree.
2: fort=1to T do

3: Get record z; from Adv.
> Compute noisy sums for nodes completed at time t
4: for each node vjp. do
5: Draw noise Z ~ N(0, 0%19%?), where o = d(l%zﬂ), and set sp.y < >, Ti + Z.

> Output Steps:
6: I, + collection of at most logt+ 1 disjoint intervals whose union is [1 : t] and where each interval
labels a node in the binary tree. (See Remark )
sumg < E[Z:r]eh Sle:r]-
Output a; < arg max;¢(q) sume[j].

adaptive composition of zCDP (Lemma , the complete mechanism is p-zCDP (Theorem [5.4). The
sum of all the attributes at any timestep can be calculated by adding at most logT' of the sums stored in
the tree, one at each level. The algorithm that adds the corresponding noisy sums is («,T')-accurate for

a0 M}f’g@d)). The formal description of the algorithm appears in Algorithm The algorithm uses

a dyadic decomposition (described in Remark [5.3) to decide which nodes of the tree it accesses to compute
any particular output.

Remark (Dyadic Decomposition). For any natural number t > 1, the interval [1 : t] can be expressed as a
union of at most logt+1 disjoint intervals as follows. Consider the binary expansion of t (which has at most
logt+1 bits), and express t as a sum of distinct powers of 2 ordered from higher to lower powers. Then, the
first interval [1 : r] will have size equal to the largest power of 2 in the sum. The second interval will start at
r+1 and its size will be equal to the second largest power of 2 in the sum. Similarly, the remaining intervals
are defined until all terms in the summation have been exhausted. For example, for t =7 =4+ 2+ 1, the
intervals are [1: 4], [5: 6] and {7}.

We present the privacy and accuracy analysis for Algorithm [ in Lemmas and respectively,
which together prove Theorem [5.4] for SumSelect.

Lemma 5.10. For all p € R", d, T € N, mechanism M described in Algom'thm@ is p-zCDP in the adaptive
continual release model.

Proof. Consider an adversary Adv interacting with the privacy game IIaq 44, We want to argue that
the adversary’s view is p-close in the two versions of the privacy game (for the two possible values of
side € {L,R}.) We will achieve this by introducing a p-zCDP mechanism Mg,ss with input side and
reducing our goal to the privacy of Mgayss.

For this, we use a simulation argument similar to those used in cryptography. Specifically, our proof
defines two algorithms: (a) a p-zCDP mechanism Mg,yss that gets input side € {L, R} and (b) a simulator
Sim with query access to Mgauss that does not know the value of side. The simulator Sim interacts with
adversary Adv and satisfies a key guarantee:

The view of the adversary Adv in its interaction with Sim is identically distributed to its view
in the privacy game IIaq 440, defined in Algorithm [3| (Figure [1|illustrates the structure of these
two kinds of interaction.)
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Algorithm 5 Simulator Sim for the proof of Lemma [5.10

Input: time horizon T € N, privacy parameter p € R*, black-box access to an adversary Adv and
a mechanism Mgayss.

Output: stream (ay,...,ar) € [d]T.

Adv: At each timestep t € [T\ {t*}, Adv provides Sim with record xf € X, where X = {0,1}%. At
the challenge timestep ¢* (chosen by Adv), it provides records mtf’), :cgfi) € X. At each timestep
t € [T], Sim provides Adv with output a; € [d].

Mauss: Sim exchanges log, T' 4 1 messages with Mgayss.

1: Initialization: Perform Step 1 (the initialization phase) of Algorithm

2: j +— 1.

3: for ¢t € [T] do

4 if t =t* then

5: Get input (x,(ff),x,(f)) from Adv.

6: for i € [logT + 1] do

7 Send (xﬁf), xE*R)) to0 Mgauss, and get back a response p;.
8 else

9 Get record z; from Adv.

10: for each node vy 4 do

11: if t* & [0 : t] where [¢ : t] denotes the integers {/, ...,t} then
12: Draw noise Z ~ N(0, 0%19%?), where o = w/d(l%zﬂ).
13: S[e:t] < Z + Z::( x;

14: else

15: Vlet] < Diefea\ (e} Ti T P

16: je g+ L

17: Output Steps: Perform Steps (the output steps) of Algorithm

Algorithm 6 Mechanism Mg,yss

Input: side € {L, R} (not known to Sim).
Output: A natural number.

