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ABSTRACT

In the context of DP-SGD each round communicates a local SGD update which leaks some new
information about the underlying local data set to the outside world. In order to provide privacy,
Gaussian noise is added to local SGD updates. However, privacy leakage still aggregates over multiple
training rounds. Therefore, in order to control privacy leakage over an increasing number of training
rounds, we need to increase the added Gaussian noise per local SGD update. This dependence of the
amount of Gaussian noise o on the number of training rounds 7" may impose an impractical upper
bound on 7" (because o cannot be too large) leading to a low accuracy global model (because the
global model receives too few local SGD updates). This makes DP-SGD much less competitive
compared to other existing privacy techniques.
We show for the first time that for (e,d)-differential privacy o can be chosen equal to
2(e +1n(1/6))/e for e = Q(T/N?). In many existing machine learning problems, N is always
large and T'= O(N). Hence, o becomes “independent” of any T' = O(N) choice with ¢ = Q(1/N)
(aggregation of privacy leakage increases to a limit). This means that our ¢ only depends on N rather
than 7". This important discovery brings DP-SGD to practice — as also demonstrated by experiments —
because o can remain small to make the trained model have high accuracy even for large 7" as usually
happens in practice.

1 Introduction

The optimization problem for training many Machine Learning (ML) models using a training set {£; }7*; of m samples
can be formulated as a finite-sum minimization problem as follows

1 m
min { F(w) = — w; &) o - 1
wew{ (w) m;f( 13 (1)
The objective is to minimize a loss function with respect to model parameters w. This problem is known as empirical
risk minimization and it covers a wide range of convex and non-convex problems from the ML domain, including, but

not limited to, logistic regression, multi-kernel learning, conditional random fields and neural networks.
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We want to solve (I) in a distributed setting where many clients have their own local data sets and the finite-sum
minimization problem is over the collection of all local data sets. A widely accepted approach is to repeatedly use the
Stochastic Gradient Descent (SGD) recursion

wip1 = wg — 0V f(wy; ), 2)
where w; represents the model after the ¢-th iteration; w, is used in computing the gradient of f(wy; &), where £ is a
data sample randomly selected from the data set {;}/, which comprises the union of all local data sets.

This approach allows each client to perform local SGD recursions for the £ that belong to the client’s local data set.
The updates as a result of the SGD recursion (2)) are sent to a centralized server who aggregates all received updates
and maintains a global model. The server regularly broadcasts its most recent global model so that clients can use it in
their local SGD computations. This allows each client to use what has been learned from the local data sets at the other
clients. This leads to good accuracy of the final global model.

Each client is doing SGD recursions for a batch of local data. These recursions together represent a local round and at
the end of the local round the sum of local model updates, i.e., the addition of computed gradients, is transmitted to the
server. The server in turn adds the received sum of local updates to its global model — and once the server receives new
sums from all clients, the global model is broadcast to each of the clients. When considering privacy, we are concerned
about how much information these sums of local updates reveal about the used local data sets. Each client wants to
keep its local data set as private as possible with respect to the outside world which observes round communication (the
outside world includes all other clients as well).

Rather than reducing the amount of round communication such that less sensitive information is leaked, differential
privacy [Dwork et al.l|2006b} [Dwork, 2011} [Dwork et al.| 2014, [2006al] offers a solution in which each client-to-server
communication is obfuscated by noise. If the magnitude of the added noise is not too much, then a good accuracy of the
global model can still be achieved albeit at the price of more overall SGD iterations needed for achieving good accuracy.
On the other hand, only if the magnitude of the added noise is large enough, then good differential privacy guarantees
can be given.

When using Gaussian based differential privacy, each local round produces a sum of locally computed gradients based
on the local data set, which is transmitted to the central server after adding Gaussian noise |Abadi et al.|[2016]]. Because
of this, each local training round communicates information about the corresponding local data set. Privacy leakage
aggregates over multiple training rounds, and the total amount of privacy leakage from the local data set increases as
the total number T of local training rounds increases.

As discussed in|Abadi et al.|[2016], in order to control privacy leakage over an increasing number of training rounds,
we need to increase the magnitude, or standard deviation o, of the added noise per round. Increasing o makes each
round leakage smaller and as a result the aggregated leakage becomes less. For a fixed privacy leakage budget this
allows us to add more entries, in other words, we may increase 7. The maximum possible 7" increases as o increases.

This dependence of the amount of Gaussian noise ¢ on the number of training rounds 7" may impose an impractical
upper bound on 7T: First, o cannot be too large. The global model suffers from aggregated noise from each local update.
In particular, the global model includes o noise from the final training round. If o is too large, then this leads to a low
accuracy global model. Second, if o cannot be too large, then the number of training rounds 7" cannot be too large
because otherwise privacy leakage aggregates too much over all training rounds. But this implies that the global model
may receive too few local SGD updates; local SGD updates from different clients are communicated through the global
model to one another using too few interactions/rounds (frequent exchange is especially important when local data sets
are heterogeneous, hence, different clients produce distinctive updates that are specific to their local data sets). This
leads again to a low accuracy global model. This intuition/reasoning indicates that Differential Private SGD (DP-SGD)
can only be practical for subtle parameter settings and data sets that allow ‘fast enough’ training/convergence to a good
accuracy global model. In general, DP-SGD is expected to be much less competitive compared to using other existing
privacy techniques (such as secure multiparty computation even though this is less efficient).

Main contribution. We show that DP-SGD is actually competitive by non-trivially improving the analysis of the
moment accountant method in|Abadi et al| [2016]]. As a conclusion of Sections[5]and[6] we show for the first time that

(e, §)-differential privacy can be achieved for
o=+/2(e+1In(1/9))/e (3)

in practical parameter settings

(a) with a reasonable DP guarantee by choosing § < 1/N and e smaller than 0.5,

(b) where the total number K of gradient computations over all local rounds performed on the local data set is at least

a constant times /€ In(1/d) epochs (of size N),



(c) and T is at least another constant times (K/N)? /e (the constants are made explicit in the main body).

The lower bound (b) on K is generally satisfied in practice as usually K is 50 or 100s of epochs or is O(N) epochs.

The lower bound (c) on 7" shows that we may increase 7" without having to increase ¢ — in this sense o does not depend
on T anymore. This important discovery brings DP-SGD to practice because, in order to make the trained model have
high accuracy even for large 7" as happens in practice, o can remain small as indicated by our tight formula (3). In fact
T can become as large as K (corresponding to batches of size s = 1) implying that for K = T, the lower bound (c)
on T translates into € at least a constant times K /N? (leading to the interpretation in the abstract). First, this shows
that in theory € can be chosen very small for large enough data sets N and practical K (although as explained above,
very small € lead to too large o implying low accuracy, hence, our requirement on accuracy likely leads to a more strict
lower bound on €). Second, requiring e at least a constant times K /N? with K = kN (that is, K is equal to k epochs
of gradient computations) is equivalent to requiring N at least a constant (turns out to be ~ 2) times k/e. For typical
values of & (100s of epochs), this means N = Q(1/e).

Our o therefore depends on N rather than 7'. For improved differential privacy (smaller €), we need a larger data set
(larger N). This observation comes natural since selecting a random batch of local training data among a larger data
set helps in making round computation less dependent on an a-priori selected single local training data sample and
being able to differentiate whether such a local training data sample is part of the larger local training data set is what
differential privacy is about.

Qutline. In order to set up the proper background, we first discuss differential privacy in Section [2} next discuss
DP-SGD as introduced by Abadi et al. [Abadi et al.| [2016] in Section [3] and explain in Section[d]that according to their
analysis/theory the maximum number of local training rounds is significantly restricted. In relation to this, we discuss
the independence of o and T in Section 3] i.e., we explain that there is no ceiling to the total number of local training
rounds in DP-SGD and that this can be chosen independent of the required differential privacy with corresponding
Gaussian noise. Our main theorems are in Section [6| with experiments in Section

2 Differential Privacy

Differential privacy [Dwork et al.| [2006b, [Dwork| 2011, [Dwork et al.l 2014} 2006a]] defines privacy guarantees for
algorithms on databases, in our case a client’s sequence of mini-batch gradient computations on his/her training data set.
The guarantee quantifies into what extent the output of a client (the collection of updates communicated to the server)
can be used to differentiate among two adjacent training data sets d and d’ (i.e., where one set has one extra element
compared to the other set).

Definition 1. A randomized mechanism M : D — R is (e, §)-DP (Differentially Private) if for any adjacent d and d’
in D and for any subset S C R of outputs,

PriM(d) € S] < e“Pr[M(d') € S] + 4,
where the probabilities are taken over the coin flips of mechanism M.

The privacy loss incurred by observing o is given by

) PriM(d)=o
Ly m) = <Pr[[/\/l((d’))=o]]> '

As explained in [Dwork et al., 2014] (e, §)-DP ensures that for all adjacent d and d’ the absolute value of privacy loss
will be bounded by € with probability at least 1 — §. The larger e the more certain we are about which of d or d’ caused
observation o. When using differential privacy in machine learning we typically use § = 1/N (or 1/(10N)) inversely
proportional with the data set size N.

In order to prevent data leakage from inference attacks in machine learning [Lyu et al., [2020] such as the deep leakage
from gradients attack [Zhu et al., 2019} Zhao et al.l [2020, |Geiping et al.| [2020] or the membership inference attack
[Shokri et al.l 2017, [Nasr et al., 2019, Song et al.,2019] a range of privacy-preserving methods have been proposed.
Privacy-preserving solutions for federated learning are Local Differential Privacy (LDP) solutions [|Abadi et al., 2016
Bhowmick et al., 2019, Naser1 et al., [2021, Truex et al., 2019, [Hao et al., 2020, [Duchi et al., [2014] and Central
Differential Privacy (CDP) solutions [Naseri et al., 2021}, |Geyer et al., 2018, McMahan et al., 2018} |Papernot et al., 2018
Yu et al.,[2019]. In LDP, the noise for achieving differential privacy is computed locally at each client and is added
to the updates before sending to the server — in this paper we also consider LDP. In CDP, a trusted server aggregates
received client updates into a global model; in order to achieve differential privacy the server adds noise to the global
model before communicating it to the clients.