1: fori=1tologT + 1 do

2: Get records vz(L), vZ(R) € {0,1}* from Sim.

3: Draw noise from a multivariate Gaussian distribution Z ~ N(0, 0219%4), where o = 1/%/7;“).
4: Output UZ(Side) +7Z

Since the simulator’s outputs to Adv are a post-processing of the query responses from Mgayss, We can
argue that the adversary’s view is p-close in the two versions of the privacy game Il 440-

To see why this is helpful, recall that we want to show that the probability of Adv guessing the value of
side in the privacy game is small. If the probability of Adv guessing the value of side is the same in the privacy
game as in its interaction with Sim, then—since the simulator doesn’t know the value of side—Adv can only
learn as much about side from its interaction with Sim as one can learn by querying Mgauss. Intuitively, if
Megauss does not reveal much about the value of side then neither does M. We now describe Mgauss and the
simulator, and formalize the argument.

The mechanism Mgayss (described in Algorithm @ gets an input side € {L,R}. It receives at most
log T + 1 queries of the form v®), v from Sim to which it responds with p = v(59®) 4 Z where the noise

Z is drawn from N (0, 0%19%9) for o = \/d(l%zﬂ). Observe that if Mgass has only a single interaction
with Sim and outputs a single noised value, then by the privacy guarantee of the Gaussian mechanism

(Lemma , Mgauss is log%_ZCDP' This can be seen by imagining that Mgayss is computing a function
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side € {L, R} side € {L, R}

Figure 1: An illustration of the simulation argument from the proof of Lemma The left-hand side shows
the game used to define privacy with adaptively selected inputs. The right-hand side shows the simulation
structure described in the proof. For each value of side, the adversary’s view is identical in these two settings.

f(side) = z%9¢ and observing that the fo-sensitivity of f is Vd. Since there are log T+ 1 interactions between
Magauss and Sim, Mg,,ss is an adaptive composition of log7’ 4 1 algorithms, each of which is log%H—ZCDP.
By Lemma on composition, Mgauss is p-zCDP.

The simulator Sim (described in Algorithm [5]) interacts with the adversary without knowing the input
side € {L, R} that is given to Mgauss. It queries Mg,uss exactly log T+ 1 times and uses the query responses
to provide outputs to the adversary. The aim of the simulator is to mimic the behaviour of IIaq 44, even
though it doesn’t know side. The simulator constructs a binary tree as described in Algorithm For all
nodes in the binary tree except for those whose interval contains the challenge timestep t*, the computation
of the noisy subtree sums can be done by Sim without any help from Mg,uss. For the nodes whose interval
does contain t*, the simulator sends (ng), ng“) t0 Mgauss and gets a noisy value of z§i9¢. It can then compute
the corresponding subtree sum by adding the input records corresponding to the remaining leaves. Notice
that the simulator can produce these outputs online—at the same time that Iy, 44, would.

The crucial point to note is that the view of the adversary Adv in the privacy game IIxq, 44, is identically
distributed to its view in the interaction with Mg,,ss and Sim. Furthermore, the view of the adversary Adv
when interacting with Sim and Mgauss is simply a post-processing of the outputs provided to it by Sim,
which are a post-processing of the outputs provided to Sim by Mg,uss. Hence,

Mgauss is p‘ZCDP = V_/S/ll:)_Ad'u 2P /S/Il?Adv'

It remains to argue that exactly logT + 1 nodes have a subtree sum that depends on the inputs from the
challenge timestep ¢*. Each node vjy,) whose subtree sum depends on the inputs from timestep ¢* satisfies
t* € [€ : ]. This holds only for one node at each level of the binary tree created by Sim (because the intervals
represented by the nodes at a particular level are disjoint.) Since the binary tree has depth log T+ 1, exactly
log T + 1 nodes have a subtree sum that depends on the inputs from the challenge timestep t*. O