3 Differential Private SGD (DP-SGD)

In this paper we analyse the Gaussian based differential privacy method, called DP-SGD, of [[Abadi et al) [2016],
depicted in Algorithm 1| Rather than using the gradient V f (b, £) itself, DP-SGD uses its clipped version [V f (w0, £)]¢
where [z]c = x/ max{1, ||z||/C}. Clipping is needed because in general we cannot assume a bound C' on the gradients
(for example, the bounded gradient assumption is in conflict with strong convexity [Nguyen et al.| | 2018]]), yet the added
gradients need to be bounded by some constant C' in order for the DP analysis of [[Abadi et al., 2016] to go through.
Experiments in [[Abadi et al.| [2016]] show that such a clipped version of mini-batch SGD still leads to acceptable
convergence to acceptable accuracy.

DP-SGD uses a mini-batch approach where before the start of the i-th local round a random min-batch of sample size s;
is selected out of a local data set d of size |d| = N. Here, we slighty generalize DP-SGD’s original formulation which
uses a constant s; = s sample size sequence, while our analysis will hold for a larger class of sample size sequences.
The inner loop maintains the sum U of gradient updates where each of the gradients correspond to the same local model
w until it is replaced by a newer global model at the start of the outer loop. At the end of each local round the sum of
updates U is obfuscated with Gaussian noise N'(0, C?02) added to each vector entry, and the result is transmitted to the
server. The noised U is transmitted to the server who adds U times the round step size 7; to its global model w. As
soon as all clients have submitted their updates, the resulting new global model w is broadcast to all clients, who in turn
replace their local models with the newly received global model (at the start of the outer loop).

Algorithm 1 DP-SGD: Local Model Updates with Differential Privacy

1: procedure LOCALSGDWITHDP(d)
2: fori € {0,...,7 —1} do

3: Receive the current global model w from Server.
4: Uniformly sample a random set {{x};° ; C d
5: h=0,U=0

6: while h < s; do

7: 9= [Vf(@,&)lc

8: U=U+g

9: h++

10: end while

11: n + N(0,C?02I)

12: U=U+n

13: Send (4, U) to the Server.

14: end for
15: end procedure

4 DP-SGD Analysis by Abadi et al.

Abadi et al. |Abadi et al.|[2016] prove the following theorem (rephrased using our notation with ¢ = s/N):

Theorem 1. There exist constants c1 and cs so that given a sample size sequence s; = s and number of steps T, for
any e < c1T(s/N)?, Algorithmis (e, 0)-differentially private for any § > 0 if we choose

> ¢ (s/N) - \/Tln(l/é).

€

The theorem suggests a necessary dependence between o and T' where o scales with /T for fixed s and N. If this is
indeed necessary, then in order to achieve good accuracy for a given ¢ we need to increase the number of rounds 7", but
this requires us to increase o, which increases 7', etc. This reasoning would imply a subtle setting of o and 7T for a
given privacy budget (¢, d) that leads to ‘best’ accuracy. Here,  must be small enough so that it does not causes too
much noise in the final global model. But this implies that the *best’ accuracy is restricted by only being able to use a

limited number of training rounds 7" (since 1" cannot be too large for small enough o = O(v/T)).

The interpretation of Theorem[I} however, is more subtle: The condition on € in Theorem [I]is equivalent to

1/y/c1 < z where z = (s/N) - /T /e.

Substituting this into the bound for o yields

“4)



This formulation only depends on 7" through the definition of z. Notice that z may be as small as 1/,/c;. In fact, it
is unclear how z depends on 71" since 7' is equal to the total number K of gradient computations over all local rounds
performed on the local data set divided by the mini-batch size s, i.e., T = K/s, hence, z = (K/N) - y/1/(T¢). This
shows that for fixed K and N, we can increase 7" as long as 1/,/¢; < z, or equivalently,

T < ¢,(K/N)?*/e )

(notice that the original constraint on € in Theorem [I|directly translates into this upper bound on 7" by using T' = K/s).
Since ¢ cannot be chosen too large (otherwise the final global model has too much noise), €, see @), cannot be very
small (like e ~ 0.001). Therefore, this more precise analysis still puts an upper bound on 7" which is in general much
less than K for practically sized large data sets (/X equals the maximum possible number of rounds for mini-batch size
s=1).

Rather than applying Theorem [I] we can directly use the moment accountant method of its proof to analyse specific
parameter settings. It turns out that 7" can be much larger than upper bound (). In this paper we formalize this insight
(by showing that ‘constants’ ¢; and c can be chosen as functions of 1" and other parameters) and show a lower bound on
o which does not depend on 7" at all — in fact z in (4)) can be characterized as a constant independent of any parameters.
This will show that o can remain small up to a lower bound that only depends on the privacy budget. We can freely
increase T' (up to K if needed) in order to improve accuracy.

5 Independence between o and T’

We go beyond the analysis presented by Abadi et al. [|Abadi et al., 2016] in a non-trivial way and show that (¢, §)-DP
(Differential Privacy) holds for per round added Gaussian noise with standard deviation (normalized with respect to the
clipping constant C')
2 In(1/6
__ [Aexm/e) ©

€

” < NVT 2(6-%111(1/5))’ o
K ~6?
where 7y is some constant =~ 2, § measures the variation in the sample size sequence {si}iT:_O1 used for selecting
mini-batches during the local mini-batch SGD computations (constant sample size sequences have § = 1), T' is the
number of local rounds, and K is the total number of gradient computations (iterations) over all local rounds performed
on the local data set. This compares to taking ¢z ~ /2 in @) We do have the new constraint (7)) which we interpret

below.

Interpretation: In general, practical parameter settings that achieve good enough accuracy show that ¢ must be
restricted to at most 10, 20, may be 35 (this depends on the data set). This shows that if N+/7'/K is large enough,
larger than the relatively small o1/02(/2) /(e + In(1/6)), then upper bound (7) is satisfied. That is, for given K and
N, we need T to be large enough, or equivalently the mean sample/mini-batch size 3 = K /T small enough. Squaring
both sides of (/) and moving terms yields the lower bound

202
vy o0 2
T> ——F+—— - (K/N
~ 2e+1In(1/6) (K/N)™
which after substituting (€] gives
92
T > (K/N), ®)
€

In other words 7 is at least a factor 02 /e larger than the square of the overall amount of local SGD computations
measured in epochs (of size V). Notice that we have a lower bound on T rather than an upper bound as in (3).

We notice the natural restriction 7' < K as there can be no more local rounds than the total number of local gradient
computations (each mini-batch must at least contain one element). Substituting the maximum K for 7" in (8) and
reordering terms shows that there exists a (large) T satisfying (8) only if K < NZ¢/(v6?). In other words K is at most
¢/(70?) times N epochs (of N gradient computations each), which is true in practical parameter settings for the small ¢
values we aim at in combination with sufficiently large data sets /V.

This shows that in practical settings there is no imposed ceiling for 7" and corresponding to 7" there is a wide range of
accommodating sample size sequences (with § = K /T). We only need to make sure to choose o, ¢, and ¢ according to



(). Allowable sample size sequences also include polynomial increasing ones with s; &~ ¢ - #” which have § = p + 1.
Using such increasing sample size sequences reduces the number of rounds 7" and, hence, the amount of communication
for a given K. [van Dijk et al.l [2020] gives evidence that increasing sample size sequences still lead to sufficient
convergence to practical accuracy.

Since @ does not involve T (or K), (€, §)-DP is achieved for any increasing number of rounds with the same noise
o. This is counter intuitive as we expect to see a steady aggregation of leakage from round to round, which after
some moment is too much for guaranteeing (€, §)-DP. This latter intuition is also expressed in [Abadi et al.| 2016
in Theorem(I|and the resulting upper bound (3) on T. Nevertheless, our analysis shows that it suffices to satisfy the
weaker constraint () with lower bound (8) on T

This has a major practical consequence: If we need to increase T (and K ) for achieving convergence to better practical
accuracy, then we do not need to increase o in order to remain guaranteeing differential privacy. Prior to this work the
above explained incorrect intuition prevented us from increasing T' too much as this would imply (according to this
intuition) a too large increase in o which inherently leads to impractical accuracy.

One order of magnitude smaller ¢: In order to attain an accuracy comparable to the non-DP setting where no noise
is added, the papers cited in Section [2] generally require large € (such that o can be small enough) — which gives a
weak privacy posture (a weak bound on the privacy loss). For example, when considering LDP (see Section , 10%
deduction in accuracy yields only € = 50 in [Bhowmick et al., |2019] and € = 10.7 in [Naseri et al., 2021]], while [Truex
et al.|[2019, |[Hao et al., |2020] show solutions for a much lower e = 0.5. Similarly, when considering CDP (see Section
E]), in order to remain close to the accuracy of the non-DP setting [Naseri et al., |2021]] requires € = 8.1, [Geyer et al.,
2018|| requires € = 8, and [McMabhan et al.,|2018]|] requires ¢ = 2.038.

The theory presented in this paper allows relatively small Gaussian noise for small e: We only need to satisfy the main
equation @) For example in Section simulations for the LIBSVM data set show (e = 0.05,5 = 1/N)-DP is possible
while achieving good accuracy with o ~ 20. Such small € is a significant improvement over existing literature and
gives us significant more trust in that DP offers appropriate privacy.

6 Main DP Theorem

The proof of our main theorem is in Supplemental Material [B] where we generalize Theorem I]in a non-trivial way by
analysing increasing sample size sequences, by making explicit the higher order error term in [Abadi et al.,2016[], and
by providing a precise relationship among the constants ¢; and ¢, in Theorem [T}

Theorem 2. For sample size sequence {s&?&f the total number of local SGD iterations is equal to K = Zz:ol Sie
We define the mean s and maximum S, .. and their quotient 0 as

T-1

_ 1 K

s = T E - S = ?7 Smax = max{so, .. ~7ST71}7
i=

We define

h(z) = ( 1+ (e/z)? — e/x>2, g(x) = min{elsr,h(x)},

and denote by ~ the smallest solution satisfying

s 2 +24@
T l-a 1-a

( g + 1 63>63/02
(1-+va)?2 o(l-a)—2e/ao
ha — eN

wit a_v?'