Lemma 5.11. For all p > 0 and sufficiently large T € N, mechanism M is («a, T)-accurate for SumSelect

Vdlog T /log(Td)>

in the adaptive continual release model for o = O < NG

Proof. Consider any adversarial process Adv interacting with M. We first argue that, at every timestep ¢,
the random variable ERRsymselect, (X[t] ,at) corresponding to the error at any timestep ¢ can be upper bounded
by a random variable that is the sum of at most 2log ¢t independent Gaussian random variables. We then use
tail bounds for Gaussian random variables, along with a union bound, to argue that, with high probability,
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the maximum value of this random variable is not too large. Finally, we take a union bound over timesteps
to argue that, with high probability, max;c[7] ERRsumselect, (X[, a¢) is not too large.

First, at any timestep ¢, let sum; represent the vector of noisy sums defined in Step [7] of Algorithm [4]
Therefore, each coordinate of this sum, sum;[j] = Zie[t] Ty [j]+zi€[\la|] Z; is the sum of at most log t+1 noisy
d(log T+1)

2p !
and all Z;s are mutually independent. Hence, by the linearity of expectation, and by the linearity of the
variance of independent random variables, we get that Zie[l ] Z; is a Gaussian random variable with
mean 0 and standard deviation \/d(log:’;;l)llfl < \/d(logTJr;;(logtH). Consider the vector N consisting
of the absolute values of d random variables independently drawn from the distribution N(0,02) where

o=/ %ﬁpﬂ). The distribution of N is identical to the component-wise absolute values of the Gaussian

noise vector sum; — ;e 2. Then,

interval sums. Here, Z; is a Gaussian random variable with mean 0 and standard deviation o =

Z x4[at] + max N[j] > MaxSumg(xp) — max Nj],
= seld jeld

since if a; is selected at timestep ¢, the noisy sum of coordinate a; at timestep t is larger than the noisy sums
of all other coordinates at timestep ¢ (see Step [8|in Algorithm . Thus,

ERRsumselect, (X[1], at) = MaxSumg(x) — Z ri[as] < 2%3[‘;?]\7[]']-
1€[t]

100og T+1)(log t+1) log(dT)
2p :

By Lemma on concentration of the maximum of the absolute values of Gaussian random variables, and

d(log T+1)(log t+1)

Next, we reason about max;e[q N[j] using standard probability tools. Set £ = \/

since o < o7 , we get that
02 2
Pr|max N[j] > £| < 2de 2.7 < 2de~5l08(dT) « =
|:j€[5]( [J} :| o - - T5

Then, with probability at most % (over the coins of the algorithm A and the adversarial process Adv),

d(logT + 1)(logt + 1) log(dT)
2p

ERR(X[t],at) > 20\/

)

logT + 1)21 T
220\/d<og 17 logldT)
P

sincet < T. By aunion bound over all € [T, we get that max;c|7) ERRsymselect, (X[1]; at) > 20 \/%fbg(dﬂ

with probability at most % < % for sufficiently large T'. This proves the lemma. O

Proof Sketch of Theorem[5.77 The proof of Theorem [5.7] for SumSelect, closely follows the exposition above.
The mechanism used is the same as Algorithm |4} except that in Line |5, Z is drawn from Lap(w)
instead of a Gaussian distribution. The privacy proof is exactly as in Lemmal[5.10] except that we use that the
composition of log T+ 1 mechanisms that are (log%ﬂ, 0)—DP is (&,0)-DP instead a composition theorem for
p-zCDP. The accuracy proof closely follows that of Lemma [5.11] with the main difference being that the the
vector N is defined as the component-wise absolute value of d random variables independently drawn from
the distribution of the sum of |I;| independent random variables distributed as Lap w . We then

use the concentration inequality for the maximum of the absolute values of independent Laplace random
variables over d|I;| random variables in Lemma with @ = 2logT to argue that the absolute value
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of each Laplace random variable is smaller than w(log(cﬂ]ﬂ) + 10log T') with probability at least
—r5. This implies that max;e[q N[j] is smaller than w(log(d(logT + 1))+ 10log T') with probability
at least ﬁ, upper bounding |I| by logT + 1. Taking a union bound over T and using the fact that
log(d(log T + 1)) < logd(log T + 1) for sufficiently large T' completes the proof. O