If the following requirements are satisfied:

g (V2 m(1/9)/e)

s < - N
5 < 7 , 9
K
< il
¢ < h(0)- 5 (10)
K s
> 2. 2.2
e > A0 N N7and (11)

o > V2(e+1n(1/d))/e, (12)

then Algorithm|l\is (¢, 6)-differentially private.

Theorems [3] and 2] hold for the more general asynchronous mini-batch SGD algorithm (which follows Hogwild!’s
philosophy [Recht et al.| 2011} |De Sa et al.|[2015} [Zhang et al.l 2016, [Nguyen et al.l 2018] |Leblond et al., 2018}, van
Dijk et al.,2020]) with DP in Supplemental Material [A| The asynchronous setting allows clients to adapt their sample
sizes to their processing speed and communication latency.

We notice that polynomial increasing sample size sequences s; ~ ¢Ni? have 5 ~ [gNT?T!/(p + 1)]/T and 8,42 =
gINTP, hence, @ = 1 + p. This show that our theory covers e.g. linear increasing sample size sequences as discussed in
[van Dijk et al.,[2020]], where is explained how this implies reduced round communication — another metric which one
may trade-off against accuracy and total local number K of gradient computations.

Utility o: In the DP approach, the utility which we wish to achieve measures accuracy. We aim at sufficient high
accuracy. We cannot write out this utility function in closed form. In Section[7]we simulate for various o the accuracy
achieved by a global optimal model generated without adding any noise during any of the rounds except for the very
last round. This upper bounds the accuracy that can be achieved if noise were added at the end of each round as in
DP-SGD. The result is a utility graph which can be used to upper bound o beyond which the accuracy will certainly
suffer too much.

We set o as large as possible with respect to the accuracy we wish to have. Given this 0 we want to max out on our
privacy budget. That is, we satisfy (I2)) with equality, see (€) in the introduction. We discuss (&) with constraints (9)),

(TO), and (TT) below:

Neglect @) and : In practice, we need a sufficiently strong DP guarantee, hence, 6 < 1/N and ¢ is small enough,
typically < 0.5, see Section[5] This means that we will stretch o to typical values o = 10, 20, or 35 such that
accuracy will not be compromised too much and at the same time we can achieve sufficient differential privacy. For

such o we have h(o) ~ 1 and g(1/2(e +1n(1/4))/€) = gg = 1/(eo) (the first equality follows from @). This
(10

reduces requirement (9) to 5 < N/(ec) and requirement (10 to € < v/ /N. Notice that (1) in combination with
e < gK/N implies condition 5 < N/(ec#). This implies that (9) and are satisfied for € < min{vy,+0/(ec)} - £
or, equivalently, K > ¢ - max{1/v, ec/(~6)} epochs of size N. Typically ¢ > /e is in the range of 10, 20, or 35 for
small enough e < 0.5 offering a sufficiently strong DP guarantee. This reduces the condition to

K >eo- < epochs of size V.
~0
Since v > 2,60 > 1, and eo =~ /2¢1n(1/0) by (@) we need K to be at least 1/2¢1n(1/9) - ¢/(70) epochs. In practical

settings, K consists of multiple (think 50 or 100s of) epochs (of size N) computation and this is generally true. We
conclude that @I) and are automatically satisfied by for general practical settings with § < 1/N, e typically

smaller than 0.5, and K > 4/2¢In(1/0) - ¢/(v0) epochs.
Remaining constraint (TI): By using (6), can be equivalently recast as an upper bound on o,

US\/ 2(e + In(1/6))

V0% - (K/N) - ($/N)’
Here, + is a function of ¢ because y depends on € in & which is a function of o through (@) However, the definition of
7 shows that for small €,  is close to 2 and this gives \/In(1/5)/(62 - (K/N) - (s/N)) as a good approximation of the
upper bound. Notice that substituting § = K /T yields , see Section We conclude that (@] are implied
by El)for general practical settings with 6 < 1/N, e typically smaller than 0.5, and K > \/2eIn(1/4) - e/(v0)
epochs (of size N ).

We remind the reader that Section [3interprets (6] [7), derives the equivalent constraint (8)) in place of (7)), and explains
the benefit of ¢’s independence of 7. The simulations in the next section are based on parameters that satisfy the exact

theorem’s constraints (9] 6.



7 Experiments

Our goal is to show that the more general asynchronous differential privacy framework (asynchronous DP-SGD which
includes DP-SGD of Algorithm|[T)) of Supplemental Material [A]ensures a strong privacy guarantee, i.e, can work with
very small € (and § = 1/N), while having a good convergence rate to good accuracy. We refer to Supplementary
Material [C] for simulation details and complete parameter settings.

Objective function. We summarize experimental results of our asynchronous DP-SGD framework for strongly convex,
plain convex and non-convex objective functions with constant sample size sequences. As the plain convex objective
function we use logistic regression: The weight vector w and bias value b of the logistic function can be learned by
minimizing the log-likelihood function J:

J=— Z[yl . log(éi) + (1 — yi) . log(l — 5i)],

i=1

where N is the number of training samples (z;, ;) with y; € {0,1}, and &; = 1/(1 4+ e~ (@ 2i+9)) is the sigmoid
function. The goal is to learn a vector/model w* which represents a pair w = (w, b) that minimizes J. Function J
changes into a strongly convex problem by adding ridge regularization with a regularization parameter A > 0, i.e., we
minimize J = J + 3 ||@||? instead of J. For simulating non-convex problems, we choose a simple neural network
(LeNet) [LeCun et al.,[1998] with cross entropy loss function for image classification.

Asynchronous DP-SGD setting. The experiments are conducted with 5 compute nodes and 1 central server. For
simplicity, the compute nodes have iid datasets.

7.1 Utility graph

Since we do not have a closed form to describe the relation between the utility of the model (i.e., prediction accuracy)
and o, we propose a heuristic approach to learn the the range of o from which we may select o for finding the best
(¢,0)-DP. The utility graphs — Figures and [3a]- show the fraction of test accuracy between the model F'(w + n)
over the original model F'(w) (without noise), where n ~ N(0, C?02I) for various values of the clipping constant C
and noise standard deviation o. Intuitively, the closer F'(w + n)/F (w) to 1, the better accuracy wrt to F'(w). Note that
w can be any solution and in the utility graphs, we choose w = w* with w* being near to an optimal solution.

The smaller C, the larger o can be, hence, € can be smaller which gives stronger privacy. However, the smaller C, the
more iterations (larger K) are needed for convergence.

In next experiments we use clipping constant C' = 0.1, which gives a drop of at most 10% in test accuracy for o < 20
for both strongly convex and plain convex objective functions. To keep the test accuracy loss < 10% in the non-convex
case, we choose C' = 0.025 and o < 12.

7.2 Asynchronous DP-SGD with different constant sample size
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Figure 1: Strongly convex. (a) Utility graph, (b) Different s, (c) Different €

Figure[Tb| and Figure 2B|illustrate the test accuracy of our asynchronous DP-SGD with various constant sample sizes
for the strongly convex and plain convex cases. Here, we use privacy budget ¢ = 0.04945 and noise o = 19.2. It is
clear that with s = 1, the algorithm shows a bad test accuracy though this constant sample size has the maximum
communication rounds. When we use a bigger constant sample size s, for example, s = 26, our algorithm can
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achieve the desired performance, when compared to other constant sample sizes. The experiment is extended to the
non-convex case as shown in Figure[3b] where we can see a similar pattern. Experimental results for other data sets
are in Supplemental Material [C] This confirms that our DP-SGD framework can converge to a decent accuracy while
achieving a very small privacy budget e.

7.3 Asynchronous DP-SGD with different levels of privacy budget

Figure[Tc|and Figure [2c|show that our DP-SGD framework converges to better accuracy if € is slightly larger. E.g., in
the strongly convex case, privacy budget e = 0.04945 achieves test accuracy 86% compared to 93% without differential
privacy (hence, no added noise); € = 0.1, still significantly smaller than what is reported in literature, achieves test
accuracy 91%. Figure [3¢|shows the test accuracy of our asynchronous DP-SGD for different privacy budgets € in the
non-convex case. For e = 0.15, our framework can achieve the test accuracy about 93%, compared to 98% without
differential privacy. These figures again confirm the effectiveness of our DP-SGD framework, which can obtain a strong
differential privacy guarantee.

8 Conclusion

We proved a new differential privacy guarantee for DP-SGD which is independent of the total number of communication
rounds, attains significantly smaller e than what has been reported in literature, and does this for reasonable DP noise
such that test accuracy does not suffer much. This brings DP-SGD to practice.
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Bringing Differential Private SGD to Practice: On the Independence of
Gaussian Noise and the Number of Training Rounds
Appendix

A Asynchronous Mini-Batch DP-SGD

Algorithmd]2] B} and ] explain in pseudo code our asynchronous LDP approach. It is based on the Hogwild! [Recht
et al.,[2011]] recursion

Wiy = wy — NV f (043 &), (13)

where 1; represents the vector used in computing the gradient V f (i; ;) and whose vector entries have been read
(one by one) from an aggregate of a mix of previous updates that led to w;, j < ¢. In a single-thread setting where
updates are done in a fully consistent way, i.e. w; = wy, yields SGD with diminishing step sizes {n;}.

Recursion (13) models asynchronous SGD. The amount of asynchronous behavior that can be tolerated is given by
some function 7(t), see [Nguyen et al.,[2018] where this is analysed for strongly convex objective functions: We say
that the sequence {w } is consistent with delay function 7 if, for all ¢, vector w0 includes the aggregate of the updates
up to and including those made during the (¢ — 7(¢))-th iteration, i.e.,

e =wo — »_n;VF(y;€;)

Jjeu
for some U with {0,1,...,t —7(t) — 1} CU.