Theorems and for MaxSum, are proved analogously. The main difference is that we output
max;e[q) sume[j] instead of arg max; ¢y sumy[j] in Line (8| of Algorithm

5.4 Algorithms that Recompute at Regular Intervals

In this section, we prove Item 1 of Theorem [5.5] for sensitivity-1 functions. The proof of Item 2 of Theorem [5.5]
builds on the same idea of recomputing SumSelecty every T'/m timesteps, but it uses the report noisy max
(with exponential noise) algorithm for SumSelect, [21] instead of adding Gaussian noise to the function. We
omit the details, since the argument is essentially the same as in the rest of this section.

The mechanism recomputes the function every r timesteps. Between recomputations, it outputs the
most recently computed value. We select r to balance the privacy cost of composition with the error due to
returning stale values between recomputations.

Algorithm 7 Mechanism M for sensitivity-1 functions in adaptive continual release model

Input: time horizon T, privacy parameter p > 0, recompute period r € [T — 1], function f, stream
x = (21,...,27) € X™ where X = {0,1}%.
Output: stream (ay,...,ar) € RT.
m <+ [T
for k =1 tom do
Get input record (1,41

Draw Zj ~ N(0,0?), where o = /2.

Output agr_1yr4+1 < f(X[k=1)r+1]) + Zk-
for t = (k—1)r+2 to kr do

Get input record ;.

Output a¢ < a@—1)r41-

Claim 5.12. For all p, T > 0, r € [T — 1], mechanism M defined in Algom'thml] is p-zCDP in the adaptive
continual release model.

Proof. Consider an adversary Adv interacting with M. We define a mechanism Mcomp, similar to Algo-
rithm [6} and a simulator Sim that interacts with the adversary Adv such that the view of adversary Adv
in the interaction with Mcomp, and Sim is identically distributed to its view in the privacy game IIaq, 44y,
defined in Algorithm [3]

Algorithm 8 Mechanism Mcomp

Input: side € {L, R} (not known to Sim)
Output: A natural number.
1: Get neighboring datasets y(*), y() € {0,1}? and a function f with £ sensitivity at most 1 from Sim.

2: Draw noise Z ~ N(0,0?), where 0 = , /%,
3: Output f (y(Side)) +Z

The mechanism Mcomp is defined in Algorithm Since the function f has {5 sensitivity at most 1,
then by the privacy of the Gaussian mechanism, and since the variance of the noise added is 2%), Meomp 18
£_7CDP with respect to the dataset consisting of side € {L, R}.
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Algorithm 9 Simulator Sim for the proof of Claim
Input: time horizon T, privacy parameter p > 0, recompute period r € [T — 1], function f. Sim also
has black-box access to an adversary Adv and a process Mcomp.
Output: stream (ay,...,ar) € RT

Adv: At each timestep ¢ € [T]\ {¢*}, Adv provides Sim with record z; € X'. At the challenge timestep ¢*

(chosen by Adv), it provides two records xt*L), xif%)

Adv with output a; € R.
Momp: Sim exchanges T'/r messages with Mcomp.-
1: Initialization: m < [L], j « 1.
2: For timesteps ¢ < t*, run mechanism M in Algorithm [7] with inputs from Adv, with the same T, p, 7, f.
Let a; be M’s output at timestep ¢.
3. for t > t* do

€ X. At every timestep ¢ € [T], Sim provides

4 if t =t* then

5 Get input (ng),ng%)) from Adv.

6: if t #t* then

7: Get record z; from Adv.

8 if t mod r = 1 then

9: Let y,ESide) ={zy,... ,xt*_l,xgiide),xturl, ..., x;} for each side € {L, R}
10: a; +— Mecomp (f, y,EL),yER)).