In Algorithm [ the local SGD iterations all compute gradients based on the same local model @, which gets substituted
by a newer global model ¢y, as soon as it is received by the interrupt service routine ISRRECEIVE. As explained
in ISRRECEIVE vy, includes all the updates from all the clients up to and including their local rounds < k. This
shows that locally the delay 7 can be estimated based on the current local round ¢ together with k. Depending on
how much delay can be tolerated SETUP defines Y (k, ¢) to indicate whether the combination (k, ¢) is permissible (i.e.,
the corresponding delay aka asynchronous behavior can be tolerated). It has been shown that for strongly convex
objective functions (without DP enhancement) the convergence rate remains optimal even if the delay 7(t) is as large

as ~ /t/Int [Nguyen et al.,2018]|]. Similar behavior has been reported for plain convex and non-convex objective
functions in [[van Dijk et al., [2020].

In Algorithm 4] we assume that messages/packets never drop; they will be resent but can arrive out of order. This
guarantees that we get out of the "while Y'(k, 7) is false loop" because at some moment the server receives all the
updates in order to broadcast a new global model 0,1 and once received by ISRRECEIVE this will increment k and
make Y (k,¢) true which allows LOCALSGDWITHDP to exit the wait loop. As soon as the wait loop is exited we
know that all local gradient computations occur when Y (k, ) is true which reflect that these gradient computations
correspond to delays that are permissible (in that we still expect convergence of the global model to good accuracy).

Algorithm 2 Client — Local model with Differential Privacy

1: procedure SETUP(n):

Initialize sample size sequence {s; }7_, (diminishing) round step sizes {7; }7_, and a default global model 9 to
start with.

Define a permissible delay function Y (k, i) € {True, False} which takes the current local round number ¢ and the
round number k of the last received global model into account to find out whether local SGD should wait till a
more recent global model is received. Y (-, -) can also make use of knowledge of the sample size sequences used by
each of the clients.

2: end procedure

*Our pseudocode uses the format from [van Dijk et al., 2020].
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Algorithm 3 Client — Local model with Differential Privacy

1: procedure ISRRECEIVE(?y):

This Interrupt Service Routine is called whenever a new broadcast global model vy, is received from the server.
Once received, the client’s local model W is replaced with ¥y, (if no more recent global model v, was received out
of order before receiving this Uy)

The server broadcasts global model 9y, for global round number & once the updates corresponding to local round
numbers < k — 1 from all clients have been received and have been aggregated into the global model. The server
aggregates updates from clients into the current global model as soon as they come in. This means that 9y, includes
all the updates from all the clients up to and including their local round numbers < k£ — 1 and potentially includes
updates corresponding to later round numbers from subsets of clients. The server broadcasts the global round
number & together with 0y.

2: end procedure

Algorithm 4 Client — Local model with Differential Privacy

1: procedure LOCALSGDWITHDP(d)

2 1=0,0 = Do

3 while True do

4 while Y (k,¢) = False do nothing end > k is the global round at the server.
5: Uniformly sample a random set {£,};" ; C d
6: h=0,U=0

7 while h < s; do

8: 9= [vf(wagh)]c

9: U=U-+g

10: h++
11: end while

12: n < N(0,C?021)
13: U=U+n
14: w=w+7n-U
15: Send (4, U) to the Server.
16: 1++

17: end while
18: end procedure

In this paper we analyse the Gaussian based differential privacy method of [Abadi et al., 2016]. We use their
clipping method; rather than using the gradient V f(w, ) itself, we use its clipped version [V f(w,£)]c where
[z]c = 2/ max{1,||z||/C}. Also, we use the same mini-batch approach where before the start of the i-th local round
a random min-batch of sample size s; is selected. During the inner loop the sum of gradient updates is maintained
where each of the gradients correspond to the same local model w until it is replaced by a newer global model. In
supplementary material [B] we show that this is needed for proving DP guarantees and that generalizing the algorithm
by locally implementing the Hogwild! recursion itself (which updates the local model each iteration) does not work
together with the DP analysis. So, our approach only uses the Hogwild! concept at a global round by round interaction
level.

At the end of each local round the sum of updates U is obfuscated with Gaussian noise; Gaussian noise N (0, C%0?) is
added to each vector entry. In this general description o; is round dependent, but our DP analysis in Supplementary
Material [B|must from some point onward assume a constant o = o; over all rounds. The noised U times the round step
size 7); is added to the local model after which a new local round starts again.

The noised U is also transmitted to the server who adds U times the round step size 7; to its global model ©. As soon as
all clients have submitted their updates up to and including their local rounds < k — 1, the global model v, denoted as
Uk, 1s broadcast to all clients, who in turn replace their local models with the newly received global model. Notice that
0y, may include updates from a subset of client that correspond to local rounds > k.

The presented algorithm adapts to asynchronous behavior in the following two ways: We explained above that the
broadcast global models 7 themselves include a mix of received updates that correspond to local rounds > k — this is
due to asynchronous behavior. Second, the sample size sequence {s;} does not necessarily need to be fixed a-priori
during SETUP (the round step size sequence {7; } does need to be fixed a-priori). In fact, the client can adapt its sample
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sizes s; on the fly to match its speed of computation and communication latency. This allows the client to adapt its local
mini-batch SGD to its asynchronous behavior due to the scheduling of its own resources. Our DP analysis holds for a
wide range of varying sample size sequences.

We notice that adapting sample size sequences on a per client basis still fits the same overall objective function as
long as all local data sets are iid: This is because iid implies that the execution of the presented algorithm can be cast
in a single Hogwild! recursion where the &;, are uniformly chosen from a common data source distribution D. This
corresponds to the stochastic optimization problem

min {F(w) = Eevp[f(w; )]}

weRd
which defines objective function F' (independent of the locally used sample size sequences). Local data sets being iid in

the sense that they are all, for example, drawn from car, train, boat, etc images benefit from DP in that car details (such
as an identifying number plate), boat details, etc. need to remain private.

B Differential privacy proofs

In order to prove Theorem 2] we first set up the differential privacy framework of[Abadi et al| [2016] in Supplemental
Material [B.T} Here we enhance a core lemma by proving a concrete bound rather than an asymptotic bound on the
so-called A-th moment which plays a crucial role in the differential privacy analysis. The concrete bound makes explicit
the higher order error term in [Abadi et al., 2016].

Next in Supplemental Material [B.2] we generalize Theorem|I]Abadi et al| [2016]:
Theorem 3. We assume that o = o; with o > 216/215. for all rounds i. Let

1 1 €3 2,/T00 2e./To0
r:r0-23-( e)e?’/"zwithuozrooandul:erog

1—uy 1—wuo03 o—ro (0 —rg)o’

where rq is such that it satisfies
ro<1l/e, up <1, and uy < 1.

Let the sample size sequence satisfy s; /N < ro/o. For j = 1,2, 3 we define Sj (resembling an average over the sum of
j-th powers of s; /N ) with related constants p and p:

T-1 4 &
A 1 Sj 5153 % ~
= — <
Si=7 Z:O N(N — 53717 82 — pand 5, =7

Let € = c;TS?. Then, Algorithmis (¢, 0)-differentially private if

O>i\/§2T(e+ln(1/5))
> 7 -

This generalizes Theorem [[| where all s; = s are constant. First, Theorem [3|covers a much broader class of sample size
sequences that satisfy bounds on their 'moments’ S’j (this is more clear as a consequence of Theorem . Second, our
detailed analysis provides a tighter bound in that it makes the relation between “constants” ¢ and ¢; explicit, contrary
to [Abadi et al.l 2016]. Exactly due to this relation ¢y = ¢(c;) we are able to prove in Supplemental Material
Theorem 2] as a consequence of Theorem [3|by considering the case c(c1) = 2/(pec1).

where co = c(cq) with c(x) = min{

V2rpr+1—-1 2 }

rpx " pT

B.1 Definitions

We base our proofs on the framework and theory presented in [[Abadi et al.l 2016]. In order to be on the same page we
repeat and cite word for word their definitions:

For neighboring databases d and d’, a mechanism M, auxiliary input aux, and an outcome o, define the privacy loss at
o0 as
PriM(aux,d) = o

Pr[M(aux,d’) = o]’

clo; M, aux,d,d') =In
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For a given mechanism M, we define the A-th moment a4 (\; aux, d, d’) as the log of the moment generating function
evaluated at the value A:

aMm (>‘a aux, da dl) =In Eow/\/l(aux,d) [exp()‘ : C(O; Ma aux, da dl))}

We define
apm(N) = max, oy (\;aux, d, d')

where the maximum is taken over all possible aux and all the neighboring databases d and d’.

We first take Lemma 3 from [Abadi et al.,|2016] and make explicit their order term O(q3 A3 / 03) with ¢ = s; . and
o = o; in our notation. The lemma considers as mechanism M the i-th round of gradient updates and we abbreviate

ap(A) by a;(A). The auxiliary input of the mechanism at round 7 includes all the output of the mechanisms of previous
rounds (as in [Abadi et al., [2016])).

For the local mini-batch SGD the mechanism M of the i-th round is given by

s;i—1
M(aux, d) = Y [V f(i,&)]c +N(0,C307T),

h=0

where w is the local model at the start of round ¢ which is replaced by a new global model © as soon as a new o is
received from the server (see ISRReceive), and where £}, are drawn from training data d, and [.] denotes clipping (that
is [z]c = z/ max{1, ||z||2/C}). In order for M to be able to compute its output, it needs to know the global models
received in round ¢ and it needs to know the starting local model . To make sure M has all this information, aux
represents the collection of all outputs generated by the mechanisms of previous rounds < ¢ together with the global
models received in round i itself.

In the next subsection we will use the framework of [[Abadi et al., |2016]] and apply its composition theory to derive
bounds on the privacy budget (e, §) for the whole computation consisting of T rounds that reveal the outputs of the
mechanisms for these 7" rounds as described above.

We remind the reader that s; /N is the probability of selecting a sample from a sample set (batch) of size s; out of
a training data set d’ of size N = |d'|; o; corresponds to the N(0, C?c2I) noise added to the mini-batch gradient
computation in round ¢ (see the mechanism described above).