11: else

12: q L%J, output a; < ag41-

The simulator Sim (described in Algorithm E[) gets inputs from Adv, but it does not know the input
side € {L, R} that is given to Mcomp. It interacts with Mcomp to provide outputs to the adversary Adv.
The aim of the Simulator is to mimic the behaviour of IIaq 44, even though it doesn’t know side. For
all timesteps t < t* before the challenge timestep, the simulator behaves exactly like M. Starting at the
challenge timestep, for every ¢ € [t* : T| where M would recompute the noised value of the sum, Sim sends

Momp the function f as well as neighboring datasets yﬁL), y,ER) defined by

d

(side) (side)
Yt —{$1,...,$t*_1,.’1,‘t* ,Z‘t*+1,...,.’L‘t}.

Since Sim queries Mcomp at most m times, by adaptive composition, the output transcript of Mcomp is
p-zCDP with respect to the dataset consisting of side.

The view of the adversary Adv in the real privacy game Il a4, is identically distributed to its view in
the interaction with Mcomp and Sim. Furthermore, the view of the adversary Adv when interacting with
Sim and Mcomp is simply a post-processing of the outputs provided to it by Sim, which are a post-processing
of the outputs provided to Sim by Mcomp. As argued previously, the output of Mcomp When side = L is
p-close to its output transcript when side = R. Hence we have that V/E/i)A do p /81?; 34 du- ]
Claim 5.13. Fiz p > 0, sufficiently large T > 0, and 2 < m < T. Let f : X* — Z be a function with
ly-sensitivity at most 1. Then mechanism M, defined in Algorithml] is (a, T')-accurate for f in the adaptive

. 10m1
continual release model where o = % + ,/w.

Proof. Consider any adversarial process Adv interacting with M. Fix a timestep ¢ € [T]. Consider time
horizon T divided into m stages, where the stage k € [m] is from timestep (k —1)r +1 to kr. Let timestep ¢
be in stage k. Intuitively, since M, defined in Algorithm [7] corresponds to recomputing the noisy sum every
r timesteps (and using each recomputed value for the next r timesteps), the error can be decomposed into
two parts: one caused by the drift in the true value of the function since the last recomputation and the
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other caused by noise addition. By the triangle inequality,

ERRy (x(, ar) = |ar — f(xpy))|
< |f(x[t]) - f(x[(k—l)r+1]|) + |at - f(X[(k—l)f’HH)

T
<T/m+ |ag-1)r+1 — f(X[p—1)r+1))| < o | Z|.

The second inequality above holds because the f>-sensitivity of f is at most 1, and since we recompute

every r = T/m timesteps, the maximum change in the function f since the last recomputation is T/m.

The third inequality follows from Steps [5| and [§| in Algorithm Finally, observe that Zj for k € [m)]
m

are mutually independent Gaussian random variables with mean 0 and standard deviation , /5 Hence,

applying Lemma [A22] on the concentration of the maximum of the absolute values of Gaussian random
variables (setting ¢ = ,/%), and using the fact that m > 2,

T 10m 1 10m1
Pr (max ERRf(xpy, a¢) > — 44/ mogm) = Pr (max | Zy| > ,mogm)
coins of A, Adv \ t€[T] m P coins of A, Adv \ k€[m] P

<2 L 0
—m? 3
Proof of Item 1 in Theorem[5.5, By Claim the mechanism M is p-zCDP in the adaptive continual
release model.

For p < loﬁT, consider the mechanism that doesn’t touch the data and always outputs 0. Clearly it is

0-zCDP. Additionally, for this mechanism, o = O(T). For p > IOT%T, by Claim mechanism M is (o, T')-

. . . . 1/3m2/3
accurate for f in the adaptive continual release model, where o = T'//m+10, / Mpgm. Setting m = Lploglz;' = |

gives o = O (min {T s ¢/ Lf}), where the min comes from the option of using the trivial mechanism. O

Proof Sketch of Item 1 in Theorem[5.8 The mechanism M used is a variant of Algorithm [7] The only
difference is that in Line[d] instead of the random variable Zj, being distributed as a Gaussian, it is distributed
as Lap(™?). The privacy proof follows a structure similar to that of Claim with the main difference
being that instead of using a composition theorem for p-zCDP, we instead use that the composition of m
mechanisms that are (-=,0)-DP is (g,0)-DP.