Lemma 1. Assume a constant ro < 1 and deviation o; > 216/215 such that s;/N < ro/o;. Suppose that X is a
positive integer with

A< a,f In
$;0;
and define
2\/)\ i 2 \/>\ [
Uo(\) = 2VAro/oi and Uy (\) = 2e\/Aro/0i .
g; —To (Ui—TO)Ui

Suppose Uy(\) < ug < 1 and Uy (X)) < uy < 1 for some constants ug and uy. Define

; 1 1 e
ro= 7’0~2‘3< + 63>eXP(3/‘73)-

l—wu 1-wuyo;

Then,
$2AN+ 1) ro sIN(A+1)
%NS TN 2 T NN =523
N(N —s;)0f 19 N(N —s;)%0;

Proof. The start of the proof of Lemma 3 in [Abadi et al., [ 2016] implicitly uses the proof of Theorem A.1 in [Dwork
et al.,2014], which up to formula (A.2) shows how the 1-dimensional case translates into a privacy loss that corresponds
to the 1-dimensional problem defined by pio and g3 in the proof of Lemma 3 in [[Abadi et al., 2016], and which shows
at the end of the proof of Theorem A.1 (p. 268 [Dwork et al.;2014]]) how the multi-dimensional problem transforms
into the 1-dimensional problem. In the notation of Theorem A.1, f(D) + N (0, o°I) represents the general (random)
mechanism M (D), which for Lemma 3 in [Abadi et al.,|2016]’s notation should be interpreted as the batch computation

M(d) =" f(dn) +N(0,0°T)

heJ
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for a random sample/batch {dp, }rc;. Here, f(dy) (by abuse of notation — in this context f does not represent the
objective function) represent clipped gradient computations V f(1; dj,) where 1 is the last received global model with
which round i starts (Lemma 3 in [Abadi et al., 2016] uses clipping constant C' = 1, hence N'(0, C?0°T) = N(0, 0%I)).

Let us detail the argument of the proof of Lemma 3 in [[Abadi et al.| 2016] in order to understand what flexibility is
possible: We consider two data sets d = {d1,...,dy_1} and d’ = d + {dx}, where dy ¢ d represents a new data
base element so that d and d’ differ in exactly one element. The size of d’ is equal to N. We define vector x as the sum

=Y f(d).

J\{N}
Let
Z = f(dN)
If we consider data set d, then sample set J C {1,--- , N — 1} and mechanism M (d) returns
M(d) =" f(dn) +N(0,0°D) = > f(dn) +N(0,0°T) =z + N(0,0°).
heJ he J\{N}
If we consider data set d’, then J C {1,--- , N} contains dy with probability ¢ = |.J|/N (|J| = s; is the sample size

used in round 7). In this case mechanism M (d’) returns

M(d') = Zf(dh) +N(0,0°T) = f(dn) + Z f(dp) +N(0,0%T) = z + z + N(0,0°T)

heJg heJ\{N}

with probability q. It returns

M) =" f(dn) +N(0,6°D) = Y f(dn) +N(0,0°I) = z + N(0,5°1)

heJ heJ\{N}

with probability 1 — g. Combining both cases shows that M (d’) represents a mixture of two Gaussian distributions
(shifted over a vector x):
M(d)=z+ 1 —q)-N(0,0°1) + ¢q- N(2,%I).

This high dimensional problem is transformed into a single dimensional problem at the end of the proof of Theorem
A.1 (p. 268 [Dwork et al.,2014]) by considering the one dimensional line from point x into the direction of z, i.e., the
line through points = and = + z; the one dimensional line maps « to the origin 0 and = + z to ||z||2. M (d) as wells as
M(d") projected on this line are distributed as

M(d) ~ po and M(d') ~ (1 — q)po + g,
where
po ~ N(0,0%) and piy ~ N([|z]|2,0?).

In [Abadi et al.l 2016] as well as in this paper the gradients are clipped (their Lemma 3 uses clipping constant C' = 1)
and this implies
I2ll2 = [[f(dn)ll < C = 1.

Their analysis continues by assuming the worst-case in differential privacy, that is,

H1 ~ N(1702)'

Notice that the above argument analyses a local mini-batch SGD computation. Rather than using a local mini-batch
SGD computation, can we use clipped SGD iterations which continuously update the local model:

Wht1 = W — V[ f(Wn, &n)]c-

This should lead to faster convergence to good accuracy compared to a local minibatch computation. However, the above
arguments cannot proceecﬂ because (in the notation used above where the dp, h € J, are the {,, h € {0,...,s5;, — 1 =
|J| — 1}) selecting sample dp in iteration ~ does not only influence the update computed in iteration h but also
influences all iterations after A till the end of the round (because f(dx) updates the local model in iteration & which
is used in the iterations that come after). Hence, the dependency on d is directly felt by f(dy) in iteration h and

"Unless we assume a general upper bound on the norm of the Hessian of the objective function which should be large enough to
cover a wide class of objective functions and small enough in order to be able to derive practical differential privacy guarantees.
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indirectly felt in the f(d;) that are computed after iteration . This means that we cannot represent distribution M (d")
as a clean mix of Gaussian distributions with a mean z, whose norm is bounded by the clipping constant.

The freedom which we do have is replacing the local model by a newly received global model. This is because the
updates f(dp,), h € J, computed locally in round ¢ have not yet been transmitted to the server and, hence, have not been
aggregated into the global model that was received. In a way the mechanism M (d) is composed of two (or multiple if
more newer and newer global models are received during the round) sums

M(d) = > foldn) + Y fi(dn) +N(0,0°T),

heJo heJy

where J = Jy U J; and Jj represent local gradient computations, shown by fo(.), based on the initial local model @
and J; represent the local gradient computations, shown by f(.), based on the newly received global model © which
replaces w. As one can verify, the above arguments are still valid for this slight adaptation. As in Lemma 3 in [[Abadi
et al.,2016] we can now translate our privacy loss to the 1-dimensional problem defined by o ~ A (0, C?0?) and
w1 ~ N(C,C?%5?) for ||V (., .)||]2 < C as in the proof of Lemma 3 (which after normalization with respect to C gives
the formulation of Lemma 3 in [[Abadi et al.,[2016]] for C = 1).

The remainder of the proof of Lemma 3 analyses po and the mix & = (1 — ¢)uo + gu1 leading to bounds for the
expectations (3) and (4) in [[Abadi et al.,|2016] which only depend on g and 1i1. Here, ¢ is the probability of having a
special data sample £ (written as d in the arguments above) in the batch. In our algorithm ¢ = s;/N. So, we may
adopt the statement of Lemma 3 and conclude for the ¢-th batch computation

S2AN+1) 0 ( s3IN3 > .

; <
) < Fw —a? N3g?

In order to find an exact expression for the higher order term we look into the details of Lemma 3 of [|Abadi et al.| |2016].
It computes an upper bound for the binomial tail

A+1
> (A ; 1)EM [((n0(2) = w1 (2)) /m(2))1], (14)
t=3

where

Ern [((10(2) = 11(2))/11(2))"]

(29)'(t — D! ¢ (29) exp((t* — t)/(20%)) (0" (t = D! + t)
2(1 _ q)tflo—t (1 _ q)tO—Qt 2(1 _ q)tflo-Zt
_ (29"t = DU Fexp((t2 —8)/(20%))) | ¢'(1+ (1 = @)2 exp((t — 1)/ (20%))t") (15)
2(1—q)t~ 1ot 2(1—q)to®

Since t > 3, we have the coarse upper bounds
exp((t2 —1)/(20%)) 1, o (1= @)2"exp((t* — 1)/(20))t"
— exp((3* - 3)/(207)) T (1= q)2%exp((3% - 3)/(20%))3%
By defining c as 1 plus the maximum of these two bounds,
max {1, 1/((1 - q) - 216)}
exp(3/0?) ’

c=1+

we have at most
< (29)'(t = Dlleexp((t? = 1)/(20%)) | g'c(1 = @)2" exp((t* — )/ (20%))t"
- 2(1 —q)t~to? 2(1—q)to? '
Generally (for practical parameter settings as we will find out), ¢ < 1 — 1/216 which makes ¢ < 2. In the remainder of

this proof, we use ¢ = 2 and assume ¢ < 215/216. In fact, assume in the statement of the lemma that o = o; > 216/215
which together with ¢ = s;/N < ro/c; and ro < 1 implies ¢ < 215/216.

(16)

After multiplying (T6) with the upper bound for

t
A+1 <)\+1/\7
t - oAt
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and noticing that (¢ — 1)!!/¢! < 1 and ¢*/t! < e! we get the addition of the following two terms

A+ 1A2g) exp((t? — 8)/(20%)) | A+1 X (1= )2 exp((t* — )/ (20%))¢"
A (1—gq)i ot A (1—q)to? '

This is equal to

A1 (A2gexp((t —1)/(20%)"
(=)= ( (1—q)o )
H1—q) A —)|\— 1 ()\qQ eXp(tl-i-_(l;)—Uzl)/(QU ))) ' (17)

We notice that by using t < A + 1, A\/o? < In(1/(qo)) (assumption), and g = s; ./N. < ro/c we obtain

Mep((t = 1)/(20%) _ Mge(V(20%) - 2Aa_ 2/Anjo

(1-q)o - (1-q)o ~ (1-q)o o—ro

and

Ag2exp(l+ (t—1)/(202)) < Aq2e exp(N/(20%)) < 2ev/Aq  2e\/Arg/o _u,

(1-q)o? - (1—q)o? ~(1-qo?2  (0—ro)o

Together with our assumption on Uy () and Uy (), this means that the binomial tail is upper bounded by the two
terms in after substituting ¢t = 3, with the two terms multiplied by

()

- , 1 1 - , 1 1
Ug(\) = < d U (V) = <
; N = S Tow ™ JZ::O N =—mm S1t,
respectively. For (T4) this yields the upper bound
1 (1- ))\+1 A2qexp(1/0?) ’ 1 (1— ))\-1-1 Ag2exp(l +1/0?) ’
1 —ug D\ (1-9q)o 1 A (1-q)o?
1 1 22exp(3+3/0%)\ MNA+1)¢
< [ ———2%exp(3/0? . :
- <l—u0 exp(3/07) + 1—wu o3 (1—q)%03

By the definition of r, we obtain the bound
r A1+ N)¢
~ g (1—¢q)203’

which finalizes the proof.

B.2 Proof of Theorem[3

The proof Theorem [3|follows the line of thinking in the proof of Theorem 1 in [Abadi et al., 2016]. Our theorem applies

to varying sample/batch sizes and for this reason introduces moments S'j. Our theorem explicitly defines the constant
used in the lower bound of ¢ — this is important for proving our second (main) theorem in the next subsection.

Theoremassumes o = o; for all rounds ¢ with ¢ > 216,/215; constant 9 < 1/e such that s;/N < r(/o; constant

) RS N (3/0?) (18)
r — r0 ¢ —_— X ag
0 1—ug 1—1wu o P ’
where 5 5
Ug = 77100’ and Uy = 76 109
o—ro (0 —ro)o
are both assumed < 1.
For j = 1,2,3 we defindff
T-1 A A A
N 1 s’ L5185 512
Sj = C with —= < p, — <p
T P N(N —s;)i1 S2 .

"tsz denotes the j-th power (s;).
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Based on these constants we define

o(z) = min{ﬂm“_l 2 }

Tpx " px
Let ¢ = ¢;7'S2. We want to prove Algorithm@is (¢, §)-differentially private if

2 ST+ m(1/8) 2 \/$TIn(1/)
o> — ~ —————— where ¢g = ¢(cq)

= Ve ¢ R

(the approximation holds for small e which is what we aim for in this paper).

Proof. For j = 1,2, 3, we define
T— j = o
/ l l
Z: Jwandsﬂ T;N N —s;)i—1"

(Notice that S7 < r(.) Translating Lemmal in this notation yields (we will verify the requirement/assumptions of
Lemma|T]on the fly below)

!

a;i(A) < SoA(N 4 1) + TLSB,V(A +1).
0

Il
=)

i

The composition Theorem 2 in [[Abadi et al., 2016] shows that our algorithm for client ¢ is (¢, ¢)-differentially private
for

T-1
> 1 . J—
5 > min exp (Z a;(A) Ae) ,

i=0
where 7" indicates the total number of batch computations and the minimum is over positive integers A. Similar to their
proof we choose A such that

SoAA+1) + T—TOSSAQ(A +1) = Ae < —Ae/2. (19)
This implies that we can choose 0 as small as exp(—X\e/2), i.e., if
d > exp(—Ae/2), (20)
then we have (e, §)-differential privacy. After dividing by the positive integer A, inequality is equivalent to the
inequality
So(A+1) + %53/\(1 ) <e/2,

which is equivalent to
r 53 €

A+ 14+ —=A
( + )< +T052 >_252

€
1 <cp— 21
A+ _00232 2D

€ r S3 € €
A (T et DRI
€0 255 < + 7o So €0 252) - 252’

This is in turn implied by

together with

or equivalently,

T 53
1+ —-¢cp- =€) <1 22
CO( +2r0 Co 536)_ (22)
We use )
e=c TS =¢ - 8.5 (23)
(for constant o; = ). This translates our requirements (21]) and (22)) into
5159
A+ 1< D2 g (24)
2 5
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T 5153
Co (1 + % - CoC 522 Si) <1. (25)

Since we assume

S185 5185
3 = T =P
S3 S3
and since we know that S} < r(, requirement (23) is implied by

00(1 + e . Cocl) <1,

2
or equivalently
1—
R ——— (26)
2%
Also notice that for constant o; = o we have S; = S;102/T. Together with
2 G2
5 _Sireyr
SZ SQ
we obtain from (24)
CoC1 5151 CoC1 . o
A+1< — < ——po”. 27
t1s— S, = 9 P 27)
Generally, if
2
a < —, (28)
pCo

then implies A < o2: Hence, (a) for our choice of ug and w; in this theorem, Uy(A\) < ug and Uy (A\) < ug as
defined in Lemma and (b) the condition A < 0'1'2 In 5L is satisfied (by assumption, S_N = > 1/ro > e). This

(e i,c04

implies that Lemmal|l|is indeed applicable.
For the above reasons we strengthen the requirement on e (conditions (26) and (28) with (23)) to
1— 2
e < min{io } . 515{

TP Y A
2% P

For constant o; = o, we have

5,81 =TS?,
hence, we need
1-— 2 A
egmin{mi‘), k }~TS% (29)
2% P

Summarizing , , and for some positive integer A proves (e, §)-differential privacy.
Condition (i.e., exp(—A\e/2) < 6) is equivalent to

In(1/6) <

A€
> (30)

If c
A= — -1 31
Lco 55, J (31)
is positive, then it satisfies and we may use this  in (30). This yields the condition

€

In(1/6) < (L%;J - 1) <

which is implied by
€ Co

€ 2
< — — = — ¢ —¢
In(1/4) (co 55, 2) 5 4526 €

For constant o; = o we have Sy = S5T° /o? and the latter inequality is equivalent to

o 2 V5T I(1/2)) 32)
> = : :

20



Summarizing, if (29), (32), and the lambda value is positive, then this shows (e, §)-differential privacy.

The condition (31)) being positive follows from

4% _
co

Substituting Sy = SQT/ o2 yields the equivalent condition

4TSy <
o2cy ~
or
2 ~ VT
g 2 y— SQ 67

which is implied by . Summarizing, if (29) and , then this shows (e, d)-differential privacy. Notice that
corresponds to Theorem 1 in [Abadi et al.,|2016|] where all s; are constant implying \/§2 =q/v/1—q.
We are interested in a slightly different formulation: Given

o — mi 1l—cy 2
what is the maximum possible ¢y (which minimizes o implying more fast convergence to an accurate solution). We
need to satisfy ¢y < 2/(pc;) and

%clcﬁ +co—1<0,
that is,
T
(co+1/(rper))? <1/ (?pcl) +1/(rpcr)?,
or
r 2rpc; +1—1
o < W (%2er) + 1/ (rper)? - 1 (rper) = YEPEFI=L,
rpcy
We have
2 1-1
co = min {\/W, 2/(ﬁcl)} — C(Cl).
rpcy
This finishes the proof.

B.3 Proof of Theorem2]

We will now analyse the requirements stated in Theorem We will focus on the case where ¢(z) = ﬁ%’ which turns
out to lead to practical parameter settings as discussed in the main body of the paper.

Requirement on r — (35): In Theorem [3| we use

1 1 e 2
=23 A A 7
r=ro <1u0+1u103>6

with ) )
\VToo €,/To0
up = " and uy = —¥2
o—10 (6 —1o)o
where r( is such that it satisfies
ro<1l/e, up <1, and uy < 1. (33)
In our application of Theorem 3] we substitute 7o = ao. This translates the requirements of (33) into
1 2e/a
a< —,a<l1,ando > f (34)
eo -«

As we will see in our derivation, we will require another lower bound (39) on 0. We will use (39) together with

1 2ev/a
a< - 2(6—}-111(1/5))/6,& <1, and \/2(e + In(1/0))/e > 1o
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to imply the needed requirement (34)). These new bounds on « are in turn equivalent to
a < g(e,0) where (35)

= min \E e?e — e\/E 2
g(€,6) = . 2(e+ln(1/5))’ (\/1 * 2(e +1In(1/6)) 2(e+ln(1/5))/6>

(notice that this implies o < 1).

Substituting g = «o in the formula for r yields the expression

r o= 93. g + L ). 3" (1 - a)a (36)
(1-va)2 o(l—-a)—2e/ao '

Requirement on s; /N — (37): In Theorem 3| we also require s;/N < ro/o which translates into
si/N < a. (37)

Requirement on o — (39) and (40): In Theorem [3| we restrict ourselves to the case where function ¢(z) attains the
minimum c¢(z) = 2/(px). This happens when

V2rpr+1-1 S 2

rpx px
This is equivalent to
2
z>wl 42 (38)
P p
Notice that in the lower bound for ¢ in Theorem we use ¢g = ¢(z) for x = ¢1, where ¢ is implicitly defined by
e=c T8 2
or equivalently
c1 = EA .
T5?

To minimize €, we want to minimize ¢; = x. That is, we want ¢; = x to match the lower bound @I) This lower bound
is smallest if we choose the smallest possible p (due to the linear dependency of the lower bound on p). Given the
constraint on p this means we choose

For ¢; = z satisfying (38) we have

Substituting this in the lower bound for ¢ attains

\/52T e +In(1/6))

o>

> ( ) \/ (e +1In(1/6))/e.

In order to yield the best test accuracy we want to choose the smallest possible . Hence, we want to minimize the
lower bound for ¢ and therefore choose the smallest p given its constraints, i.e.,

This gives
0> +/2(e+1n(1/8))/e. (39)
Notice that this lower bound implies o > 216/215 and for this reason we do not state this as an extra requirement.