For accuracy, we can prove a claim phrased exactly as Claim with a = % + = [log m+21log T instead

of a = % +4/ W. The proof is similar, with the only difference being that instead of using Lemma
d.d.

on the maximum of i.i.d. Gaussian random variables, we instead use Lemma on the maximum of i

Laplace random variables, with ¢t = 2logT'.

log T

Finally, we prove the theorem as follows: for e > <&~, setting m = | =

log T

| in the accuracy claim

gives a = O(,/%log T). For e < lo%T, we can consider the mechanism that always outputs 0 at every

timestep. This mechanism is (0,0)-DP and («,T)-accurate for f in the adaptive continual release model
with oo = O(T'). This completes the proof. O

Proof Sketch of Item 2 in Theorems and[5.8 We sketch the proof of Item 2 of Theorem [5.5] The proof
of Item 2 of Theorem is essentially the same. The upper bound mechanism M used for this proof is a

variant of Algorithm i where we recompute SumSelect, using the exponential mechanism [22] with &’ = 4/ fn—p

(for Item 2 of Theorem on pure DP, we use ¢’ = £). The quality function of an attribute and dataset
pair is defined to be the sum of that attribute over all entries in the dataset. The exponential mechanism
instantiated as described above is used to privately compute SumSelecty every T'/m timesteps. Between
recomputations, the attribute index produced at the last recomputation is used as the output.
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The privacy proof follows a structure similar to that of Claim The main difference for this proof
is that the simulator will now interact with an ideal mechanism that takes as input a differentially private
algorithm as well as neighboring datasets to run the algorithm on. In particular, the neighboring datasets
will be the inputs ng) and ng?’) from the challenge timestep, and the algorithm will be the exponential
mechanism hardcoded with all the inputs of the adversary so far (except for the inputs from the challenge
timestep.) The ideal mechanism will run the algorithm with challenge input acgiide) and output the result.
The adversary’s view in the privacy game is clearly identical to its view when interacting with the simulator.
Finally, the closeness of the adversary’s view in the simulated world when side = L and when side = R

follows directly from the privacy of the exponential mechanism and adaptive composition [I3] [4].

For accuracy, we prove a claim akin to Claim [5.13] with a = % + 2 ;—’;)[logd + 5logm|. The proof

is similar to that of Claim here, we define |Z;| as the error incurred by the k! instantiation of
the exponential mechanism, and use Lemma on the accuracy of the exponential mechanism (setting

a = 5logm) and take a union bound over the m recomputations to argue that the maximum error is greater
than o = L + 2, /;—’;[logd + 5logm] with probability at most —;.

For p > (%)z, by the accuracy claim, mechanism M is (o, T')-accurate for f in the adaptive continual

1/3p2/: / /
release model, where v = £ +2, /5 [log d+2logm]. Setting m = L%J yields @« = O (%).

Finally, for p < (%)2, consider the mechanism that doesn’t touch the data and always outputs 0. It is
clearly 0-zCDP, and has o = O(T). O
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A Useful Concentration Inequalities

Lemma A.1. For all random variables R ~ N(0,0?),

2
Pr[|R| > ¢ < 2e” 307

Lemma A.2. Consider m random variables Ry, ..., Ry ~ N(0,0%). Then
Pr[max |R;| > 4 < 2me 27,
j€[m]
Proof. By a union bound and Lemma [A7]]

Pr [m[ax} |R;| > é] = Pr(3i € [m] such that |R;| > ¢)

i€[m
m m 2 2
< ZPr(|Ri| > () < 22672272 = 2me 27
i=1 i=1
O

A similar union bound argument yields the following concentration inequality on the maximum of the
absolute values of i.i.d. Laplace random variables.

Lemma A.3. Fizm € N, A\ > 0. Consider m random variables Ry, ..., Ry, ~ Lap(X). Then for all a > 0,

Pr(m[ax] |R;| > A(logm + log a)) <e

i€[m
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