Our expressions for p, p, and ¢y with z = ¢; shows that lower bound holds if and only if

€> (27*??’ + 2&) T. (40)
Sy
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Requirement implying : The definition of moments S'j imply

and, since s;/N < a < 1,

Lower bound (40) on e is therefore implied by

We substitute

in (&I) which yields the requirement

€>2r

A K
SL= TN

S;<al/(1—a) L

3 T2N 2
a 12 Y 7

(1-a)3? K 11—«

This inequality is implied by the combination of the following two inequalities:

and

Inequality (@3)) is equivalent to

This implies

Also notice that

from which we obtain

Let us define

We will require

and also o(1 — @) — 2ey/a > O i.e,

Bounds (#9) and (50) are equivalent to

K
T=p8~
BN
Zr (a2 + ——(a?B)
K~ ol - «)? -« '
9 eN
<
afp < VK
2r eN 1 2 1
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(44)

(45)

(40)

(47)

(48)

(49)

(50)
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With condition (5T) in place we may derive the upper bound
T
a(l — a)?
3

24 g 1 € 3/02
= + — Je
l1—a\(1-Va)? o(l—a)—2ey/ao
1

24 < o e3 > 3/0°
- + — e
l—a\(1-+va)?2 o(l-a)—2e/ao
because all denominators are decreasing functions in a and remain positive for o < &. Similarly,
2 2
< .
l—-a™ 1—-a

These two upper bounds combined with show that (46)) is implied by choosing

v =(0,eN/K),
where y(o, eN/K) is defined as the smallest solution of + satisfying

2
T 1l1-a

. N (52)

2t . a o 1 e 3/02
- + — e,
I—a\(1-+va)? o(l—-a)—2e/ao
where @ = (eN/K)/~. The smallest solution ~ will meet with equality. For this reason the minimal solution
~ will be at most the right hand side of (52)) where ~ is replaced by its lower bound 2; this is allowed because this
increases & to the upper bound in (@8)) and we know that the right hand side of (52) increases in & up to the upper bound

in (48) if the upper bound satisfies

eN
ok = o)

This makes requirement (51) slightly stronger — but in practice this stronger requirement is already satisfied because K
is several epochs of IV iterations making £7- < 1 while o >> 1 for small e implying that i(o) is close to 1.

Notice that v = 2 + O(&), hence, for small & we have vy & 2. A more precise asymptotic analysis reveals
4 e\ 3/62 3/2
y=2+42+2" (o4 = ) ¥ )a+0(@"?).
o

Relatively large & closer to 1 will yield v > 2.

Summarizing

{E2). @), ED. G- G2} = (@0

Combining all requirements — resulting in (54), (55), and (39), or equivalently (57), (58), and (39): The combina-
tion of requirements (@2) and (@4) is equivalent to
€
<,/— 53
a <, T (53)

(notice that 7" and (3 are not involved in any of the other requirements including those discussed earlier in this discussion,
hence, we can discard (#2) and substitute this in (@4)). The combination of @7), (51)), and (52) is equivalent to
N N
;—K < h(o) withy =~ (a, eK) (54)
(for the definition of /(.) see (51) and for (., .) see (52)).

We may now combine (33), (35), and (37) into a single requirement

$;/N < min {g(e, J), \/'yTT} (55)

(for the definition of g(., .) see ). This shows that , , and (we remind the reader that the last condition
is the lower bound on o > /2(e + In(1/4))/¢) implies (e, §)-DP by Theorem
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Let us rewrite these conditions. We introduce the mean 5 of all s; defined by

and we introduce the maximum s, of all s; defined by

Smaz = max{sg,...,ST_1}
We define 6 as the fraction 5
=2 (56)
5
This notation allows us to rewrite
€
JN < <
si/ T
from (33) as
K
TNN i492 <e.
From this we obtain that the requirements and (53) are equivalent to
eN\ K s eN K
i I — ) - h(o)= 57
(0 F) wntt e (R ) wory 57)
and
05 < g(¢,0)N. (58)
ThlS alternatwe description shows that (57), (58), and (39) with definitions for A(.), y(.,.), g(.,.), and 8 in (51), (52),

, and (56) implies (e, §)-DP. This proves Theorem 2| (after a slight rewrite of the deﬁnmons of functions A(.) and
9 . -))

C Experiments

We provide experiments to support our theoretical findings, i.e., convergence of our proposed asynchronous distributed
learning framework with differential privacy (DP) to a sufficiently accurate solution. We cover strongly convex, plain
convex and non-convex objective functions over iid local data sets.

We introduce our experimental set up in Section[C.T] Section[C.2]provides utility graphs for different data sets and
objective functions. A utility graph helps choosing the maximum possible noise o, in relation to the value of the clipping
constant C, for which decent accuracy can be achieved. Section|C.3|provides detailed experiments for our asynchronous
differential privacy SGD framework (asynchronous DP-SGD) with different types of objective functions (i.e., strongly
convex, plain convex and non-convex objective functions), different types of constant sample size sequences and
different levels of privacy guarantees (i.e., different privacy budgets ¢).

All our experiments are conducted on LIBSVM |Chang and Lin|[2011 E] and MNIST [LeCun and Cortes|[2010] ﬂ]data
sets.

C.1 Experiment settings

Simulation environment. For simulating the asynchronous DP-SGD framework, we use multiple threads where each
thread represents one compute node joining the training process. The experiments are conducted on Linux-64bit OS,
with 16 cpu processors, and 32Gb RAM.

Objective functions. Equation defines the plain convex logistic regression problem. The weight vector w and the
bias value b of the logistic function can be learned by minimizing the log-likelihood function .J:

N
J=- Z[yt -log(d;) + (1 —y;) - log(1 — 7;)], (plain convex) (59)

i=1

Shttps://www.csie.ntu.edu.tw/ cjlin/libsvmtools/datasets/binary.html
Ihttp://yann.lecun.com/exdb/mnist/
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where N is the number of training samples (z;, y;) with y; € {0, 1} and ; is defined by

B 1

14 e~ (wTmitb)?

which is the sigmoid function with parameters w and b. Our goal is to learn a vector w* which represents a pair
w = (w, b) that minimizes J.

(o

Function J can be changed into a strongly convex problem J by adding a regularization parameter A > 0:
N
R A
J=— Z[yl -log(o;) + (1 —y;) - log(l — 0y)] + 5 |lw||®, (strongly convex).
i=1
where @w = (w, b) is vector w concatenated with bias value b. In practice, the regularization parameter A is set to 1/N
[Roux et al.,2012].

For simulating non-convex problems, we choose a simple neural network (Letnet) [LeCun et al., | 1998] with cross
entropy loss function for image classification.

The loss functions for the strong, plain, and non-convex problems represent the objective function F'(.).

Parameter selection. The parameters used for our distributed algorithm with Gaussian based differential privacy for
strongly convex, plain convex and non-convex objective functions are described in Table[I} The clipping constant C' is
set to 0.1 for strongly convex and plain convex problems and 0.025 for non-convex problem (this turns out to provide
good utility).

Table 1: Common parameters of asynchronous DP-SGD framework with differential privacy

[ [ #of clients n | Diminishing step size 7; | Regular A [ Clipping constant C' |

Strongly convex 5 1105 ti % 0.1
Plain convex 5 T4 OF ng’\/i N/A 0.1
Non-convex 5 S J:g’ — N/A 0.025
1 The i-th round step size 7; is computed by substituting ¢t = Z;;é s; into the diminishing step size
formula.

. N . - o
For the plain convex case, we can use diminishing step size schemes '3 57 O Trhva

experiments for the plain convex case on 1+”ﬁ? N Here, 79 is the initial step size and we perform a systematic grid

In this paper, we focus our

search on parameter 3 = 0.001 for strongly convex case and 3 = 0.01 for both plain convex and non-convex cases.
Moreover, most of the experiments are conducted with 5 compute nodes and 1 central server. When we talk about
accuracy (from Figure [/|and onward), we mean test accuracy defined as the fraction of samples from a test data set
that get accurately labeled by the classifier (as a result of training on a training data set by minimizing a corresponding
objective function).

C.2 Utility graph

The purpose of a utility graph is to help us choose, given the value of the clipping constant C', the maximum possible
noise o for which decent accuracy can be achieved. A utility graph depicts the test accuracy of model F'(w* + n) over
F(w*), denotes as accuracy fraction, where w* is a near optimal global model and n ~ N(0, C?¢2I) is Gaussian noise.
This shows which maximum o can be chosen with respect to allowed loss in expected test accuracy, clipping constant
C and standard deviation o.

As can be seen from Figure[dand Figure[3] for clipping constant C' = 0.1, we can choose the maximum o somewhere in
the range o € [18, 22] if we want to guarantee there is at most about 10% accuracy loss compared to the (near)-optimal
solution without noise. Another option is C' = 0.075, where we can tolerate o € [18, 30] yielding the same accuracy
loss guarantee. When the gradient bound C' gets smaller, our DP-SGD can tolerate bigger noise, i.e, bigger values of
o. However, we need to increase the number K of iterations during the training process when C' is smaller in order
to converge and gain a specific test accuracy — this is the trade-off. For simplicity, we intentionally choose C' = 0.1,
o < 20 and expected test accuracy loss about 10% for our experiments with strongly convex and plain convex objective
functions.

The utility graph is extended to the non-convex objective function in Figure[6] To keep the test accuracy loss less or
equal to 10% (of the final test accuracy of the original model w*), we choose C' = 0.025 and noise level o < 12. For
simplicity, we use this parameter setting for our experiments with the non-convex problem.
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Figure 5: Utility graph with various gradient norm C' and noise level o

C.3 Asynchronous distributed learning with differential privacy

We consider the asynchronous DP-SGD framework with strongly convex, plain convex and non-convex objective
functions for different settings, i.e., different levels of privacy budget e and different constant sample size sequences.

C.3.1 Asynchronous DP-SGD with different constant sample size sequences

The purpose of this experiment is to investigate which is the best constant sample size sequence s; = s. This experiment
allows us to choose a decent sample size sequence that will be used in our subsequent experiments. To make the analysis
simple, we consider our asynchronous DP-SGD framework with Y (k, 7) defined as false if and only if k < ¢ — 1, i.e.,
compute nodes are allowed to run fast and/or have small communication latency such that broadcast global models are
at most 1 local round in time behind (so different clients can be asynchronous with respect to one another for 1 local
round). We also use iid data sets. The detailed parameters are in Table[2]

The results from Figure[7]to Figure 8] confirm that our asynchronous DP-SGD framework can converge under a very
small privacy budget. When the constant sample size s = 1, it is clear that the DP-SGD algorithm does not achieve good
accuracy compared to other constant sample sizes even though this setting has the maximum number of communication
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Figure 6: Utility graph with various gradient norm C' and noise level o

Table 2: Basic parameter setting for strongly and plain convex problems

| Parameter | Value [ Note |

Mo 0.1 initial stepsize
N, 10,000 # of data points

K 50, 000 # of iterations

€ 0.04945

o 19.29962

0 0.0001

C 0.1 clipping constant

s {1,5,10,15,20,26} | constant sample size sequence

dataset LIBSVM iid dataset
n 5 # of nodes
T k>1—1 1—asynchronous round

rounds. When we choose constant sample size s = 26 (this meets the upper bound for constant sample sizes for our
small N = 10,000 and small ¢ = 0.05, see Theorem Q) our DP-SGD framework converges to a decent test accuracy,
i.e, the test accuracy loss is expected less than or equal to 10% when compared to the original mini-batch SGD without
noise. In conclusion, this experiment demonstrates that our asynchronous DP-SGD with diminishing step size scheme
and constant sample size sequence works well under DP setting, i.e, our asynchronous DP-SGD framework can gain
differential privacy guarantees while maintaining an acceptable accuracy.

We also conduct the experiment for the non-convex objective function. The detailed parameter settings can be found
in Table 3] Here, we again consider our asynchronous setting where each compute node is allowed to run fast and/or
has small communication latency such that broadcast global models are at most 1 local round in time behind. As can
be seen from Figure 0] our proposed asynchronous DP-SGD still converges under small privacy budget. Moreover,
when we use the constant sample size s = 370 (this meets the upper bound for constant sample sizes for our small
N = 60,000 and small € ~ 0.15, see Theorem[2), we can significantly reduce the communication cost compared to
other constant sample sizes while keeping the test accuracy loss within 10%. The constant sample size s = 10 (as well
as s < 10) shows a worse performance while this setting requires more communication rounds, compared to other
constant sample sizes. This figure again confirms the effectiveness of our asynchronous DP-SGD framework towards a
strong privacy guarantee for all types of objective function.
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C.3.2 Asynchronous DP-SGD with different levels of privacy budget

We conduct the following experiments to compare the effect of our DP-SGD framework for different levels of privacy
budget € including the non-DP setting (i.e., no privacy at all, hence, no noise). The purpose of this experiment is to show
that the test accuracy degradation is at most 10% even if we use very small e. The detailed constant sample sequence s
and noise level o based on Theorem 2]are illustrated in Table[d] Other parameter settings, such as initial stepsize 7, are
kept the same as in Table 2]

As can be seen from Figures[I0]and Figure[TT] the test accuracy degradation is about 10% for € = 0.04945 compared to
the other graphed privacy settings and non-DP setting. Privacy budget e = 0.1, still significant smaller than what is
reported in literature, comes very close to the maximum attainable test accuracy of the non-DP setting.

‘We ran the same experiment for the non-convex objective function. The detailed setting of different privacy budgets
is shown in Table[5] Note that we also set the asynchronous behavior to be 1 asynchronous round, and the total of
iterations on each compute node is K = 360, 000. Other parameter settings for the non-convex case, such as initial
stepsize 7)o, are kept the same as in Table[3] As can be seen from Figure[I2] the test accuracy loss with € ~ 0.15 is less
than 10% (the expected test accuracy degradation from utility graph at Figure [6).
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Table 3: Basic parameter setting for non-convex problem

| Parameter | Value \ Note
Mo 0.1 initial stepsize
N, 60, 000 # of data points
K 360, 000 # of iterations
€ 0.15007
o 12.10881
1) 1.667 - 107>
C 0.025 clipping constant
s {10, 25, 50, 100, 200, 300, 370} | constant sample size sequence
dataset MNIST iid dataset
n 5 # of nodes
T k>1—1 1—asynchronous round
mnist
1.0
0.8 1
206
8o
0.2 1
0.0

150K 200K
# of iteration

0 50K 100K

Non-convex.

250K 300K 350K

Figure 9: Effect of different constant sample size sequences

Table 4: Different privacy budget settings for strongly and plain convex problems

| Privacy budget (¢, 0) | o | Sample size s |
(0.04945,0.0001) 19.29962 26
(0.1,0.0001) 13.06742 55
(0.25,0.0001) 850143 103
(0.5,0.0001) 6.05868 168
(1.0,0.0001) 127273 265
(2.0,0.0001) 3.03241 400

These figures again confirm the effective performance of our DP-SGD framework, which not only conserves strong
privacy, but also keeps a decent convergence rate to good accuracy, even for a very small privacy budget.
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Table 5: Different privacy budget settings for non-convex problem

| Privacy budget (¢,6) | o | Sample size s |
(0.15007,1.667 - 10—°) | 12.10881 370
(0.2,1.667-10°7) | 10.48452 460
(0.25,1.667 - 10~°) 9.37379 543
(0.5,1.667 - 10~°) 6.63120 889
(0.75,1.667 - 10~°) 5.41887 1168
(1.0,1.667 - 10~°) 4.69244 1409
(2.0,1.667 - 10~°) 3.31648 2159

C.4 Using DP-SGD in Practice

We propose each local client to take control over its own privacy budget while making sure the locally measured test
accuracy of the final global model is acceptable. The main idea is to start with an initial c = 0y and K = K, and
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for local data set size N compute proper parameter settings including the batch size s = s for each round and the
total number of rounds T' = Ty. Once the T rounds are finished, local test data is used to compute the test accuracy of
the final global model. If the accuracy is not satisfactory, then o must be reduced to a lower o7 and another local K,
gradient computations need to be executed. The lower o will correspond to worse differential privacy as a lower o is
directly related to a higher e for given § = 1/N. The local client is control of what € is acceptable.

In order to apply our theory, we pretend as if the initial 7" rounds used the lower o = o — this means that our analysis
provides an advantage to the adversary as we assume less noise is used compared to what was actually used. Hence, the
resulting DP guarantee for o; will hold for all K = Ky + K local gradient computations. We use the new ¢ = o
and K together with badge size s for the first 7j rounds to compute a new parameter setting for the next rounds; this
includes the number 7} of additional rounds (making 7" = Ty + 73) and the new batch size s;. The new batch size
implies a new average 5 = (soTp + $171)/(To + T1) as well as a new variation in sequence of batch sizes 61 > 1.

Once all T' = Ty + 17 rounds are finished (or equivalently all X' = K 4+ K local gradient computations are finished),
the local client again computes the test accuracy of the last global model. If not acceptable o is reduced again and we
repeat the above process. If the test accuracy is acceptable, then the local client stops participating, that is, the local
client stops gradient computations but continues to receive global models from the central server. As soon as the local
client measures a new unacceptable local test accuracy, the client will continue the above process and starts a new series
of rounds based on o.

Stopping participation and later continuing if needed best fits learning problems over large data: Here, each local client
iid samples its own local data set according to the "client’s behavior". The local client wants to prevent as much leakage
of its privately selected local data set as possible. Notice that each local data set is too small for a local client to learn
a global model on its own — this is why local clients need to unite in a joint effort to learn a global model (by using
distributed SGD). Since all samples are iid, the final global model is not affected by having more or less contribution
from local clients (because they have different stopping and continuation patterns). Notice that if local data sets would
be heterogeneous, then the final global model corresponds to a mix of all heterogeneous data sets and here it matters
how much each local client participates (as this influences the mix).

The above procedure describes an adaptive method for adjusting o to lower values if the locally measured test accuracy
is not satisfactory. Of course, the local client sets an a-priori upper bound €404 On the €, its privacy budget. This
privacy budget cannot be exceeded, even if the local test accuracy becomes unsatisfactory.

We notice that our theory is general in that it can be used to analyse varying sequences of batch sizes, which is needed
for our adaptive method. We now describe in detail how to calculate parameter settings according to our theorems:

Suppose the local client has already computed for Ty + 77 + ... + T rounds with badge sizes sg, sy, . . ., 5;, hence,
Ko = soTy, K1 = s1Th, ..., K; = s;T}. The local client sets/fixes the total K of gradient computations it wants
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to compute over the next T} ; rounds. We want to compute a new s;41 and T} ;. Notice that s;41 = K;1/T;41 and
5= Zi:& s;T;/T, where T = I+l T;. We want to find a suitable s, 1.

=0

We start our calculation with s; 1 = 1 and we rerun our calculation for bigger batch sizes until we reach a maximum.
Given a choice s;,1 = s, we execute the following steps:

1.

Setd = 1/N, compute Tj 1 = Kj11/s;j41 given the input values K; ;1 and s, 1, compute the corresponding
5 (see above) together with corresponding § = max{s; } /5. Compute K = Zfi& K;.

2. Set v = 2 (because v = 2 4+ O(a)) as the initial value.

3. According to Theorem@ we compute €, o, and & as follows:

-2 e 1 o
. Recompute the new e = 775 + =2 ((17\/5)2 T s e g)
. Repeat steps 3,4 until v, — v < 0.00017.

* Based on inequality , set € as small as possible, that is, € = 7025 %
* We distinguish two cases:

J +1=0: In case we want to determine sy, we compute oy = o where o meets (I2) with equality
o= +/2(e+1logl/d)/e.

j + 1> 0: If we occupy ourselves with determining s;;1 with j + 1 > 1, then during previous com-
putations we already selected a o;. As described above, we only perform these calculations if the
corresponding test-accuracy is not satisfactory. For this reason we want a lower 041 < ¢;. The local
client chooses a smaller o for which better accuracy is expected. We compute € as a solution of
oj+1 = /2(e+log1/d)/e and set e to the maximum of this solution and the minimal possible e

computed in step 3.
eN

e Compute & = K

2
ed/o”.

2%.a
17

6. Using the set of parameters (¢, d, 0,7, 6, K, N), only if inequalities (9) and are satisfied and € < €4oweds

we save the set of parameters (s, €, o) and rerun the above calculation with bigger sample size s. Otherwise,
we output the valid set of parameters (s, €, o) of the previous run and terminate: We set 041 = 0, 511 = S,
and Tj11 = Kj41/s;41. Our theory proves that we have (e, 6 = 1/N)-differential privacy.

It may be that even the minimal batch size s,+1 = 1 does not result in a valid set of parameters (s, €, o). This means
that the local client cannot participate any more otherwise its required differential privacy guarantee cannot be met.
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